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ABSTRACT 

The demand of high efficiency from automotive sector has become increasingly higher 

in the last few decades because of global attention towards environmental destruction, 

fuel economy and depletion of resources. Some of the approaches adopted to improve 

efficiency comprise of component's weight reduction, increase in running temperature of 

engine and the use of Diamond-like Carbon (DLC) coatings. The demand for higher 

performance from industries has pushed DLC coatings performance to their limit. 

Alternative methods have to be devised to further improvement their properties. Laser 

surface texturing can be one of the most promising techniques for improving performance 

of DLC coatings. The tribological performance of laser surface texturing in steel/steel 

contact has been found to be dependent on the texture density, diameter and depth. The 

first part of this thesis evaluates the possibility of improvement in amorphous 

hydrogenated carbon (a-C:H) coating performance through indirect laser texturing; and 

also, the effect of variation in texture densities, diameters and depths under the boundary 

lubricated conditions. Texture density, diameter and depth were varied from 10-30 %, 

50-150 µm and 6-30 µm, respectively. The second, third and fourth parts of this thesis 

evaluate the tribological performance of laser textured amorphous hydrogenated carbon 

(a-C:H) and tetrahedral amorphous carbon (ta-C) coatings under various temperatures (40 

to 125 ºC). To date, most of the automotive lubricants are mineral oil based, which is 

toxic and non-biodegradable. Because of this reason, vegetable oils are being explored as 

alternative base oils.  In this thesis, tribological behavior of palm oil based 

trimethylolpropane (TMP) ester was evaluated as an alternative to the conventional base 

oil with textured and un-textured DLC’s. Comparison was conducted between 

textured/un-textured coatings at various temperatures in the presence of polyalphaolefin 

(PAO) and TMP ester lubricants. Coating hardness and Elastic modulus were investigated 

using nano-indentation. Adhesion of coating was analyzed using Rockwell-C indentation 
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test. The tribological testing was conducted using the ball on plate reciprocating test rig. 

After the tribological testing, wear track topology was analyzed using a scanning electron 

microscope (SEM) and an atomic force microscope (AFM). The chemical composition 

of the worn surface was investigated using an energy dispersive spectroscopy (EDX). 

Structural changes of DLC coatings were investigated using a micro raman spectroscopy. 

The results indicated that the optimum texture density, diameter and depth of 20 %, 100 

µm and 6 µm respectively could enhance the tribological performance of textured 

amorphous hydrogenated carbon coating. Laser textured a-C:H and ta-C coatings showed 

a lower wear coefficient at all temperatures tested; however, coefficient of friction is 

higher at 80 ºC and 125 ºC. This can be related to the lower graphitization in the case of 

textured coatings. Textured and un-textured ta-C coating showed lower friction and wear 

compared to textured and un-textured a-C:H coating. The results also indicated that micro 

textured DLC’s show a stable coefficient of friction with TMP ester even at 125 ºC.  

. 
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ABSTRAK 

Permintaan berkecekapan tinggi dari sektor automotif menjadi semakin meningkat dalam 

beberapa dekad yang lalu disebabkan perhatian global ke arah kemusnahan alam sekitar, 

ekonomi bahan api dan pengurangan sumber. Antara pendekatan yang diguna pakai untuk 

meningkatkan kecekapan terdiri daripada pengurangan komponen berat badan, 

peningkatan dalam suhu kendalian enjin dan penggunaan penyalutan Intan seperti Karbon 

(DLC). Permintaan untuk prestasi yang lebih tinggi daripada industri telah mendorong 

prestasi salutan DLC kepada had mereka. Kaedah alternatif perlu dilakukan untuk 

meningkatkan lagi ciri-ciri mereka. Penteksturan permukaan dengan laser boleh menjadi 

salah satu teknik yang paling berpotensi untuk meningkatkan prestasi salutan DLC. 

Prestasi tribologi penteksturan permukaan denganlaser dalam sentuhan keluli/keluli 

didapati bergantung kepada ketumpatan, diameter dan kedalaman tekstur. Bahagian 

pertama tesis ini menilai kemungkinan peningkatan prestasi lapisan karbon terhidrogen 

amorfus (a-C:H) melalui penteksturan laser tidak langsung; dan juga kesan variasi 

kepadatan, diameter dan kedalaman tekstur dibawah keadaan-keadaan pelinciran 

sempadan. Ketumpatan, diameter dan kedalaman tekstur juga telah diubah masing-

masing dari 10-30 %, 50-150 µm dan 6-30 µm. Bahagian yang kedua, ketiga dan keempat 

dari tesis ini menilai prestasi tribologi tekstur laser karbon terhidrogen amorfus (a-C:H) 

dan lapisan karbon tetrahedron (ta-C) dibawah pelbagai suhu (40-125 °C). Kini, 

kebanyakan pelincir automotif adalah minyak mineral asas yang bertoksik dan tidak 

mesra alam. Oleh sebab itu, minyak sayuran sedang diterokai sebagai alternatif minyak 

asas. Dalam tesis ini, tingkah laku tribologi trimethylolpropane berasaskan minyak sawit 

(TMP) ester telah dinilai sebagai alternatif kepada minyak asas konvensional dengan 

DLC yang bertekstur dan tidak bertekstur. Perbandingan telah dijalankan antara lapisan 

bertekstur dan tidak bertekstur pada pelbagai suhu dengan kehadiran pelincir 

polyalphaolefin (PAO) dan ester TMP. Kekerasan salutan dan modulus Young telah 
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dikaji dengan menggunakan lekukan nano. Lekatan salutan telah dianalisis menggunakan 

ujian lekukan Rockwell-C. Ujian tribologi dijalankan dengan menggunakan alat uji 

salingan bola di atas plat. Selepas ujian tribologi, topologi trek hausan dianalisis 

menggunakan mikroskop elektron pengimbas (SEM) dan mikroskop daya atom (AFM). 

Komposisi kimia pada permukaan yang haus disiasat menggunakan spektroskopi serakan 

tenaga (EDX). Perubahan struktur lapisan DLC disiasat menggunakan raman 

spektroskopi mikron. Keputusan menunjukkan bahawa ketumpatan optimum, diameter 

dan kedalaman optimum bagi tekstur ialah 20 %, 100 µm dan 6 µm dapat meningkatkan 

prestasi tribologi lapisan bertekstur a-C:H. Lapisan tekstur laser dan karbon terhidrogen 

amorfus ta-C menunjukkan pekali haus yang lebih rendah pada semua suhu yang diuji, 

tetapi pekali geseran adalah lebih tinggi pada suhu 80 dan 125 °C. Ini boleh dikaitkan 

dengan penggrafitan yang lebih rendah dalam kes lapisan bertekstur. Lapisan bertekstur 

dan tidak bertekstur ta-C menunjukkan geseran dan kehausan yang lebih rendah 

berbanding lapisan bertekstur dan tidak bertekstur a-C:H. Keputusan ini juga 

menunjukkan bahawa salutan bertekstur mikro DLC dengan ester TMP mempunyai 

pekali geseran yang lebih stabil walaupun pada suhu 125 ºC . 
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CHAPTER 1: INTRODUCTION 

1.1 Overview 

The automobile industry is rapidly changing. This change is due to pressures from 

several fronts like higher customer expectations, fuel economy, safety, increasing 

international competition and stringent emission regulation. That is why automobile 

industry has significantly advanced in the last decade. The changes are in terms of items 

like electronic engine controls (Willermet et al., 1990), changes in engine design and 

surface modifications such as coatings and texturing.  

Energy losses in automotive have been studied extensively by many independent 

researchers and government-funded research communities. Studies reveal that main 

factors, which cause losses, are thermodynamics, emission of heat by cooling process to 

retain required operating environment, and loss of heat by exhaust gasses.  Power train 

mechanical losses contribute as the second largest factor, which can be equally 

categorized as transmission losses and engine losses. According to study of European 

vehicles, approximately 12% of fuel power is effectively conveyed to wheels of vehicles 

(Tung & McMillan, 2004). Mechanical losses which are mainly frictional losses are 15 

% (Tung & McMillan, 2004).   Frictional losses in a light-duty vehicle are shown in 

Figure 1.1. Maximum frictional loss of 25 % is from piston assembly.  
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Figure 1.1: Energy losses due to friction in a light utility vehicle (Tung & 

McMillan, 2004) 
 

In case of automotive engines, betterment of energy consumption is very crucial to 

improve efficiency and reduces an emission of CO2. Following approaches are typically 

adopted to improve efficiency; component’s weight reduction by using fewer massy 

materials and redesigning, increase in running temperature of the engine with less heat 

removal, and use of fewer viscous oils. These modifications challenge tougher 

atmosphere for engine components. For example, increase in the operational temperature 

or the use of less viscous oil cause reduction in film thickness and increase in wear rates.  

Problem of wear management is usually tackled by introducing additives for wear 

reduction in oils. However, a limitation has been observed, some additives such as zinc 

dialkyldithiophosphate (ZDDP) have the negative impact on the catalytic converter, with 

time effectiveness of the catalytic converter reduces and causes an increase in pollution. 

As strict rules for pollution controls have been introduced, an alternative approach for 

friction and wear reduction is highly required. 
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1.1.1 Laser surface texturing  

Micro/Nano surfaced texturing is one such technique, which has been recognized in 

the past few years to reduce friction, wear, and enhance efficiency. In this technique, 

micro and nano surface, textures are created on one of the sliding or rolling surfaces. 

Figure 1.2 shows an example of micro textured steel surface.  Contrary to the belief that 

smooth surfaces are required to reduce friction, in the process of surface texturing the 

roughness is increased in a particular manner to increase the tribological performance at 

the contact. Surface texturing has proven to reduce friction (Li et al., 2016; Qiu & 

Khonsari, 2011a; Shukla et al., 2016; Usman & Park, 2016; Wu et al., 2016), wear and 

seizer (Wang & Kato, 2003). Various applications like piston ring/cylinder liner 

(Tomanik, 2013), mechanical seals (Wang et al., 2014) and cutting tools (Ling et al., 

2013) have been textured to improve their tribological performance.  

 

Figure 1.2: Laser micro textured surface (Nakano et al., 2007) 

The major attention of tribology community came towards the surface texturing with 

the development of a theoretical model (Etsion, 2004). This model used Reynold's 

equation under Half–Sommerfeld boundary conditions for investigating performances of 
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mechanical seal faces. Afterwards, theoretical model was studied for Swift–Steiber 

cavitation boundary condition, and comparative studies with experimental analysis 

showed close match between the models (Etsion, 2004).   

After that, many experimental and analytical studies have been conducted to achieve 

better tribological performances by understanding the effects of surface texturing at 

different operating conditions. Mechanisms by which micro/nano textures improve the 

tribological behavior mentioned throughout the literature are: increases the load carrying 

capacity through hydrodynamic effect, reduces third body abrasion by trapping wear 

particles, provides lubricant in a mixed lubrication regime by acting as a second 

lubrication source and reduces the rise in temperature at contact by keeping the lubricant 

at the interface (Oksanen et al., 2014). 

Effect of surface texturing for improved tribological performances is determined by 

different parameters such as depth, density and diameter of textures. Tribological 

performance is also significantly influenced by the lubrication regime (boundary, mixed 

and hydrodynamic) and operational environment. Currently adopted surface texturing 

techniques are laser texturing, photo etching and CNC machining, which are able to 

provide dimensional precision up to few microns. 

1.1.2 Diamond like carbon coating 

Large number of amorphous carbon are described by term “Diamond- like carbon”, 

some of them contain 50% hydrogen content (a-C:H), while others have less than 1% 

hydrogen content (a-C). As diamond-like carbon films are comprised of sp3 type C bonds, 

they possess appealing mechanical and chemical properties, which are quite similar to 

diamond. Generally, amorphous hydrogenated carbon (a-C:H) possesses less than 50% 

fraction of sp3 bonds, while a-C films have fraction of sp3 bonds up to 85% or more 

(Bewilogua & Hofmann, 2014).  

Univ
ers

ity
 of

 M
ala

ya



5 

Structurally amorphous hydrogenated carbon coatings are arbitrarily arranged 

covalent bonds in coordination of trigonal (sp2) and hybridized tetragonal (sp3), some of 

bonds having hydrogen at termination. Amorphous hydrogenated carbon can be 

described as a network of graphitic clusters connected into islands through sp3 bonds 

(Austin, 2014). For particular deposition methods, hard carbon films are combination of 

graphite and diamond crystallites, whereas sputtered hard carbon films are generally like 

graphite.  For that reason, tribological properties of DLC films are often described by 

tribological characteristics of diamond or graphite (Grill, 1993).  

DLC coatings are increasingly being used to improve the tribological performance of 

engineering components like piston, piston ring, tappets, bearings, gears, seals, metal 

cutting and forming tools, magnetic hard disks and biomedical, due to their hardness and 

excellent mechanical and tribological properties (Kalin et al., 2008). However, the 

increasing demand from industry for higher performance has pushed DLC coating 

performance to its limits. In order to further enhance the coating performance, combining 

laser surface texturing with DLC coatings can be beneficial. 

1.1.3 Environmentally friendly lubricants 

Automotive engine lubricants are derived from petroleum-based and non-petroleum 

synthetic based chemicals. These days they are also derived from hydrocarbons, 

polyinternalolefins (PIO) and polyalphaolefins (PAO) (Rudnick & Shubkin, 1999; 

Zulkifli, 2014). Environmentally friendly lubricants based on agricultural feedstocks are 

gaining more and more attention in the last few decades because of the environmental 

concerns over the usage of mineral based lubricants (Mobarak et al., 2014). The impact 

of lubricant on the environment is at three stages; production, usage and disposal. Because 

of the environmental hazards of petroleum-based lubricants, European countries have 
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passed stringent regulations in order to enhance the use of environmentally acceptable 

lubricants (Kodali, 2002).  

The interest in bio lubricants derived from vegetable resources is becoming higher. 

The reasons for such attention towards vegetable resource based bio lubricant is that they 

are biodegradable, less toxic and have good tribological properties.  Several vegetable 

base oils often times possess better lubricating properties compared to conventional 

synthetic and mineral lubricants (Stachowiak & Batchelor, 2013). Ecologically friendly 

lubricants are being used in machinery employed in mining, agriculture and forests etc. 

(Kalin & Vižintin, 2006). Natural biodegradable oils show lower wear and friction; 

however, they possess poor thermal and oxidation stability. Various techniques are used 

in order to reduce the problems associated with natural biodegradable oils such as 

esterification, transesterification and mixing with various additives (Zulkifli et al., 2014).  

Palm oil based Trimethylolpropane (TMP) ester is produced through 

transesterification of palm oil methyl ester. The process of transesterification improves 

the oxidative and thermal stability by removing the hydrogen molecule at the beta carbon 

position of the palm oil (Robiah et al., 2003). Researchers have been studying TMP esters 

as bio lubricants for use as engine lubricant and metal working fluids (Zulkifli et al., 

2014). 

1.2 Problem statement 

In the last few years, few researchers have studied the effect of laser surface texturing 

on diamond-like carbon (DLC) coated surfaces. Those who have studied did not conduct 

thorough investigation of important texture parameters on the coating performance. Laser 

surface textures can be created by two methods; 1) indirect laser texturing in which DLC 

coating is deposited after laser texturing on the substrate, 2) direct laser texturing in which 

laser texturing is done on DLC deposited substrate. Mostly, researchers have used indirect 
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laser texturing for DLC coatings, in order to avoid coating damage. Ding et al. 

investigated the laser surface textured a-C carbon coating in water lubricated sliding 

conditions (Ding et al., 2010). The authors found that with textured a-C coating, the 

coefficient of friction is 15 % and wear rate is one order of magnitude lower than un-

textured a-C. In another investigation, textured amorphous hydrogenated carbon coating 

in vacuum condition showed increased wear life compared to un-textured coating (Song 

et al., 2014). As it is well known that laser texture performance is dependent on texture 

parameters such as density, diameter and depth (Etsion, 2004). Mostly, research work has 

been conducted without changing the texture parameters and in oil-lubricated (Amanov 

et al., 2013), water lubricated (Ding et al., 2010) and vacuum (Song et al., 2014) sliding 

conditions. In this thesis, thorough investigation is conducted into the effect of laser 

texture density, diameter and depth on friction and wear characteristics of DLC coating.  

The past research work on the indirect laser surface textured amorphous hydrogenated 

carbon coating has been conducted at room temperature (Pettersson & Jacobson, 2004; 

Song et al., 2014). The engine components that can be coated with DLC coating operated 

at higher temperatures (Al Mahmud et al., 2014), as DLC coating performance is 

influenced with temperature (Neville et al., 2007). Therefore, it is important to study the 

effect of temperature on the tribological performance of laser textured DLC coatings. 

Two important types of DLC coating which are also used for coating automotive 

components are used in this research work; namely amorphous hydrogenated carbon 

coating and tetrahedral amorphous carbon coating. Until now, no research work has been 

conducted in analyzing the temperature effect on these two textured DLC coatings.  

Research work on replacing the conventional base oils such as PAO with vegetable-

based bio lubricants is being gone on for several years. One such bio lubricant based on 

palm oil is TMP ester. Recent research work conducted by Zulkifli et al. on palm based 
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TMP showed that it has been potential to be used as a biodegradable base oil for 

automotive engine application (Zulkifli et al., 2014).  The tribological research works on 

palm based TMP ester is conducted on steel/steel contacts. As automotive engine 

components are also DLC coated and in future, they will be micro textured, therefore, it 

is important to analyze the tribological performance of textured DLC coatings with palm 

based TMP ester.   

1.3 Research objectives 

In order to observe the behavior of various texture parameters with DLC coating and 

study the effect of engine operating temperature with textured coatings, the following 

objectives have been decided for this research work.  

i. To investigate and understand the effect of indirect laser surface texture 

density, diameter and depth on the tribological performance of 

hydrogenated amorphous carbon coating. 

ii. To investigate the effect of temperature on the tribological performance of 

indirect laser surface textured hydrogenated amorphous carbon coating in 

the presence of polyalphaolefin (PAO) and palm based trimethylolpropane 

(TMP) lubricants. 

iii. To investigate the effect of temperature on the tribological performance of 

indirect laser surface textured tetrahedral amorphous carbon coating in the 

presence of polyalphaolefin (PAO) and palm based trimethylolpropane 

(TMP) lubricants. 

1.4 Scopes of research 

This thesis focusses on the effect of indirect laser micro surface texture on the 

tribological performance of hydrogenated and non-hydrogenated amorphous carbon 

films. Texture density, diameter and depth were varied from 10-30, 50-150 µm and 6-30 
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µm respectively; in order to investigate the tribological performance variation of 

amorphous hydrogenated carbon coating. These texture ranges were selected by extensive 

literature review. After understanding the tribological behavior variation with texture 

parameter’s; one texture density, diameter and depth were selected for further 

investigations. As the variation in temperature causes the performance of DLC coatings 

to change, effect of change in temperature was investigated on indirect laser micro 

textured amorphous hydrogenated carbon and tetrahedral carbon coatings in the presence 

of PAO and palm based TMP lubricant. Temperature was varied from 40 to 125 ºC. This 

temperature range was selected in order to simulate the really automotive engine 

conditions. Comparisons were conducted between tribological performances of indirect 

laser textured and un-textured coatings, PAO lubricant and palm based TMP ester, and 

laser textured amorphous hydrogenated carbon and tetrahedral amorphous carbon 

coatings. 

The tribological testing was conducted using the ball on plate reciprocating sliding test 

rig. The structural change of DLC coating before and after testing was evaluated using 

Raman's spectroscopy. Scanning electron microscope (SEM) and atomic force 

microscopy (AFM) was used to analyze the wear track surface morphology. Energy 

dispersive spectroscopy was used to analyze the elemental composition of the wear track.  

1.5 Thesis organization 

This thesis is divided into 5 chapters, which are as follows: 

1. Chapter 1 gives an overview of the energy scenario. Lasers surface at 

texturing and diamond-like carbon coatings. The problems on which this 

research work will focus are described briefly. 

2. Chapter 2 is the literature survey that includes the importance of laser 

surface texturing, various lubricant film regimes, mechanisms of 
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performance enhancement, techniques to fabricate textures, tribological 

behavior of textures, structure of diamond-like carbon coatings, tribological 

behavior of diamond-like carbon coatings and its variation with 

temperature, previous research work on laser textured diamond-like  carbon 

coatings and tribological studies conducted using bio-lubricants.   

3. Chapter 3 presents how the research work was conducted. It also explains 

the tribological and characterization techniques that have been used in 

present research work. 

4. Chapter 4 presents the results and discussions on the variation of texture 

parameters and operating conditions on the tribological behavior of 

amorphous hydrogenated and tetrahedral carbon coating.  

5. Chapter 5 presents the conclusions based upon the results obtained in the 

tribological investigation. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Laser surface texturing and tribological effect of laser texture parameters 

2.1.1 Surface texturing 

Surface texturing is a relatively new technique but the concept of surface texturing to 

reduce friction at the contact is not new; it was introduced by Hamilton et al. in 1965 

(Hamilton et al., 1966). Contrary to the belief that smooth surfaces are required to reduce 

friction, in surface texturing the roughness is increased in a specific manner to increase 

the tribological performance at the contact. Although surface texturing is not a new idea, 

however, use of lasers to create these textures is relatively new. Laser surface texturing 

has been proven both theoretically and experimentally to reduce friction and wear by 

several researchers for various applications such as; piston ring/cylinder assembly ( 

Kligerman et al ., 2005; Ryk & Etsion, 2006), mechanical seals (Wang et al., 2014; Wang 

& Kato, 2003), and bearings (Marian et al., 2011; Qiu et al., 2014).  

Concept of surface texturing for better tribological performances is not novel. Dimples 

are introduced on the surface of golf balls to achieve better aerodynamic properties. 

Surface textures are formed by making dimples or protrusions. However, dimple 

configuration is more common, particularly in boundary and elastrohydrodynamic 

lubrication regime. In the case of protruded surface texturing, contact area between 

protruded shape and surface is greater than dimple surface, which causes an increase in 

contact pressures and results in greater wear rates. Compared to protruded surface 

texturing, less clearance among bearing components can be achieved in dimple surface 

texturing, in boundary and elastrohydrodynamic lubrication regimes. By introducing 

micro dimples, multiple benefits can be achieved by surface texturing. Some key 

advantages include; (1) increase in lubricant retentiveness (Hsu et al., 2014), (2) reduction 

in further surface damage by collecting wear debris and other foreign material (Hsu et al., 

2014), (3) increase in hydrodynamic pressure under full hydrodynamic lubrication 
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(Etsion, 2004) and (4) reduction in adhesion due to smaller contact area (Enomoto & 

Sugihara, 2010). 

2.1.2 Surface texture parameters 

The geometric texture parameters that affect the performance of textured surface are 

as follows: depth, diameter, density or number of dimples per unit area, aspect ratio or 

depth to the diameter ratio (Hsu et al., 2014). Most of the theoretical and experimental 

work to investigate the effects of texturing parameters have been conducted for the case 

of conformal mechanical contacts. 

2.1.3 Lubrication 

Lubrication can be defined as a technique to control friction and wear by introducing 

a solid, liquid or gaseous material between two interacting surfaces, which are in relative 

motion under some load. To meet the complexities of this topic, more simplified 

approaches are required to study the lubrication contacts. Three main lubrication regimes 

have been distinguished namely, hydrodynamic/full fluid, elastrohydrodynamic and 

boundary. 

2.1.3.1 Fluid film lubrication 

If the layer of the lubricant is so thick that the bodies cannot come into contact, such 

as type is called fluid film lubrication (as shown in Figure 2.1 a). This type of lubrication 

is considered as ideal for reducing friction and wearing of bodies in contact. The contact 

behavior is mainly governed by the physical properties of the lubricant like viscosity, and 

due to the viscous shearing of the lubricant, the characteristics of the friction arise (Taylor, 

1993). 
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2.1.3.2 Elastrohydrodynamic lubrication 

Elastrohydrodynamic lubrication (EHL) refers to the situation, when hydrodynamic 

pressure is insufficient to provide full support to load, and surfaces come in contact with 

each other (Dowson & Higginson, 1959). Contact takes place at the hills of surfaces and 

peaks (as shown in Figure 2.1 b). The extend of these contacts is related to many factors 

such as surface roughness, fluid film pressure, hardness of interacting bodies and applied 

normal load. Under contacting conditions, elastic deformation is produced in many 

asperities and therefore, both thinner fluid film lift and asperity's strength balances the 

normal pressure (Stachowiak & Batchelor, 2013).  

2.1.3.3 Boundary lubrication 

If the lubricant film thickness is so thin that the surfaces of the bodies are in contact 

over an area that is similar to the area formed during the dry contact, such as type of 

lubrication is called boundary lubrication (as shown in Figure 2.1 c). The friction 

characteristics are mostly determined by the in contact solid properties (Hironaka, 1984). 

A boundary film is often produced due to activation of chemical reactions between 

lubricant molecules and asperity surface, in terms of wear it can be either advantageous 

(anti-wear, protective) or disadvantageous (pro-wear) (Pinkus & Sternlicht, 1961). A 

complete and comprehensive theory of boundary lubrication has not been presented yet, 

involved chemical and physical mechanisms are still not understood, and however, some 

models are available on contact mechanism and lubrication geometry. The determination 

of contact lubrication type can be conducted using Dowson and Higginson formula. This 

is discussed in detail in section 3.6.  
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Figure 2.1: Different lubrication regime (a) Full film, (b) EHL and (c) 

Boundary 

 

2.1.4 Mechanisms of tribological improvement 

In the case of starved lubrication, micro textures act as micro reservoirs of lubricant 

(Amanov et al., 2013; Kovalchenko et al., 2011). In case of full or mixed lubrication 

regime, they increase load carrying capacity by serving as micro hydrodynamic bearings 

(Amanov et al., 2013; Ramesh et al., 2013; Tomanik, 2013). The increase in 

hydrodynamic pressure at different load-speed conditions is the most important benefit 

of micro-textures (Brizmer et al., 2003; Wang et al., 2003). Micro textures also remove 

debris from the contact and decrease wear (Amanov et al., 2013; Kovalchenko et al., 

2011; Li et al., 2010; Vandoni et al., 2012; Zhan & Yang, 2012). Lubricant providing 

ability of textures is present in full, mixed and boundary lubricant. The detailed 

description of these mechanisms is discussed below. 
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2.1.4.1 Micro-hydrodynamic bearing 

Micro textures act as “micro hydrodynamic bearings” in mixed and hydrodynamic 

lubrication regimes. As in the case of a journal bearing, due to the motion of surfaces, the 

lubricant is pushed into a converging wedge, and at high speed pressure is developed 

which provides load carrying support. This “wedge” action can be observed in the 

converging regions of pores. At the converging portion of each micro pore (dimple), this 

wedging effect takes place and thus a lifting force is present. The maximum 

hydrodynamic pressure can be found at this converging section. This provides 

hydrodynamic lift at the contact. 

Micro surface texturing can also produce hydrodynamic effect between parallel sliding 

bodies. The mechanism can be understood by considering a one-dimensional model of 

single asperity in the presence of fluid film (as shown in Figure 2.2). Due to the motion 

of the slider with velocity (V), anti-symmetric pressure profile was generated around the 

micro asperity as shown in the Figure 2.2 (a). For incompressible fluids, pressure 

decreases in the diverging region and increases in converging regions. Since the pressure 

profile is anti-symmetric, therefore the load support will be zero as is evident by the area 

under the curve, thus there will be no separating force. This contradiction to the 

experimental findings can be explained by cavitation phenomena. In the cavitating 

negative pressure region, isobaric conditions exist. The pressure in this region cannot be 

lower than cavity pressure, which is the pressure at which gas bubbles are emanated by 

the lubricant or fluid vapor pressure. Consequently, the net area under the curve as shown 

in Figure 2.2 (b) is positive; and thus, creating hydrodynamic effect. The combined effect 

of all the micro dimples can increase the load carrying capacity of the textured surfaces 

(Etsion & Burstein, 1996; Hamilton et al., 1966).  
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Figure 2.2: Hydrodynamic pressure profiles by a micro asperity (a) without 

cavitation (b) with cavitation 

 

2.1.4.2 Lubricant reservoir 

Surface textures can act as lubricant reservoirs or secondary lubricant source (Amanov 

et al., 2013; Kovalchenko et al., 2011; Vandoni et al., 2012; Wang & Kato, 2003). During 

sliding the lubricant will be drawn up to permeate the surfaces (as shown in Figure 2.3). 

This phenomenon can reduce friction, wear and seizer.  
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Figure 2.3: Secondary lubrication mechanism (Wang & Kato, 2003) 

 

2.1.4.3 Wear debris storage ability 

The most common wear mechanisms in the generation of wear debris are mentioned 

below. 

I. Abrasive wear: In abrasive wear, material is removed due to hard abrasive 

phases. Both 2nd body and 3rd body abrasion is generated according to the 

morphology of abrasive phases. In the case of complex morphologies, 2nd 

body abrasion is realized, while 3rd body abrasion is possible for simple 

morphologies (Rabinowicz, 1995). 

II. Adhesive wear: adhesive wear takes place when a surface slides against 

another surface, causing shards of one surface to stick to the other surface 

and eventually pull out from the original surface. Strong adhesive forces, 

which come into existence when atoms come into close contact with one 

another, mainly cause adhesive wear (Rabinowicz, 1995). At interfacial 
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pressure or high temperature, a strong bond can be formed between debris 

and sliding surfaces.  

Micro surface textures can reduce wear by capturing wear debris present between the 

contacting surfaces as shown by an example in Figure 2.4. As shown in Figure 2.4 (a), 

the wear debris present between the sliding ball and un-textured stationary plate causes 

high contact stress, which increases friction and wear; while the textures in Figure 2.4 (b) 

trapped the wear particles from the tribological interface. This way textures can help in 

removing the unwanted wear debris from surface in dry as well as lubricated conditions 

(Amanov et al., 2013; Amanov et al., 2013; Ding et al., 2011; Hu & Ding, 2012; 

Kovalchenko et al., 2011; Li et al., 2010; Schreck & Gahr, 2005; Shum et al., 2013; 

Vandoni et al., 2012; Zhan & Yang, 2012). Ding et al. found that textures can help in 

capturing wear particles to lower the effect of fatigue wear mechanisms (Ding et al., 

2011).  

 

Figure 2.4: Wear particle storage ability (a) textured surface (b) un-textured 

surface 
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2.1.5 Fabrication techniques of surface textures  

Surface textures can be fabricated by using different techniques, which includes 

photolithography and etching (Lu & Khonsari, 2007; Yan et al., 2010), shot blasting  

(Nakano et al., 2007), CNC micro machining and laser surface texturing (Etsion, 2005; 

Wakuda et al., 2003), electric discharge machining (Uhlmann & Doll, 2005), CNC 

ultrasonic machining (Churi, 2010), focused ion beam machining (Tseng, 2004), vibro-

mechanical texturing  (Greco et al., 2009), micro grinding (Masuzawa, 2000; Nguyen & 

Butler, 2005), micro casting (Cannon & King, 2009) and CNC drilling (Roy et al., 2014). 

Among these, laser surface texturing has been found to have several advantages like high 

spatial resolution, non-contact, processing flexibility (Gao et al., 2011; Kuršelis et al., 

2012) and creation of well-defined patterns with accuracy (Kuršelis et al., 2012). 

2.1.6 Laser surface texturing 

LST uses high energy pulses to ablate material by rapid melting and vaporizing. Laser 

ablation can be defined as the removal of material by direct absorption of laser energy. 

The start of ablation occurs above the threshold fluence. This threshold depends on the 

micro-structure, morphology, absorption mechanism, material properties and defects, and 

laser properties, such as wavelength and pulse duration (Dong et al., 2011). Laser ablation 

can be divided into the following two categories depending upon the interaction of laser 

energy of the material: pyrolytic and photolytic processes (Meijer, 2004). In the pyrolytic 

process, laser energy is absorbed by the material and then transferred into heat, which 

causes an increase in temperature. As a result, the material melts and evaporates from the 

surface. In the photolytic process, the photon energy absorbed induces chemical reactions 

to overcome the chemical binding energy of molecules; this is also called “cold ablation” 

(Meijer, 2004). 
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The way in which the laser beam is projected to the substrate determines the texture 

accuracy. The methods used in this regard are as follows: 

1. A fast-revolving perforated disk is used to practically chop an unfocused 

laser beam in order to create patterns; however, this technique is generally 

avoided due to its limited resolution, flexibility, and accuracy (Coblas et al., 

2009). 

2. A patterned mask is used to split the laser beam projected onto the sample. 

This technique is flexible, fast, accurate, and allows the creation of various 

shaped micro-features. The production cost of the mask is the main 

drawback to this technique. 

3. A laser beam can be projected by the use of a galvanometric scanner and a 

computer numerical control (CNC) system, which maneuvers the beam over 

the sample (Vincent et al., 2008). This technique is extremely accurate due 

to the very short pulses (duration of pulse fs and ns). The main drawback is 

that this is a time-consuming process, as each texture is machined separately 

(Coblas et al., 2014). 

Some of the important issues regarding LST are: the heat affected zone (HAZ), 

surface defects (burrs or bulges), and the formation of periodical surface structures. Laser 

beam heat can affect the substrate and cause variations in its metallurgical properties. For 

example, for a pore area ratio of 14–22.5%, the area ratio of the HAZ reaches 50–100%, 

while HAZ diameter varies from 300–450 µm around the dimples for SiC rings (Wang 

et al., 2001). Similarly, dimensions of the thermally affected area surrounding the hole 

with a diameter of 10 µm produced using Nd:YAG pulses are less than 10% of the texture 

diameter (Kononenko et al., 2000). Surface defects (burrs or bulges) are another main 

problem. Frictional behavior is affected by bulges, as they have significant height, i.e. 
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3.5–4.5 µm (Amanov et al., 2012). This volume of material is commonly removed from 

the textured surface by grinding, surface polishing, and lapping. Another issue that has 

been observed in ns and fs laser-textured substrate is the formation of periodical surface 

structures, such as, ripples that cause an increase in the roughness on the surface. This is 

recognized as surface acoustic waves or an interference phenomenon (Coblas et al., 

2014). Researchers have used this issue of LST to their advantage to create periodical 

structures for controlling hydrophobicity of metals (Römer et al., 2009) and friction and 

wear properties of cutting tools (Sugihara & Enomoto, 2009). 

The advantages of laser surface texturing systems are high precision, dimensional 

accuracy, and no contact force required. The disadvantages include low machining speed, 

high cost of equipment, and difficult maintenance and adjustment. 

2.1.7 Applications of micro surface texturing 

Different types of surface texturing have been used to obtain the tribological 

performance enhancement. These include connected textures like different patterns of 

grooves and disconnected independent textures like micro dimples. In the case of 

connected textures, the parameters that affect the tribological performance of contacting 

surfaces are pitch of textures, width of texture, depth of texture etc. In the case of 

disconnected independent textures like micro dimples. The relevant parameters are 

dimple depth, dimple diameter, dimple depth to diameter ratio and dimple density, etc. 

Several researchers have contributed to the effects of the above-mentioned parameters 

for the tribological performance piston ring/cylinder assembly (Abboud et al., 2007; 

Bolander & Sadeghi, 2006; Caciu et al., 2008; Checo et al., 2014; Etsion et al., 2006; 

Etsion & Sher, 2009; Gadeschi et al., 2012; Kligerman et al., 2005; Ryk & Etsion, 2006; 

Ryk et al., 2005; Tomanik, 2013; Wos & Michalski, 2011; Zhan & Yang, 2012), 

mechanical seals (Chen et al., 2012; Feldman et al., 2006; Feldman et al., 2006; 
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Kligerman & Shinkarenko, 2011; Qiu and Khonsari 2011a, 2011b; Wan & Xiong, 2008; 

Wang et al., 2014; Wang et al., 2006), bearings (Brizmer et al., 2003; Lu & Khonsari, 

2007; Marian et al., 2011; Qiu et al., 2014; Qiu et al., 2012; Qiu et al. 2013; Rahmani, et 

al., 2010), cutting tools (Deng et al., 2013; Enomoto & Sugihara, 2010, 2011; Enomoto 

et al., 2012; Jianxin et al., 2012; Kawasegi et al., 2009; Koshy & Tovey, 2011; Lei et al., 

2009; Ling et al., 2013; Neves et al., 2006; Obikawa et al., 2011; Sugihara & Enomoto, 

2009, 2012, 2013; Wu et al., 2012; Xie et al., 2012; Xing et al., 2014; Ze et al., 2012; 

Zhao et al., 2010) and hydraulic motors (Pettersson & Jacobson, 2007).  

2.1.7.1 Piston ring/cylinder assembly 

As the piston ring/cylinder assembly accounts for 25 % of total mechanical loss in 

engine, several researchers are working on reducing this power loss. Different types of 

surface treatments for piston/cylinder assembly used to reduce the friction and wear.  

Reduction of frictional losses by changing the surface roughness in the form of surface 

textures has been reported in case of piston rings by several researchers (Abboud et al., 

2007; Bolander & Sadeghi, 2006; Caciu et al., 2008; Checo et al., 2014; Etsion et al., 

2006; Etsion & Sher, 2009; Gadeschi et al., 2012; Kligerman et al., 2005; Ronen et al., 

2001; Ryk & Etsion, 2006; Ryk et al., 2002; Ryk et al., 2005; Tomanik, 2013; Usman & 

Park, 2016; Wos & Michalski, 2011; Zhan & Yang, 2012). Mainly the textures created 

in case of piston rings are in the form of the array of uniform depressions or pored with 

similar geometrical dimensions to one another, these are usually called dimples as shown 

in Figure 2.5. 

Lasers have been mainly used by researchers to create these dimples on piston rings. 

By creating dimples on the piston ring surface, researchers have found the reduction in 

friction at the piston ring/cylinder contact in the range of 20-50 % in comparison to un-

textured piston rings (Kligerman et al., 2005; Ryk & Etsion, 2006; Ryk et al., 2005). 

Univ
ers

ity
 of

 M
ala

ya



23 

 
Figure 2.5: Surface textured piston ring 

 

2.1.7.2 Cutting tools 

Surface texturing to improve the cutting performance of tools is a recent endeavor. 

Figure 2.6 shows laser surface textured tool with rectangular textures. These textures 

improve the cutting performance by enhancing lubricant availability at the contact point, 

reducing the tool-chip contact area, and trapping wear debris (Chang et al., 2011; Silva, 

et al., 2013; Deng et al., 2013; Enomoto & Sugihara, 2010, 2011; Enomoto et al., 2012; 

Jianxin et al., 2012; Kawasegi et al., 2009; Koshy & Tovey, 2011; Lei et al., 2009; Ling 

et al., 2013; Obikawa et al., 2011; Sugihara & Enomoto, 2009, 2013; Wu et al., 2012; Xie 

et al., 2012; Xing et al., 2012; Ze et al., 2012). The benefits of surface textures have been 

observed in both wet and dry cutting of aluminum alloys, titanium alloys, and mild and 

hardened steel. To date, this technique has been successfully used in drilling, milling, and 

turning operations.   
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Figure 2.6: Micro-textured drill bit (Ling et al., 2013) 

2.1.7.3 Mechanical seals  

Surface texturing has been recognized to improve the tribological performance of 

mechanical seals. Through the surface texturing on mechanical seals researchers have 

found the reduction in friction and wear, enhanced ant seizer ability, reduction in leakage, 

increase in fluid film thickness and increased load carrying ability (Chen et al., 2012; 

Feldman et al., 2006; Feldman et al., 2006; Kligerman & Etsion, 2001; Kligerman & 

Shinkarenko, 2011; Qiu & Khonsari, 2011a, 2011b; So & Chen, 2005; Wan & Xiong, 

2008; Wang et al., 2014; Wang et al., 2006; Wang & Hsu, 2004).  

2.1.8 Effect of surface texture parameters on friction and wear characteristics 

2.1.8.1 Dimple depth and diameter 

Surface texture performance is dependent on its parameters. If the contact has low 

lubricant availability, then the deep dimples detrimental effects were observed in terms 

of friction and wear (Bolander & Sadeghi, 2006; Ryk et al., 2002). When there is low 

lubricant availability at the contact, deep dimples become micro traps of lubricant. The 
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lubricant starts to get concentrated around the dimples compared to un-textured contact 

where it is reasonable to assume that it is evenly distributed over the contact. Due to this, 

the hydrodynamic effect of the “micro-hydrodynamic bearing” reduces to only small area 

and the clearance between the surfaces reduces, thus increasing friction and wear in 

comparison to un-textured surfaces. This phenomenon can occur earlier if the viscosity 

of the lubricant is high due to low fluidity of lubricant (Ryk et al., 2002). 

Wang et al. (Wang & Kato, 2003) evaluated the anti-seizer ability of a textured silicon 

carbide (SiC) specimens in water lubrication using critical load as the performance index. 

The authors found that due to an increase in dimple depth in the range (2-13.3 um), the 

critical load increases too (Wang & Kato, 2003). This result was in contradiction with the 

group’s previous work (Wang et al., 2003). X. Wang et al. found that an increase in 

dimple depth is not beneficial for load carrying capacity. They suggested an optimum 

range of 2-7 µm depth (90 um diameter) in case of steel rings sliding in oil and 0.015 

depth to the diameter ratio in case of SiC bearing working in water (Wang et al., 2003). 

Wang et al. recommended that this dissimilarity might be due to the reason that 

tribochemical reaction of SiC in water is the more important factor than hydrodynamic 

lubrication (Wang & Kato, 2003). Deep dimples can store more water for tribochemical 

reaction as a result they increase the anti-seizer ability. In case of oil lubrication, deep 

dimples do not enhance the hydrodynamic effect. 

Tomanik et al. also investigated various dimple depth and diameter using an one-

dimensional computer program (Tomanik, 2013). Dimple's depth has been varied from 1 

to 10 µm and diameter from 10 to 100 µm. They found that higher hydrodynamic pressure 

can be obtained by using dimple depth of 1 µm and diameter of 10 µm in comparison to 

5 µm depths and 25 µm diameters.  
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In the case of non-conformal contacts and under elastrohydrodynamic lubrication 

regime (EHL), the dimple depth is found to have effect on the local change in the lubricant 

film thickness (Mourier et al., 2010). Mourier et al. investigated depth effect using EHL 

iris Tribometer (Mourier et al., 2010). They found that if the depth of the dimple is high, 

the lubricant passing through the dimple has the lower pressure level, and thus, the 

viscosity of the lubricant will drop and this prevents the lubricant to separate the surfaces. 

They observed that 300 nm dimple depth increased the film thickness.  

In mechanical components, i.e., gears, cams, reduction in friction due to surface 

texturing in line contacts has been a topic of great interest for many researchers. Hao et 

al. investigated the friction and wear performance under non-conformal line contacts. 

They observed reduction in wear marks or debris on line contact slider bearing (contact 

between flat disc and cylinder) which is used in cam mechanism (Hao et al., 2014).  

Deciding the right dimple diameter for non-conformal contact is a bit difficult 

compared to conformal contacts. It was stated that surface texturing is not helpful in 

friction reduction when the diameter of dimple is equal to or smaller than Hertz contact 

width, while the coefficient of friction reduces significantly when dimple diameter is 

greater than Hertz contact width (Wakuda et al., 2003). Xiaolei et al observed different 

results in pin on disk tests, they observed that if the dimple diameter is equivalent or 

smaller than the contact width, the friction reduction can be observed (Xiaolei et al., 

2009). Further investigation is needed in order to clarify these contradictions. 

Recently, Wang et al. investigated two-phase mechanical seals with laser surface 

textured end faces using transparent rotating rings so that the distribution of liquid/vapour 

region can be observed using a camera (Wang et al., 2014). The results showed that the 

surface textured rings with small dimples (diameter 1000 µm and depth of 10 µm) have 

lower mean temperature at various speeds than flat ring and textured rings with larger 
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dimples (diameter 2000 µm and depth of 40 µm). The authors also found that if the dimple 

depth and diameter are both high, the vaporization is higher than plain end face because 

larger the diameter of dimples larger will be the cavitation, which will abruptly increase 

friction torque (Wang et al., 2014). 

2.1.8.2 Dimple density 

Dimple density can be defined as number of dimples per unit area. Kligerman et al. 

through several numerical simulations found that the area density of the dimples should 

be largest in order to get higher friction reduction in the case of conformal contacts. The 

range of dimple density chosen by researchers varies between 5-66 % (Kligerman et al., 

2005). 

As surface texturing increases, fluid film thickness and creates additional 

hydrodynamic pressure between interacting surfaces, subsequently it causes significant 

reduction in friction. A lot of research has been conducted with an objective to minimize 

the friction by surface texturing, which is equally effective in terms of wear and increases 

the operational life of materials. Siripuram & Stephens observed that cross-sectional area 

of dimples can affect friction (Siripuram & Stephens, 2004). Tonder analytically studied 

effects of micro dimples on pivoted bearings, and observed a significant reduction in 

friction under particular conditions due to increased film thickness and load capacity 

(Tønder, 2010). Findings of Tonder about the effects of dimple density on friction were 

verified experimentally and analytically in several studies (Tanu et al., 2010; Yan et al., 

2010). For example, Wang et al. worked on thrust bearings with circularly textured micro 

dimples under water based lubrication condition, and found that friction of a coefficient 

reduces tremendously, and this effect becomes more significant with an increase in 

density and size (Wang et al., 2003).  
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In the case of non-conformal contact, Wakuda et al. used steel cylinders, which were 

sliding on the ceramic plate (Wakuda et al., 2003). They varied the texture density from 

7.5 to 30 %. The lowest coefficient of friction at various sliding speeds was shown by 7.5 

% density (Figure 2.7). As the density was increased to 30 % coefficient of friction also 

increases.  Qui et al. used universal tribometer to simulate conformal contact (Qiu & 

Khonsari, 2011a). They varied dimple density from 15 to 58.6 %. Figure 2.8 shows that 

a highest dimple density of 58 % showed the lower coefficient of friction compared to 

less density at 4.5 N and 18 N load. The highest coefficient of friction was shown by un-

textured samples. For conformal contacts, mostly authors found higher dimple density to 

be beneficial in reduction of coefficient of friction, whereas for non-conformal lower 

density has been found useful. 

 

 
Figure 2.7: Effect of change in dimple density on coefficient of friction (Wakuda 

et al., 2003) 
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For textured 316 stainless steel, relationship between texture density and coefficient 

of friction were also analyzed by (Zhang et al., 2013). They reported that coefficient of 

friction reduces for 10 % dimple density compared to higher or lower dimple density 

(Figure 2.9). Wear depth was also reduced for surface textured steel than un-textured 

steel. It was also indicated that reduction in friction caused reduction in wear depth. 

 

Figure 2.8: Effect of change in dimple density on coefficient of friction at 

various loads (Qiu& Khonsari, 2011a) 
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Figure 2.9: Variation in coefficient of friction with change in area density 

(Zhang et al., 2013) 

 

2.2 Laser surface textured diamond like carbon coatings 

2.2.1 Diamond like carbon coating 

For several years, beneficial tribological properties of carbon have been 

acknowledged. Its performance depends upon form of carbon and its interaction with a 

particular operating setup. Due to remarkable lubrication properties of graphite, it has 

found countless applications in different fields including electrical contacts, abradable 

seals and metallurgical applications. In these applications, performance benefits are 

achieved due to sliding of basal planes over each other, which are further enhanced by 

adsorptive properties of water or oxygen (Hutchings, 1992). On the other hand, diamond 

is considered an ideal material for wear resistance due to its very high chemical inertness 

and hardness, which makes it beneficial in variety of applications including grinding and 

polishing tools, scalpels and wire drawing dies (Davis, 1991). 

2.2.1.1 Types and structure of DLC coatings  

Structures of sp2 and sp3 carbon atoms may be different in diamond like-carbon 

materials, while the amount of hydrogen contained by these materials can be negligibly 
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small or absent at all. In 1986, Robertson explained the structure of DLC as a random 

network in which carbon atoms are covalently bonded and have different hybridizations 

(Robertson, 1986). Robertson refined his model in 1997 and showed that energy of π 

bonds of sp2 sites controls the structure of both ta-C and a-C:H coatings (Grill, 1999). 

Figure 2.10 presents the phase diagram of hydrogen, sp2 and sp3 contents in the different 

form of diamond like-carbon. Lower left-hand corner shows the graphitic carbon. The 

lower right-hand corner shows higher hydrogen content phases (gas or liquid molecules). 

Amorphous hydrogenated carbon (a-C:H) coating is present in the middle of the diagram, 

representing varying amounts of sp2, sp3 bonds and hydrogen contents. The tetrahedral 

amorphous carbon (ta-C) is present at the left side indicating varying amount of sp2, sp3 

bonds.  

On the basis of chemical structure, DLC coatings can be distinguished as pure (non-

doped DLC coatings) and modified (doped DLC coatings). Pure or non-doped coating 

contained C or/and H only, whereas modified i.e., doped coatings also have some metallic 

(W, Mo, Ti etc.) and non-metallic (Si, F, C etc.) components. Based on practical 

applications of DLC coating, metal and nonmetal dopant are selected. Based on hydrogen 

content, DLC coatings are further classified in two major categories, namely, non-

hydrogenated DLC coatings and hydrogenated DLC coatings. Non-hydrogenated DLC 

coatings have negligibly small hydrogen content, and they include tetrahedral (ta-C) and 

amorphous (a-C) DLC coatings. While hydrogenated DLC coatings contain the 

significant amount of hydrogen; amorphous (a-C:H) and tetrahedral (ta-C:H) DLC 

coatings are classified as hydrogenated DLC coatings (Velkavrh et al., 2008).  
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Figure 2.10: Ternary phase diagram showing sp3, sp2, and hydrogen contents 

of different DLC coatings (Robertson, 2002) 

 

2.2.1.2 Deposition technique 

Deposition technique is one of the main factors, which has significant influence on the 

properties of diamond-like carbon coating. Different deposition techniques have been 

introduced for depositing DLC films. For DLC coating there exist a wide range of 

deposition temperature, varying from sub-zero to 400 ºC. Depending upon the deposition 

technique; bias voltage, etching time and deposition gas pressure may also have a wide 

range of varying values. Higher flexibility of DLC coating has attracted attention from 

many researchers. Some common deposition techniques are magnetron sputtering, ion 

beam deposition, hot filament chemical vapor deposition (HFCVD),  plasma-activated 

chemical vapor deposition (PACVD) and plasma immersion ion implantation and 

deposition (PIII-D) (Al Mahmud et al., 2015). 
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Magnetron sputtering is most commonly adopted deposition technique these days. 

This technique is applicable for DLC coating under both hydrogenated and non-

hydrogenated conditions. Puchi-Cabrera et al. employed this technique for depositing 

hydrogenated DLC coating (Puchi-Cabrera et al., 2010). To improve DLC coating 

adhesion, they deposited an interlayer of Cr, and butane gas worked as source of hydrogen 

and carbon source. By following the same process Peng et al. coated non-hydrogenated 

DLC, but graphite source has been used in their work for deposition (Peng et al., 2001). 

By using a pure graphite target in Argon plasma, non-hydrogenated film with thickness 

up to 1 µm were made by sputtering. Working principle of magnetron sputtering is 

described as follows: high-energy ions created from discharge plasma are bombarded on 

a target plate (cathode), the bombardment process removes targeted atoms and thin film 

of these atoms is condensed on the substrate. Ion bombardment also caused emission of 

secondary electrons from the target surface. Plasma is maintained by emitted secondary 

electrons. Magnets are placed parallel to target in such a way that secondary electrons are 

trapped that increase the chance of electron collision and thus supports in sustaining 

plasma (Johnson & Cote, 2006; Kelly & Arnell, 2000; Tung & McMillan, 2004).  

2.2.1.3 Influence of hydrogen content on DLC coating 

The influence of hydrogen content on the tribological characteristics of DLC coatings 

can explain the sensitivity of a coefficient of friction to various environments such as 

humid and dry air. In the case of non-hydrogenated coatings, there exists strong adhesive 

forces between tribological surfaces. Therefore, value of COF in the vacuum is usually 

greater than 0.5. On the other hand, for hydrogenated coatings, COF is very less (COF< 

0.001) (Erdemir, 2001). 

For normal air exposed environment, a different behavior has been observed, 

coefficient of friction of non-hydrogenated decreases significantly while it increases for 
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hydrogenated DLC coating (Erdemir, 2001). The reason for this difference in behavior 

with change in environment can be explained by passivation of DLC coating surface with 

hydrogen. In the presence of hydrogen in DLC coatings, or when DLC coatings have 

hydrogenated environment, carbon and hydrogen atom's bond with each other, as a result, 

number of sites were contacting surfaces can form covalent bond is reduced, and thus 

adhesion gets lower. For non-hydrogenated DLC coatings, this mechanism does not occur 

due to the absence of hydrogen in the microstructure of the coating, and therefore, in inert 

environment or vacuum reactivity of non-hydrogenated DLC coated surfaces caused high 

adhesion (Sutton et al., 2013).  

DLC interacting surfaces contain some unbound σ bonds. In order to minimize the 

coefficient of friction it is important to eliminate this type of bonds. In case of 

hydrogenated DLC, hydrogen can continuously passivate such bonds. Hydrogen exists 

within the matrix in the molecular and atomic state; and it works like a reservoir. 

Unwanted bonds are constantly passivated by these molecules, resulting in the decrease 

of surface energy. This process effectively minimizes friction (Semenov & Khrushchov, 

2010).  

2.2.1.4 Effect of sp3/sp2 ratio 

Characteristics of DLC films i.e. hardness, elastic modulus, internal stresses, are 

directly related to the fraction of sp3 carbon contained by films. DLC films generally have 

high elastic modulus, high hardness and high internal stresses. Higher the sp3   content 

higher will be the hardness. Highest amount of sp3 contents (80-88%) is found in 

tetrahedral carbon coating.  

Al Mahmud et al. compared the tribological performance of tetrahedral amorphous 

and amorphous hydrogenated carbon coatings in oil lubricated conditions (Al Mahmud 

et al., 2014). The oil lubricated testing results indicated that due to higher sp3 content in 
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tetrahedral amorphous coating the wear rate was lower than amorphous hydrogenated 

carbon coating. The Raman spectroscopy results showed lower transformation of sp3 to 

sp2 content which indicates that tetrahedral amorphous showed lower graphitization than 

amorphous hydrogenated carbon coating (Al Mahmud et al., 2014). Ronkainen et al. 

compared the tribological properties of amorphous hydrogenated carbon and tetrahedral 

amorphous carbon coatings in dry environment (Ronkainen et al., 2001). The amount of 

sp3 bonds in tetrahedral amorphous and amorphous hydrogenated carbon coatings is high, 

however amorphous hydrogenated carbon shows more pronounced transformation to 

graphite structures. Some hydrogen-depleted sections are formed due to heat induced by 

friction. This friction induced heating can easily break down C-H bonds, so such regions 

become highly favorable for graphitization. As tetrahedral amorphous carbon coating has 

more stable sp3 bonding than amorphous hydrogenated carbon coating, therefore for 

tetrahedral amorphous carbon coating graphitization rate is much lower, additionally, less 

pronounced transfer layer is formed for tetrahedral amorphous carbon coating compared 

to amorphous hydrogenated carbon coating. 

2.2.1.5  Effect of temperature on friction of DLC coatings 

Diamond-like carbon is a form of diamond, which is thermodynamically metastable. 

Graphitization or decomposition of amorphous hydrogenated carbon coating occurs once 

the temperature is increased. This process occurs through the release of hydrogen from 

the film structure. At a certain temperature normally refers to as threshold temperature, 

dehydrogenation of amorphous hydrogenated carbon coating to graphite crystallites 

occurs (Liu & Meletis, 1997). The hardness of amorphous hydrogenated carbon coating 

remains nearly constant up to 700 ºC, this can be due to the partial crystallization of 

graphite grains. The thermal stability of tetrahedral amorphous carbon coating is up to 

1000 ºC temperature. This is because of lower hydrogen content in its structure (Kalish 

et al., 1999; Ronkainen, 2001).  
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Graham et al. investigated the effects of temperature on wear properties and coefficient 

of friction of tungsten doped DLC coating (Gharam et al., 2011). They observed that 

above 250 ᵒC, the sp3 to sp2 bond's transformation takes place. As graphite has layered 

structures, it serves as a solid lubricant. Between each layer of structure, Van's der Waals 

bonds existed, but these bonds are not strong enough and allow the layers to slide over 

each other, which results in the decrease of a coefficient of friction.  In lower temperature 

zone, coefficient of friction gradually increases by the increase in temperature as a result 

of evaporation of water molecules attached to the coated surface.  

Wang et al. applied thermogravimetric analysis (TGA) to study the oxidation 

properties of DLC coating (Wang et al., 1999). They observed intense oxidation at a 

temperature range of 350-400 ºC. Frictional properties are also affected at this 

temperature range. Frictional properties are affected differently for hydrogenated and 

non-hydrogenated DLC coatings. Gao et al. demonstrated that hydrogen desorption 

occurs from the coating surface of amorphous hydrogenated carbon coating when it is 

heated at 147ᵒ C, which causes the increase in the coefficient of friction (Gao et al., 2005).  

2.2.1.6 Effect of temperature on wear of DLC coatings 

The thermal instability of DLC coating causes its wear behavior to be dependent on 

temperature. Some DLC coatings wear characteristics in ambient air has been observed 

to reduce with temperature increase from 100-300 °C (Grill, 1999). In another 

investigation, with the increase in temperature to 150 °C, it has been observed in the case 

of self-mated amorphous hydrogenated carbon coating that friction reduced and wear rate 

increased because of graphitization (Grill, 1999).  

Highly disordered structure of DLC film steadily transforms to ordered structure at the 

elevated temperatures. Films form an unsteady phase during deposition, when thermal 

energy is introduced, structure of these films is re-oriented (Erdemir & Fenske, 1996; Wu 
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& Hon, 1999). At high temperature, diffusion of unbounded hydrogen atoms produced a 

spongy structure in the film of hydrogenated DLC. These structural and chemical changes 

also cause modifications in friction and wear behavior. After exposing at high 

temperature, final product may become highly porous and a soft graphitic thin layer may 

appear, which wears out rapidly. At elevated temperature, endurance limit for non-

hydrogenated films is higher than hydrogenated films.  

Veverkova et al. proved that at the different number of rotations (10 and 100 cycles) 

and loads (7 and 10 N), wear coefficients also increase with the increase in temperature 

in the case of tungsten doped DLC coating (Veverkova & Hainsworth, 2008). They 

observed that at 7 N and 10 N loads wear coefficient is higher for 10 cycles. Although, 

as time increases wear rate gets lower since abrasive wear occurs initially. Krumpiegl et 

al. investigated wear behavior and friction of amorphous carbon. Titanium doped DLC 

and amorphous hydrogenated carbon at 450ᵒ C for both air-exposed and vacuum chamber 

environments. They observed that hardness is not lost after testing under vacuum chamber 

environment (Krumpiegl et al., 1999). However, for air exposed environment major loss 

of hardness is observed due to oxidation. 

2.2.2 Combination of laser surface texturing and DLC coatings 

Very few studies can be found related to surfacing at textured DLC coating. 

Tribological performance enhancement of DLC coatings using micro textures has been 

found by (Amanov et al., 2013; Ding et al., 2010; Dumitru et al., 2003; Enomoto & 

Sugihara, 2010; Komlenok et al., 2016; Koskinen et al., 2010; Oksanen et al., 2014; 

Pettersson & Jacobson, 2003; Pettersson & Jacobson, 2004; Song et al., 2014; Sugihara 

& Enomoto, 2009). Researchers have studied using mostly indirect laser texturing 

method, as it is difficult to control coating properties with direct laser texturing. Mostly, 
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researchers kept the dimensions of the textures constant. This section provides an 

overview of the research work conducted in this area.  

2.2.2.1 Lubricant supplying and hydrodynamic effect 

Ding et al. conducted tribological investigation on micro grooved amorphous carbon 

(a-C) coating under water lubrication, using the pin on disk linear reciprocating tests. 

Grooves were constructed with varying densities from 5% to 65 %. They observed that 

the hydrodynamic effect can be observed at 25 % groove density (as shown in Figure 

2.11) (Ding et al., 2010). Coefficient of the friction increase was observed as the density 

increases or decreases from 25 %. This behavior can be attributed to the load carrying 

capacity variation. As the density was increased from 25 %, the load per unit area 

increased, which hindered the ability of water lubricant film to bear the load and thus the 

load was carried by amorphous carbon film. This causes higher wear of amorphous 

carbon film (Figure 2.12) and thus instability of tribological system (Ding et al., 2010). 

 

Figure 2.11: Effect of groove area density on coefficient of friction (Ding et al., 

2010) 
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Figure 2.12: Effect of groove area density on wear rates (Ding et al., 2010) 

 

In order to evaluate lubricating properties of textures under boundary conditions, 

Petterson et al. conducted ball on plate reciprocating tribological tests using poly alpha 

olefin as a lubricant (Pettersson & Jacobson, 2003). Textures such as grooves and squares 

were created with varying widths (5, 20 and 50 µm) using photolithographic technique. 

The results indicate that only smallest grooves and squares showed low and stable friction 

of 0.05. This behavior was attributed to the well working supply of lubricant from the 

textures at the ball/plate contact. In another study conducted by Petterson et al., similar 

results were found with the smallest grooves and squares (Pettersson & Jacobson, 2004).  

Surface textured and un-textured DLC coatings were compared for cutting application. 

Various types of structures were created on the rake face of the tools to explore these 

effects on improving cutting tool performance, including DLC-coated sine wave-shaped 
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grooves (Sugihara & Enomoto, 2009); DLC-coated banded grooves in which textures 

were sandwiched between polished areas to ensure that lubricant leakage was prevented 

(Sugihara & Enomoto, 2009). 

Comparison of the DLC coated sine wave grooved tool, and the DLC coated banded 

grooved tool in face milling experiments was conducted in dry and wet cutting conditions 

in order to analyze the effect of the lubricant storage and supply ability of textures 

(Sugihara & Enomoto, 2009). The aluminum atom concentration in EDX-Al imaging was 

measured in order to quantitatively analyze aluminum adhesion. In the case of wet 

cutting, the concentration of aluminum atoms for banded grooved tools was lowest, as 

compared to sine wave (parallel and perpendicular) grooves and un-textured. A reduction 

of the friction coefficients has also been found using the banded grooves on the tool rake 

face, as compared to the sine wave textured and un-textured tools. The reason for the 

superior performance of the DLC coated banded grooves compared to DLC coated sine 

wave, and un-textured DLC coated tool is that they retain and provide lubricant at the 

interface, keeping the lubricant leakage to a minimum (Enomoto & Sugihara, 2010). The 

importance of storing and providing lubricant ability has also been found in the dry 

cutting of aluminum. The aluminum atom concentration was found to be higher in the 

textured tool than the un-textured tool, which also indicates that lubricant 

storing/providing ability is necessary for adhesion reduction (Sugihara & Enomoto, 

2009). Additionally, in the case of milling steel, sine-wave grooves did not enhance tool 

performance, due to a lack of lubricant storing ability.  

2.2.2.2 Wear particle entrapment 

Dumitru et al. (2003) evaluated the effect on an increase in load on the tribological 

performance of textured and un-textured amorphous hydrogenated carbon coating. The 

load was varied from 50 to 200 N. The textures were created using indirect laser texturing. 
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Dimples of 15-20 µm depth and 25 µm diameters were created. The author did not vary 

dimple parameters. Coefficients of friction results are shown in Figure 2.13. They 

observed that upon increasing the load, un-textured DLC shows the unstable coefficient 

of friction. The increase in load created more wear particles, which lead to abrasive 

wearing at the interface. Textured DLC showed the smoother coefficient of friction 

profile compared to un-textured DLC, which has been found to be due to the wear particle 

entrapment ability of textures. This ability saved the tribological system from breaking 

down due to abrasive wearing. Petterson et al. have also observed this ability of textures 

in lubricated and dry sliding conditions (Pettersson & Jacobson, 2004).  

 

Figure 2.13: Variation of coefficient of friction with structured and 

unstructured DLC coating (Dumitru et al., 2003) 

 

In case of amorphous carbon coating, Ding et al. have observed connection between 

particle entrapment ability of textures and coating life (Ding et al., 2010). They conducted 

tribological tests at room temperature. They found that at an optimum dimple density of 

25 %, the service life of amorphous carbon coating is enhanced. As shown in Figure 2.14, 
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in the start of the test, both the coatings showed the similar coefficient of friction, 

however, as the test progressed towards un-textured amorphous carbon coating showed 

the reduced coefficient of friction compared to textured amorphous carbon. At the end of 

the test, the tribological system of un-textured amorphous carbon coating broke down, 

and textured amorphous carbon survived. The phenomenon which caused a reduction of 

a coefficient of friction in case of un-textured amorphous carbon coating after 20 

minimums is graphitization transformation. At the end of the test, due to graphitization 

the un-textured amorphous carbon coating hardness decreased, and eventually film 

delamination occurred and coefficient of friction increased. 

 

Figure 2.14: Variation of coefficient of friction with textured and un-textured 

a-C film (Ding et al., 2010) 

 

The atomic structure of a-C coating consists of sp3, sp2 and monovalent hydrogen 

bonds (Neville et al., 2007). The release of hydrogen from the DLC matrix triggers the 

transformation from a sp3 structure to a graphite-like sp2 structure. Graphitization can 

occur because of higher contact temperature and/or high contact stress (Haque et al., 

2009).  Haque et al. suggested that due to the micron-sized wear particles produced during 
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the sliding test, the contact pressure reduces the graphitization temperature to as low as 

95 ºC (Haque et al., 2009). These particles can be generated from counter ball wear 

(Haque et al., 2009). Ding et al. proposed that, due to fatigue wear mechanisms, a-C wear 

debris can be created at the contact, which can lower the graphitization temperature (Ding 

et al., 2010). This can explain the graphitization transformation at room temperature. The 

lower graphitization in the case of textured DLC at higher temperatures may be due to 

multiple factors, including the wear debris trapping ability and the lubricant retention 

ability of micro dimples. Textures can remove the wear debris from the contacting 

surface, which can lessen the increase in contact pressure due to the wear particles 

between the tribo-pairs. Amanov et al. based on their tribological investigation suggested 

that textures provide an easy escape to micro wear particles (Amanov et al., 2013). These 

particles if remain on the wear track will cause higher contact loading, which will 

eventually cause coating failure. Additionally, by keeping the lubricant at the interface, 

they can lower the rise in temperature due to friction-induced heating. In the case of 

textured mechanical seals, Xiao et al. (Xiao & Khonsari, 2012) observed that micro 

dimples could lower the interface temperature by keeping lubricant at the interface.  

Tribological performance of groove textured amorphous hydrogenated carbon under 

the vacuum conditions for space applications, has been investigated recently by Song et 

al. The textures created with varying pitch distance from 0.1- 1 mm with 30 µm width 

and 35 µm depth. They observed that under vacuum conditions, textured amorphous 

hydrogenated carbon with pitch distance 0.5 mm shows prolonged wear life (Figure 2.15). 

The reductions in adhesive wear and abrasive wear were mainly found responsible for 

this enhancement (Song et al., 2014). Wear particles formed at the steel ball and 

amorphous hydrogenated carbon disk contacts were captured by textures, thus preventing 

further wear and coating delamination. The un-textured amorphous hydrogenated carbon 

coating delaminated at several places after the test. They also observed that by varying 
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texture pitch or changing the density, wear particle capturing ability changes. Higher 

density reduced the load carrying ability. Low density affects the wear debris entrapping 

ability (Song et al., 2014).  

 
Figure 2.15: Coefficient of friction of various textured amorphous hydrogenated 

carbon coating samples (textured 1: 1 mm, textured 2:0.5 mm, textured 3: 0.3 

mm, textured 4: 0.1 mm) in vacuum condition (Song et al., 2014) 

 

2.3 Bio-lubricants and their tribological properties  

Bio-lubricants have high biodegradability and low environmental and human toxicity. 

Bio-lubricants are developed from vegetable oils (soybean, palm, sunflower. Coconut, 

etc.), synthetic esters and petroleum oils which satisfied the already recognized toxicity 

and biodegradability criteria (Kumar & Sharma, 2011).  

Bio-lubricant feedstock’s vary from country to country and is dependent upon the 

geographical location. The number of oil bearing crops is higher than 350; however, 

worldwide attention has been given to only few; such as palm, cottonseed, peanut oil, 
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Jatropha oil, etc. (Singh & Singh, 2010). Palm oil is the main source of bio-lubricant and 

bio-diesel in Malaysia. 

Vegetable oils have advantages and disadvantages. Advantages include: excellent 

lubricity and are biodegradable compared to mineral oil based lubricant; they have the 

higher viscosity index (VI), normally they have VI of 223 compared to mineral oil with 

VI of 90-100; they also have higher flash temperature compared to mineral oils. The 

disadvantages are: low oxidation stability in the natural form; unpleasant odor; limitations 

of low-temperature; filter clogging tendency (Mobarak et al., 2014).  

In order to increase the oxidation stability and low temperature property's various 

techniques has been used such as esterification, transesterification of TMP and ester from 

vegetable feedstock, selective hydrogenation, epoxidation and addition of additives 

(Zulkifli et al., 2014).  

2.3.1 Trimethylolpropane ester 

Trimethylolpropane (TMP) ester is a synthetic lubricant. It can be produced from 

biodegradable or mineral resources. Biodegradable oils such as palm, jatropha and 

sunflower had been used to produce TMP ester (Arbain & Salimon, 2010; Zulkifli, 2014). 

TMP ester is produced by transesterification of methyl ester (Aziz et al., 2016). TMP 

ester as a bio-lubricant has been used in metal working fluid and engine oils (Zulkifli et 

al., 2013) etc. The main reason for using TMP ester as the bio-lubricant is that it has good 

thermal and oxidation stability, high viscosity index, friction and wear reducing ability.  

2.3.1.1 Tribological performance of trimethylolpropane ester 

Generally, researchers found that vegetable-based TMP ester has good tribological 

properties. Zulkifli et al. compared the anti-wear properties of palm based TMP ester with 

fully formulated lubricant and paraffin oil (Zulkifli et al., 2016). The authors used four 

Univ
ers

ity
 of

 M
ala

ya



46 

balls tribological testing equipment. At 392 N load, they observed that wear scar diameter 

for palm based TMP ester is lower than paraffin oil whereas it is higher than fully 

formulated lubricant. This was expected as fully formulated lubricant contains anti-wear 

additives. Based on the results the authors concluded that palm based TMP ester has 

comparable load carrying ability and tribological properties compared to fully formulated 

lubricant. Shah et al. found that TMP ester has better friction reducing properties and 

acceptable anti-wear properties (Shah et al., 2010).   

The lower coefficient of friction shown by palm based TMP ester is because of its high 

polarity; because of this reason, it is easily attracted to metal surfaces. Additionally, due 

to longer chain lengths, they have higher lubricity. Palm oil has a carbon chain length of 

18-20. That is why the formed film behaves as a crystalline solid and reduces friction 

(Bhushan, 2013).  

In another investigation, Zulkifli et al. observed the effect of temperature on the 

tribological performance of palm based TMP ester (Zulkifli et al., 2014). They used four-

ball tester for this tribological investigation. The authors found that palm TMP ester 

showed lower coefficient of friction compared to paraffin oil till 80 ºC temperature. 

However, as the temperature was increased from 80 to 100 ºC paraffin oil showed lower 

coefficient of friction compared to palm based TMP ester. The reason for this behavior 

at the higher temperatures is that the lubricant films formed by the fatty acid are less 

stable, and they break down easily.  
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CHAPTER 3: RESEARCH METHODOLOGY 

3.1 Tribological investigation of laser texture density, diameter and depth 

In order to understand the effect of dimple density, diameter and depth on the 

tribological performance of amorphous hydrogenated carbon coating, textured and un-

textured amorphous hydrogenated carbon coated samples were created.  

3.1.1 Sample preparation 

3.1.1.1 Polishing  

AISI 52100 steel with a hardness of approximately 60 HRC was used. Steel samples 

were cut into dimensions of 15×15 mm in order to use in tribological testing. Steel 

samples were initially polished using silicon carbide papers with a grit size range of 400 

to 2500 to reduce surface roughness. Afterward, the samples were polished using 

diamond suspension with a particle size varying from 6 µm to 1 µm. After polishing, the 

average surface roughness was around 30-40 nm. 

3.1.1.2 Laser surface texturing 

LST uses high-energy pulses to ablate material by rapid melting and vaporizing. Laser 

ablation can be defined as the removal of material by direct absorption of laser energy. In 

present research work micro surface textures were fabricated using laser surface texturing 

(LST). They were fabricated in Singapore institute of manufacturing technology 

(SIMtech), Singapore. The specifications of laser used to create micro surface textures 

are given in Table 3.1.  
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Table 3.1: Pico second laser specifications 

No Laser Specification Value 

1 Power 10 W 

2 Wavelength 1640 nm 

3 Pulse frequency range 50 kHz to 8200 kHz 

4 Pulse duration 10.3 pico second 

5 Beam Position Speed 1000 mm/s 
 

 

The samples were fabricated with various texture density, diameter and depth. After 

laser surface texturing, bulges were formed around the dimples. These were around 1.5-

2 µm in height. Frictional behavior is affected by bulges (Amanov et al., 2012). This 

volume of material was removed from the textured surface by slight surface polishing 

with diamond suspension (particle size 0.5 µm).  

Texture density was varied from 10-30 %, diameter from 50-150 µm and depth from 

6-30 µm. Different texture dimensions and the sample designations are mentioned in 

Table 3.2. These designations will be used while discussing results in next chapters. Each 

sample designation indicates its texture dimensions; e.g. Dn10Di50Dp6 indicates that this 

sample has a texture density (Dn) of 10 %, texture diameter (Di) of 50 µm and texture 

depth (Dp) of 6 µm. The symbols Dn, Di, Dp indicates dimple density, diameter and 

depth, respectively. The texture parameter which showed better friction and wear results 

was used for sections 3.2, 3.3 and 3.4. The selection of laser texture parameters was 

conducted according to the Figure 3.1.  The flow chart of experimental activities is 

mentioned in Figure 3.2 

 

Univ
ers

ity
 of

 M
ala

ya



49 

Table 3.2 continued: Various Indirect laser micro textured amorphous 

hydrogenated carbon coated samples 

Sample Designation Dimple 

Density 

Dimple   Diameter Dimple Depth 

Dn10Di50Dp6 10 50 6 

Dn10Di50Dp15 10 50 15 

Dn10Di50Dp30 10 50 30 

Dn10Di100Dp6 10 100 6 

Dn10Di100Dp15 10 100 15 

Dn10Di100Dp30 10 100 30 

Dn10Di150Dp6 10 150 6 

Dn10Di150Dp15 10 150 15 

Dn10Di150Dp30 10 150 30 

Dn20Di50Dp6 20 50 6 

Dn20Di50Dp15 20 50 15 

Dn20Di50Dp30 20 50 30 

Dn20Di100Dp6 20 100 6 

Dn20Di100Dp15 20 100 15 

Dn20Di100Dp30 20 100 30 

Dn20Di150Dp6 20 150 6 

Dn20Di150Dp15 20 150 15 

Dn20Di150Dp30 20 150 30 

Dn30Di50Dp6 30 50 6 

Dn30Di50Dp15 30 50 15 

Dn30Di50Dp30 30 50 30 

Dn30Di100Dp6 30 100 6 

Dn30Di100Dp15 30 100 15 
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Dn30Di100Dp30 30 100 30 

Dn30Di150Dp6 30 150 6 

Dn30Di150Dp15 30 150 15 

Dn30Di150Dp30 30 150 30 

a-C:H-Untex - - - 
 

 

 

Figure 3.1: Selection of optimum laser texture parameters 
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3.1.1.3 Amorphous hydrogenated carbon coating deposition 

Amorphous hydrogenated carbon was deposited on laser textured samples with 

various densities, diameters and depths. Coating company (Notion Venture Pvt. Ltd.) 

deposited the coating. Deposition parameters for the amorphous hydrogenated coating is 

in Table 3.3. Composition and important properties of materials used are listed in Table 

3.4. The information regarding hydrogen content and coating thickness was provided by 

the coating company. 

Table 3.3: Amorphous hydrogenated carbon coating deposition conditions 

Stages Time  Current (A) Voltage (V) Gas Pressure 

(mbar) 

Evacuating 30 min    

Argon 

cleaning 

30 min  75 2.5 (argon) 

Chromium 

deposition 

10 min 60 40  

DLC 

deposition 

1 hr 30 min 20 160 0.5 

(acetylene) 

Cooling 30 min    
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Table 3.4: Composition and important properties of the tribological pair 

Physical 

Properties 

Steel Ball Substrate number 

1 

Substrate number 

2 

Material AISI 52100 a-C:H ta-C 

Composition C 0.98 %, Fe 96.5 

%, Cr 1.30, Mn 

0.250 %, Si 0.150 

%,S ≤ 0.0250, P ≤ 

0.0250 

20 at. % Hydrogen - 

Roughness ~ 35 nm ~ 40 nm ~ 40 nm 

Thickness  1.3-1.6 µm 1.3-1.6 µm 
 

 

Hybrid magnetron sputtering (well known a physical vapor deposition) was employed 

for depositing amorphous hydrogenated carbon coating. The main mechanism of this 

technique can be explained as follows: High-energy ions created from discharge plasma 

are bombarded on a target plate (cathode), targeted atoms are removed by the 

bombardment of ions and thin film of these atoms is condensed on the substrate. Ion 

bombardment also causes emission of secondary electrons from the target surface; plasma 

is maintained by emitted secondary electrons. Magnets are placed parallel to target in 

such a way that secondary electrons are trapped, which increase the probability of 

electron collision and thus helps in sustaining plasma.  

3.1.2 Mechanical properties 

Hardness and elastic modulus of amorphous hydrogenated carbon coating was 

determined using nano indenter (TI 750 UBI, Hysitron, Inc.). Adhesion between coating 
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and substrate was determined using Rockwell C indentation test. The details of these tests 

can be seen in section 3.5.  

3.1.3 Tribological investigation 

In order to identify the tribological performance variation with texture density, 

diameter and depth, reciprocating sliding test rig (Ducom Instruments) was used. The 

applied load, sliding frequency, stroke length, and test duration was 100 N, 5 Hz, 2 mm, 

and 2 hours, respectively. This frequency and contact load was selected in order to ensure 

boundary lubrication regime at the interface. Two-hour duration was selected in order to 

have a measurable wear track. Similar duration for testing has been used by previous 

studies (He et al. 2015). Poly alpha olefin (PAO) was used for tribological testing. PAO 

was obtained from INEOS Pvt. Limited. The complete detail for the tribo-testing can be 

seen in section 3.6. After tribological testing, the samples were washed with n-heptane 

for characterization.  

3.1.4 Surface characterization 

Laser textured and un-textured amorphous hydrogenated carbon coated samples with 

various texture density, diameter and depths were characterized before and after the trio-

testing using Profilometer (Veeco Dektak 150 profilometer), Scanning electron 

microscope (SEM) (HITACHI, Model No. TM3030), Energy dispersive x-ray 

spectroscopy (EDX) (HITACHI, Model No. TM3030), Atomic force microscopy (AFM) 

(Q-ScopeTM 250/400, AMBIOS technology) and Raman's spectroscopy (Gloucestershire, 

United Kingdom). The details of the equipment used for surface characterization can be 

seen in section 3.7.  
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Figure 3.2: Flow chart of research activities 

 

3.2 Tribological behavior of textured and un-textured amorphous 

hydrogenated carbon coating at various temperatures 

The range of temperature was selected to simulate the actual engine conditions. In 

order to analyze and compare the behavior of textured and un-textured amorphous 

hydrogenated carbon coating at various temperatures, following steps were taken.  

3.2.1 Sample Preparation 

Two types of samples were prepared. One is un-textured coated designated as PAO-

C40 (C indicates coated but non-textured sample) and another is textured coated 

designated as PAO-T40 (T indicates textured coated). In the designation PAO-C40, 

“PAO” represents the lubricant used and “40” represents the temperature at which testing 

was conducted. Sample TMP-C40 indicates un-textured coated samples tested at 40 ºC 

in palm based TMP ester. The samples used have the dimension of 15mm by 15 mm. 
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Table 3.5 shows the designations for various laser textured and un-textured amorphous 

hydrogenated carbon coated samples 

Table 3.5: Various amorphous hydrogenated carbon coated samples 

Sample 

Designation 

Textured/Un-

textured 

Testing 

Temperature (C°) 

Lubricant 

PAO-C40 Un-textured 40 PAO 

PAO-C80 Un-textured 80 PAO 

PAO-C125 Un-textured 125 PAO 

PAO-T40 Textured 40 PAO 

PAO-T80 Textured 80 PAO 

PAO-T125 Textured 125 PAO 

TMP-C40 Un-textured 40 TMP 

TMP-C80 Un-textured 80 TMP 

TMP-C125 Un-textured 125 TMP 

TMP-T40 Textured 40 TMP 

TMP-T80 Textured 80 TMP 

TMP-T125 Textured 125 TMP 
 

 

3.2.1.1 Polishing  

Samples were polished to a roughness of 30-40 nm before laser texturing. The 

procedure followed for polishing can be seen in section 3.1.1.1.  

3.2.1.2 Laser surface texturing 

Polished samples were laser textured. The texture density, diameter and depth was 

selected on the basis of tribological tests in section 3.1. Texture density, diameter and 

depth which provided lowest coefficient of friction and wear coefficient was selected. 
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Laser textured samples were fabricated in Singapore institute of manufacturing 

technology (SIMtech), Singapore. The complete details of laser texturing can be seen in 

section 3.1.1.2 

3.2.1.3 Deposition of amorphous hydrogenated carbon coating 

Amorphous hydrogenated carbon coating was deposited onto textured and un-textured 

samples by (Notion Venture Pvt. Ltd.). Details of coating procedure can be seen in section 

3.1.1.3.  

3.2.2 Mechanical Properties 

Mechanical properties such as hardness, elastic modulus and adhesion of coating was 

determined before tribological tests. Hardness and elastic modulus were determined using 

nano indenter (TI 750 UBI, Hysitron, Inc.). Adhesion of amorphous hydrogenated carbon 

was determined using Rockwell-C indentation test. Details of these procedures can be 

seen in section 3.5. 

3.2.3 Tribological investigation 

In order to analyze the effects of temperature increase on the tribological performance 

of textured and un-textured amorphous hydrogenated carbon coating, reciprocating 

sliding test rig (Ducom Instruments) was used. The load, frequency, stroke length and 

temperature during the tribological testing were 100 N, 5 Hz, 2 mm and 40-125 ºC 

respectively. Polyalphaolefin (PAO) and palm based TMP ester were used for tribological 

testing. PAO was obtained from INEOS Pvt. Limited. The palm based TMP ester was 

obtained from University Putra Malaysia (UPM). Palm based TMP ester was produced 

using transesterification of palm oil methyl ester. The procedure for the production of 

palm based TMP ester can be found in our research group’s previous article (Zulkifli et 

al., 2014). Further details regarding tribological testing can be seen in section 3.6. After 

tribological testing, the samples were washed with n-heptane for characterization.  
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3.2.4 Surface characterization 

Surface characterization was conducted before and after the tribological investigation. 

Characterization techniques used can be seen in section 3.7. In order to observe structural 

changes in amorphous hydrogenated carbon coating due to temperature change, Raman 

spectroscopy (Renishaw, United Kingdom) was used. SEM (HITACHI, Model No. 

TM3030) and AFM (Q-ScopeTM 250/400, AMBIOS technology) were used to analyze 

the surface of wear track. Profilometer (Veeco Dektak 150 profilometer) was used to 

analyze the wear track. EDX (HITACHI, Model No. TM3030) was used to find the 

chemical composition at the wear track. 

3.3 Tribological behavior of textured and un-textured tetrahedral amorphous 

carbon coating at various temperatures 

The range of temperature was selected to simulate the actual engine conditions. 

Following steps were taken in order to achieve the objective of analyzing the performance 

of laser textured and un-textured tetrahedral amorphous carbon coating at various 

temperatures.  

3.3.1 Sample preparation 

Two types of samples were created. Textured coated sample ta-C.PAO-T40 (“ta-C” is 

the coating type, letters “PAO” indicates the lubricant tested, letter “T” indicates textured 

coated sample and number “40” represents the temperature at which tribo-testing was 

conducted) and un-textured coated sample ta-C. PAO-C40 (where C represents un-

textured coated sample). Similarly, ta-C.TMP-C40 and ta-C.TMP-T40 indicates that 

TMP lubricant was used with un-textured and textured coating at 40 ºC, respectively. 

Textured DLC coated samples have dimension of 15 mm by 15 mm. Table 3.6 shows the 

designations for various laser textured and un-textured tetrahedral amorphous carbon 

coated samples 
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Table 3.6: Various laser textured and un-textured tetrahedral amorphous 

carbon coated samples 

Sample Designation Textured/Un-

textured 

Testing 

Temperature (C°) 

Lubricant 

ta-C.PAO-C40 Un-textured 40 PAO 

ta-C.PAO-C80 Un-textured 80 PAO 

ta-C.PAO-C125 Un-textured 125 PAO 

ta-C.PAO-T40 Textured 40 PAO 

ta-C.PAO-T80 Textured 80 PAO 

ta-C.PAO-T125 Textured 125 PAO 

ta-C.TMP-C40 Un-textured 40 TMP 

ta-C.TMP-C80 Un-textured 80 TMP 

ta-C.TMP-C125 Un-textured 125 TMP 

ta-C.TMP-T40 Textured 40 TMP 

ta-C.TMP-T80 Textured 80 TMP 

ta-C.TMP-T125 Textured 125 TMP 
 

 

3.3.1.1 Polishing of samples 

Samples were polished to reduce surface roughness. Similar procedure was used as 

described in section 3.1.1.1. Final surface roughness of samples was 30-40 nm. 

3.3.1.2 Laser surface texturing  

Surface textured samples were created using laser ablation. Laser surface texturing 

was conducted in Singapore institute of manufacturing technology (SIMtech), Singapore. 

The texture parameters which provided lowest coefficient of friction and wear coefficient 

in section 3.1 were used in this section. Further details regarding laser surface texturing 

can be seen in section 3.1.1.2.  
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3.3.1.3 Deposition of tetrahedral amorphous carbon coating 

Tetrahedral amorphous carbon coating was deposited by Notion Venture Pvt. Ltd. on 

textured and un-textured samples. Deposition parameters for the coatings were not 

provided by the company. Composition and important properties of materials used are 

listed in Table 3.3. The information regarding hydrogen content and coating thickness 

was provided by the coating company. Further details regarding deposition can be seen 

in section 3.1.1.3. 

3.3.2 Mechanical properties 

Mechanical properties such as hardness, elastic modulus and adhesion of tetrahedral 

amorphous carbon coating was determined using nano indentation (TI 750 UBI, Hysitron, 

Inc.) and Rockwell C indentation. The details of these procedures can be seen in section 

3.5.  

3.3.3 Tribological investigation  

Tribological behavior variation of laser textured tetrahedral amorphous carbon coating 

with temperature in the presence of PAO and TMP ester was conducted using 

reciprocating test rig (Ducom instruments). The load, frequency, stroke length and 

temperature during the tribological testing were 100 N, 5 Hz, 2 mm and 40-125 ºC 

respectively. As mentioned in section 3.2.3, Poly alpha olefin (PAO) and palm based 

TMP ester was used for tribological testing. PAO lubricant was obtained from INEOS 

Pvt. Ltd. The palm based TMP ester was obtained from University Putra Malaysia 

(UPM). The details of tribological testing is mentioned in section 3.6. After tribological 

testing, the samples were washed with n-heptane for characterization.  

3.3.4 Surface characterization  

Characterization of tetrahedral amorphous carbon coating (textured and un-textured) 

was conducted using various technique. Profilometer (Veeco Dektak 150 profilometer) 
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was used to analyze wear track, SEM (HITACHI, Model No. TM3030) and AFM (Q-

ScopeTM 250/400, AMBIOS technology) were used to observe the topography of wear 

track, EDX (HITACHI, Model No. TM3030) was used to observe chemical composition 

at the wear track and Raman spectroscopy (Renishaw, United Kingdom) was used to 

analyze the structural changes.  Details of these techniques can be observed in section 

3.7. 

3.4 Comparison of tribological properties of laser textured amorphous 

hydrogenated carbon and tetrahedral amorphous carbon coating 

A comparison was conducted in order to analyze whether laser textured amorphous 

hydrogenated carbon is better or worse in tribological performance compared to laser 

textured tetrahedral amorphous carbon coating. Coefficient of friction and wear 

coefficient of amorphous hydrogenated carbon and tetrahedral amorphous carbon coating 

were compared. 

3.5 Mechanical properties of coatings 

3.5.1 Adhesion of DLC coatings  

Lifetime of coating highly depends upon the quality of adhesion between substrate and 

coating. Working life of coating is reduced by poor adhesion. Therefore, for reliability 

better adhesion is required. Number of methods have been introduced for evaluating the 

quality of adhesion (Volinsky et al., 2002). Adhesion of DLC coatings was investigated 

through a Rockwell C test. The classification of this test is based on the German standard 

VDI 3198 and had been used previously by Ronkainen et al. to evaluate amorphous 

hydrogenated and tetrahedral amorphous carbon coating adhesion (Ronkainen et al., 

1999). In this test, a standard Rockwell C hardness tester was used to assess Rockwell C 

adhesion. The indentation causes layer damage adjacent to the boundary of the 

indentation. After indentation, optical microscope was used to evaluate the indented 

areas. Three indents were made on each sample, and the damage to the coating was 
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compared with a defined adhesion strength quality shown in Figure 3.3. The types of 

defects are classified as HF1 to HF6. HF1-HF4 defines sufficient adhesion whereas HF5 

and HF6 indicated insufficient adhesion (Heinke et al., 1995). HF1 indicates the highest 

adhesion, and HF6 indicates the lowest adhesion. 

 

Figure 3.3: Failure modes for Rockwell C adhesion testing (Heinke et al., 

1995) 
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3.5.2 Hardness and elastic modulus of DLC coatings 

Recently, nano-indention technology has become popular for measuring hardness and 

elastic modulus. The working principle of nano-indentation test can be described as 

follow: a well-molded indenter, generally a Berkovich shaped diamond having ramped 

load is applied vertically on the surface of component. As the indenter moves in the 

surface, firstly, elastic then plastic deformations occur, and hardness of material can be 

evaluated by measuring depth of residual indentation. A conventional microscope is 

unable to show the depths of indentations having dimensions up to 10% of coating 

thickness. Because of this reason during indentation, depth is measured constantly instead 

of post assessment after indentation.  

Hardness and elastic modulus of the amorphous hydrogenated carbon and tetrahedral 

amorphous carbon coating were determined through nano-indenter (TI 750 UBI, 

Hysitron, Inc.). A Berkovich indentor was used, and depth control function was used. It 

is recommended that the indent depth should be less than 10 % of coating thickness, this 

is to avoid the influence of the substrate (Austin, 2014). As coating thickness was around 

1.3-1.6 µm, therefore, indent depth was kept at 80 nm. A load of 3 N for indentation. In 

order to obtain a statistical representation, 10 indentations were performed for each 

sample. Similar procedure has been used in (Austin, 2014). After indentation, elastic 

modulus and hardness were obtained from the computer program integrated with the 

nano-indentor. 

3.6 Tribological testing  

A reciprocating test rig (Ducom instruments) with a ball-on-plate configuration was 

used to examine the friction and wear behavior of textured and un-textured DLC coatings. 

Figure 3.4 shows the schematic diagram of reciprocating test rig. Measurement of friction 

force during testing is also a common practice in such experimental works. Two main 
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reasons of measuring friction are: (1) coefficient of friction is an important parameter in 

all coating applications, and; (2) coating breakdown and lubrication conditions can be 

identified by dramatic variations of friction. Friction and wear are described as a function 

of a tribo-system (Kato, 2000).  

 

Figure 3.4: Schematic representation of reciprocating test rig (Zulkifli et al., 

2013) 

In order to identify the regime in which contact is operating, equation 3.1 for EHL 

regime by Dowson and Higginson was used (Mistry et al., 2011; Winer & Peterson, 

1980). 

ℎ𝑚𝑖𝑛

𝑅′ = 1.79 (
𝑈𝜂0

𝐸′𝑅′)
0.68

(𝛼𝐸′)0.49 (
𝑤

𝐸′𝑅′2)
−0.073

                                                         3.1 

Where ℎ𝑚𝑖𝑛 is representing minimum thickness of film (m). Symbol U shows the 

entraining surface velocity (m/s), given as 𝑈 =
𝑈𝑎 +𝑈𝑏

2
, where Ua denotes the velocities of 

counter ball, and Ub refers to the velocities of plate. Symbol  𝜂0 indicates the viscosity of 

lubricant at atmospheric pressure (Pa.s). Symbol 𝐸′ represents reduced elastic modulus 

(Pa) found through equation 
1

𝐸′ =
1

2
(

1−𝑣𝑎
2

𝐸𝑎
+

1−𝑣𝑏
2

𝐸𝑏
), where ν is Poisson’s ratio and Ea and 
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Eb represents the elastic modulus for corresponding ball and plate specimens. Symbol 𝑅′ 

denotes reduced radius of curvature (m) for a ball on flat configuration, such that  1

𝑅′ =

(
1

𝑅𝑎𝑥
+

1

𝑅𝑎𝑦
),  where Ra is the radius of curvature for x and y direction. 𝛼 is the pressure-

viscosity coefficient (m2/N) of lubricant, given as equation 𝛼 = (0.6 + 0.965 log10 𝜂0) ×

10−8. Symbol ‘W’ is representing applied normal load (N). 

Lubrication regime was determined by fluid film thickness parameter ‘λ’ (Equation 

3.2). Fluid film thickness parameter ‘λ’ is defined as the ratio of fluid film thickness ‘h’ 

and surface roughness ‘σ’.  Equation 3.3 provides composite surface roughness, where σ1 

and σ2 are root mean square roughness of interacting surfaces. In order to identify the 

regime, value of ‘λ’ should be as follows: 

1. If the value of λ is less than 1, boundary lubrication is present. 

2. If the value is 1 ≤ 𝜆 ≤ 3, mixed or elastohydrodynamic lubrication exists. 

3. If the value λ is greater than 3, hydrodynamic lubrication is present.  

𝜆 =
ℎ𝑚𝑖𝑛

𝜎
                                                                                                                      3.2                                                                                                     

𝜎 = 𝜎1
2 + 𝜎2

2                                                                                                               3.3 

Before each test was performed, the ball and the DLC coated plate were cleaned with 

acetone in an ultrasonic bath. After the test was conducted, the samples were cleaned with 

n-heptane and stored in desiccators until surface characterization.  

After the tribological testing, volume loss of steel balls was determined by mass loss 

method. After the removal of the tribo-layers (if any), the wear rate was calculated by V 

= k.F.s (Archard equation), where symbol V is the wear volume, symbol k is the specific 
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wear rate coefficient, symbol F is the normal load and symbol s is the total distance 

travelled.  

3.6.1 Lubricants used for tribological testing 

Polyalphaolefin (PAO) and palm based TMP ester was used for tribological testing. 

PAO was obtained from INEOS Pvt. Ltd. The palm based TMP ester was obtained from 

University Putra Malaysia (UPM). Palm based TMP ester was produced using 

transesterification of palm oil methyl ester. The procedure for the production of palm 

based TMP ester can be found in our research group’s previous article (Zulkifli et al., 

2014). The viscosity of obtained PAO and TMP at 40 °C was 65.1 and 40.01 cst 

respectively. 

In boundary lubrication conditions, the micro asperities of the surfaces are in contact; 

that is why the rheological properties such as viscosity do not play an important role in 

tribological characteristics. In the boundary lubrication regime, the interaction between 

friction surfaces and interactions of friction surfaces and lubricant additives dominated 

the tribological behavior (Hironaka, 1984). As in this research work boundary lubrication 

was considered and lubricants without additives were used, therefore, the variation in 

friction and wear behavior is mostly governed by micro textures and coating type. 

3.7 Characterization techniques 

3.7.1 Profilometer 

Surface roughness of ball and plate was measured with Veeco Dektak 150 

profilometer. It is a surface profilometer, which uses contact profilometer technology to 

take measurements of surface topography and roughness.  
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3.7.2 Scanning electron microscopy (SEM)  

A scanning electron microscope (SEM) (HITACHI, Model No. TM3030) operated at 

10 kV, was used for wear track investigation. Scanning electron microscopy (SEM) 

solves many issues encountered in optical microscopy. In SEM, electron beam is 

bombarded on the surfaces, and images are generated by collecting emitted 

electromagnetic radiations. Electron gun is used to generate the electron, which is 

directed towards a specific point of sample surface, after passing through a number of 

electromagnetic lenses (Handbook for Analytical Methods for Materials, 2014). The 

wavelength of electron beams is shorter than reflected light, so electron microscopy has 

greater resolution compared to optical microscopy. Maximum theoretical resolution that 

can be achieved in SEM is less than 1 nm. However, spot size of the beam (area which is 

affected by electrons) limits the practical resolution (Handbook for Analytical Methods 

for Materials, 2014).  

3.7.3 Energy Dispersive X-Ray spectroscopy (EDX) 

Energy dispersive X-ray spectroscopy (HITACHI, Model No. TM3030) has been 

employed for identification of chemical composition of DLC coatings after tribological 

testing. EDX characterizes the x-rays emitted from the surface bombarded with electron 

beams. When high-energy electrons strike the targeted atom, inner shell electrons are 

ejected leaving a vacant space called electron hole. An outer shell electron of higher 

energy fills this hole, and energy is released in the form of x-ray (Handbook for Analytical 

Methods for Materials, 2014). As the difference of energy between shells of an atom can 

be quantized by the energy of emitted x-ray, therefore, these rays can be used to 

characterize the element from which they are emitted. 
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3.7.4 Raman Spectroscopy 

Raman spectra was collected with an InVia Raman microscope (Gloucestershire, 

United Kingdom) with laser wavelength of 514 nm. A 10% laser power was used to 

minimize the influence of the substrate in the measurements. Three Raman measurements 

were taken for each sample to present a statistical representation of results so that the 

inaccuracies resulting from peak fitting could be minimized. 

In Raman's spectroscopy, light is used to extract structural information of materials 

using Raman's effect. Raman spectroscopy is a standard technique for characterizing the 

carbon-based materials.  When a light beam strikes the carbon substances, large number 

of photons gets elastically scattered and no energy shift is observed. However, some 

molecules of samples are excited by a small ratio of striking photons, and thus they are 

scattered inelasticity. Raman effect can be described briefly as the change in the level of 

energy exhibited by inelasticity scattered light. These energy shifts occur due to atomic 

arrangement of complex carbon structures (Ferraro, 2003). In Raman's spectrum, 

intensity of scattered light is plotted against the energy. In case of amorphous carbon, 

Raman spectra are specified by peak centered around D band (1300-1380 cm-1), and peak 

centered around G band (1520-1580 cm-1). The D band is linked to breathing mode of sp2 

sites only for carbon chains, while stretch vibrations of any pair of sp2 sites derive the G 

band. Structural information from Raman's spectra can be extracted by following general 

rules. The shift in the G peak and increase in the ID/IG ratio indicates an increase as the 

sp2 fraction in the DLC film (Casiraghi et al., 2005; Ferrari & Robertson, 2000). 

Deconvolution of the Raman spectra into D and G peaks was conducted using licensed 

version of OriginPro 8.5.1 software. This software uses Gaussian function to fit peaks, 

which is present under multiple peak fitting tab.  
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3.7.5 Atomic force microscopy (AFM) 

Atomic force microscopy (Q-ScopeTM 250/400, AMBIOS technology) was used to 

further analyze the wear track surface morphology. AFM test was performed to measure 

the changes in surface roughness of samples after tribological testing. The AFM scan was 

conducted for 25 µm × 25 µm area of the wear track. 

In AFM, a micro scale cantilever is drawn across the surface of sample; it is usually 

done by using silicon and a tip radius of nanometers scale. When tip comes in close 

contact with the surface of samples, surface forces displace it. A laser is spotted at a 

particular angle on the rear surface of cantilever and motion of reflected laser spot is 

observed on photodiode arrays to determine the displacement. A very high atomic level 

resolution is achieved by controlling the position of probe with the help of piezoelectric 

actuators. A three-dimensional image of surface geometry can be built by quantifying the 

displacement of cantilever (Handbook for Analytical Methods for Materials, 2014). AFM 

is normally adopted for scan areas of small sizes.  
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CHAPTER 4: RESULTS AND DISCUSSION 

4.1 Coating and lubricant properties  

4.1.1 Hardness and Elastic Modulus 

Hardness and elastic modulus of the amorphous hydrogenated carbon and tetrahedral 

amorphous carbon coating were determined through nano-indentation testing. Nano 

hardness and elastic modulus of DLC coatings can be seen in Table 4.1. Generally 

amorphous hydrogenated carbon films exhibit hardness of 15 to 50 Gpa, whereas 

tetrahedral amorphous carbons are harder with hardness range of 30-80 Gpa (Hauert, 

2004). In this study, tetrahedral amorphous carbon coating showed higher hardness 

compared to be amorphous hydrogenated carbon coating. The higher hardness of 

tetrahedral coating can be related to higher sp3 content (Bewilogua & Hofmann, 2014; 

Robertson, 1991; Ronkainen & Holmberg, 2008). Hardness/elastic modulus (H/E) ratio 

was calculated in order to understand the wear behavior of coatings. As H/E ratio is an 

indication of wear resistance of a coating (Austin, 2014). The H/E ratio was 0.12 and 0.14 

for amorphous hydrogenated carbon and tetrahedral amorphous carbon coating. 

Table 4.1: Hardness and elastic modulus of amorphous hydrogenated carbon 

and tetrahedral amorphous carbon coating 

Coating Hardness 

(GPa) 

Elastic Modulus 

(GPa) 

H/E Ratio 

a-C:H 18.4 ± 2.2 158.5 ± 14.4 0.12 

ta-C 40.5 ± 3.5 280.8 ± 18.2 0.14 
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4.1.2 Coating adhesion 

Coating adhesion was investigated through a Rockwell C test. Ronkainen et al. used 

this test to evaluate amorphous hydrogenated and tetrahedral amorphous carbon coating 

adhesion previously (Ronkainen et al., 1999). Amorphous hydrogenated carbon coated 

sample showed cracks whereas tetrahedral amorphous carbon didn’t show any cracks 

(Figures 4.1 a and 4.1 b). Hydrogenated amorphous carbon coating and tetrahedral 

amorphous carbon coating showed excellent adhesion according to standard VDI 3198; 

thus, these samples can be classified as HF1.  
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Figure 4.1 continued: The micrograph of the Rockwell C-indentation tests (a) 

amorphous hydrogenated carbon coating (b) tetrahedral amorphous coating 

 

4.2 Effect of change in texture density, diameter and depth on tribological 

behavior of amorphous hydrogenated carbon coating 

Effect of change in tribological behavior of amorphous hydrogenated carbon coating 

with dimple densities, diameters and depths was conducted using samples shown in 

Figure 4.2 and Figure 4.3.  Figure 4.2 shows the SEM images of various dimple densities 

and diameters, whereas Figure 4.3 shows the two-dimensional profiles of various dimple 

depths.  
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Diameter = 50 µm 

Density = 30 % 

Depth = 6 µm 

 

Diameter = 50 µm 

Density = 20 % 

Depth = 6 µm 

 

Diameter = 50 µm 

Density = 10  % 

Depth = 6 µm 

(a) 

(b) 

(c) 
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Diameter = 100 µm 

Density = 30 % 

Depth = 6 µm 

 

Diameter = 100 µm 

Density = 20 % 

Depth = 6 µm 

 

Diameter = 100 µm 

Density = 10 % 

Depth = 6 µm 

(d) 

(e) 

(f) 
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Diameter = 150 µm 

Density = 30 % 

Depth = 6 µm 

 

Diameter = 150 µm 

Density = 20 % 

Depth = 6 µm 

 

 

 

 

(g) 

(h) 
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Diameter = 150 µm 

Density = 10 % 

Depth = 6 µm 

Figure 4.2 continued: SEM topographical images of amorphous hydrogenated 

carbon coated textured samples (a) Dn30Di50Dp6, (b) Dn20Di50Dp6, (c) 

Dn10Di50Dp6, (d) Dn30Di100Dp6, (e) Dn20Di100Dp6, (f) Dn10Di100Dp6, (g) 

Dn30Di150Dp6, (h) Dn20Di150Dp6 and (i) Dn10Di150Dp6 
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Figure 4.3: 2-dimensional profiles of amorphous hydrogenated carbon coated 

textured samples with different dimple depths 

 

(i) 
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4.2.1 Friction and wear behavior 

Figure 4.4 shows the coefficient of friction behavior of un-textured and textured 

amorphous hydrogenated carbon coated samples as a function of reciprocating sliding 

time. The average coefficient of friction values is shown in Figure 4.5. Average 

coefficient of friction was taken from 1600 seconds. Coefficient of friction is minimum 

at 30 % dimple density compared to 10 % density for all combinations of diameters and 

depths. In the case of 20 % dimple density, most of the dimple diameters and depth's 

combination showed the higher coefficient of friction than 30 % and 10 % dimple density 

except for the sample Dn20Di100Dp6. Sample Dn20Di100Dp6 yielded the lowest 

average coefficient of friction of 0.084 among all the tested samples, whereas a sample 

Dn20Di150Dp30 showed the highest coefficient of friction of 0.1406. Un-textured 

sample a-C:H-Untex showed the average coefficient of friction of 0.11. Some samples in 

various dimple densities showed a lower average coefficient of friction than a-C:H-

Untex. Dimple's diameter of 100 µm showed the lower average coefficient of friction 

than 50 and 150 µm at all densities tested. With respect to dimple depth, 6 µm showed 

the lower average coefficient of friction regardless of dimple diameters and densities. The 

results indicate that the dependence of frictional behavior is on appropriate combination 

of dimple density, diameter and depth.   
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Figure 4.2 continued: Change in coefficient of friction of amorphous 

hydrogenated carbon coated samples with time (a) dimple density 10 %, (b) 

dimple density 20 % and (c) dimple density 30 % 
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Figure 4.3: Average coefficient of friction of amorphous hydrogenated carbon 

coated textured/un-textured samples 

 

Figure 4.6 shows the wear coefficient of various samples at the end of test. The wear 

trend was nearly opposite to the average coefficient of friction trend. Dimple's density of 

30 % showed the higher wear coefficient than 20 % and 10 % density. Dimple's density 

of 20 % showed the lower wear coefficient than 10 % and 30 %. Sample Dn20Di100Dp6 
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Dn10Di100Dp6
Dn10Di50Dp6

Dn10Di150Dp15
Dn10Di100Dp15
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Dn10Di50Dp30
Dn20Di150Dp6
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Dn20Di50Dp6
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showed the lowest and Dn30Di150Dp30 showed the highest wear coefficient. Dimple's 

diameter of 100 µm showed the lowest wear coefficient at all dimple densities tested. If 

the diameter exceeded 100 µm, wear performance degraded (as shown in Figure 4.6). The 

wear results also indicated that when the depth was increased from 6 - 30 µm (for various 

densities and diameters), the wear coefficient increases. The wear coefficient results also 

indicate that wear resistance of the amorphous hydrogenated carbon coating can be 

improved with an optimum value of dimple parameters. 

 

Figure 4.4: Wear coefficient of amorphous hydrogenated carbon coated 

textured/un-textured samples after tribological testing 

0 50 100 150

a-C:H-Untex
Dn10Di150Dp6
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The fluid film thickness ratio between the ball on flat contact calculated by using the 

Dowson and Higginson equation for elastrohydrodynamic lubrication (Mistry et al., 

2011; Winer & Peterson, 1980) was found to be less than 1. The film thickness ratio is 

the ratio of minimum film thickness and composite surface roughness (Mistry et al., 2011; 

Winer & Peterson, 1980). When the film thickness ratio is lower than 1, the contact 

operates in boundary lubrication. Under the boundary conditions considered in the 

present study, the friction and wear variation has been thought to be only due to dimple 

density, diameter and depth variation. Due to the relative movement, the lubricant stored 

in the dimples can be drawn up, which facilitates enhancement in tribological 

performance (Amanov, et al., 2013). However, it was observed in the present study that 

this enhancement depends upon the selection of appropriate dimple diameter relative to 

the contact width, density and depth. The lower coefficient of friction of Dn20Di100Dp6 

in the boundary regime can be attributed to the lubricant supplying and wear debris 

trapping ability of optimum dimple parameters. Reduction in coefficient of friction at 

particular dimple parameters due to lubricant reinforcement ability of textures has been 

noticed previously (Ding et al., 2010).   

In the case of textured ceramic and steel materials (uncoated), Wakuda et al. found 

that with the increase in texture density from 7.5 % to 30 %, coefficient of friction 

increases (Wakuda et al., 2003). Whereas in our investigation it was observed that 30% 

density showed lower coefficient of friction than 10 % density. This difference can be 

due to graphitization phenomenon of DLC coated substrate. The effect of increase in 

graphitization with density and diameter is discussed in section 4.2.2.2.  

At 20 % dimple density, when dimple diameter is changed and depth is kept at 6 µm, 

Dn20Di100Dp6 yielded the lowest coefficient of friction of 0.083, whereas sample 
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Dn20Di150Dp6 showed the highest average coefficient of friction of 0.132. Textured 

samples (Dn20Di150Dp6 and Dn20Di50Dp6) exhibited higher average coefficient of 

friction of 0.132, 0.117, respectively, compared with un-textured sample (a-C:H-Untex) 

with coefficient of friction of 0.111 (as shown in Figure 4.6). The samples where depth 

was kept at 15 µm and diameter was varied from 50-150 µm, sample Dn20Di100Dp15 

showed lowest average coefficient of friction of 0.096. The samples Dn20Di150Dp15 

and Dn20Di50Dp15 showed higher coefficient of friction of 0.136 and 0.124 compared 

to a-C:H-Untex. As the depth was further increased to 30 µm and diameter was varied 

from 50-150 µm, Dn20Di100Dp30 showed lower coefficient of friction of 0.111 

compared to Dn20Di150Dp30 and Dn20Di50Dp30. Among all the samples tested at 20 

% density, Dn20Di100Dp6 showed the lowest average coefficient of friction. The 

average coefficient of friction behavior shows that at an appropriate dimple diameter 

regardless of dimple depth value, reduction in coefficient of friction can be achieved. The 

results also show that increasing or decreasing dimple diameter from optimum value can 

have negative affect on coefficient of friction. At 10 and 30 % density, similar to 20 % 

density when dimple diameter is varied from 100 µm, coefficient of friction and wear 

coefficient increases.  

The optimum dimple diameter depends on contact width-to-dimple diameter ratio 

(Vilhena et al., 2009). At a contact load of 100 N, Hertz contact width is approximately 

270 µm. At an optimum dimple depth of 6 µm and density of 20 %, if the dimple diameter 

is much smaller (50 µm in the sample Dn20Di50Dp6) compared to contact width, the 

coefficient of friction behavior of textured sample is almost similar to sample a-C:H-

Untex. An optimum dimple diameter relative to contact width for point contacts has been 

noted by Vilhena et al. (2006) in uncoated steel material investigation. Vilhena et al. 

(2006) suggested that contact load per unit area, coefficient of friction, and wear rate 

increase if dimple diameter and contact width are nearly similar, as in the case of sample 
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Dn20Di150Dp6; this may explain the increase in the coefficient of friction and wear rate 

as dimple diameter exceeds 100 µm.   

In the case of samples, where dimple depth is changed by keeping density and diameter 

constant, the depth of 6 µm showed the lowest average coefficient of friction (Figure 4.5). 

The average coefficient of friction increases as dimple depth increases. Wear trend is 

similar to the average coefficient of friction trend. This increase in the coefficient of 

friction and wear is due to the change in dimple depth when diameter and density are held 

constant. At dimple density of 20 % and diameter of 100 µm (Figure. 4.4 b), at the start 

of the test, the three samples (Dn20Di100Dp6, Dn20Di100Dp15 and Dn20Di100Dp30) 

exhibited similar coefficient of frictions; as the test progressed, samples 

(Dn20Di100Dp15 and Dn20Di100Dp30) showed an increase in the coefficient of 

friction. In the case of sample Dn20Di100Dp30, a sudden increase in the coefficient of 

friction was observed at 2400 s (Figure. 4.4 b). In the case of sample Dn20Di100Dp15, 

this condition occurred after 3600 s. After 5000 s, the coefficient of friction of sample 

Dn20Di100Dp30 became unstable (Figure. 4.4 b). This instability can be due to metal-

to-metal contact as amorphous hydrogenated carbon coating delaminated, this wear 

behavior will be discussed in section 4.2.2.1. Thus, a possible situation is that as the 

dimple depth increases, the deep dimples serve as micro traps of lubricant and remove 

the remaining oil from their vicinity, thus changing the lubrication regime from the 

boundary to be starved (Ryk et al., 2002). This abrupt increase in the coefficient of friction 

due to oil starvation is consistent with previous literature (Demas et al., 2005; Mishra & 

Polycarpou, 2011).   

Tribological performance is decreased as dimple depth increases in non-conformal 

contacts in an elastrohydrodynamic regime (EHL) regime (Mourier et al., 2006). Mourier 

et al. found that an increase in dimple depth reduces local film thickness in an EHL regime 
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under rolling-sliding conditions. Moreover, lubricant film thickness may even collapse if 

dimples are very deep. By contrast, lubricant film thickness can be significantly enhanced 

if dimples are shallow; thus, reducing friction and wear (Mourier et al., 2006). In this 

study, it was found that in the case of the boundary lubrication regime, an increase in 

dimple depth reduces the lubricant presence to such extent that contact becomes starved. 

Increasing in the coefficient of friction due to oil starvation has been noticed previously 

(Ryk et al., 2002). If the contact is starved, deep dimples become oil traps, which make 

the contact more starved; thus, increasing coefficient of friction (Ryk et al., 2002).  

4.2.2 Various textured amorphous hydrogenated carbon coating characterization 

4.2.2.1 SEM/EDX and AFM analysis 

Figure 4.7 shows the SEM micrographs of the amorphous hydrogenated carbon coated 

samples. Sample Dn10Di100Dp6 and Dn30Di100Dp6 showed irregular delamination at 

the wear track whereas Dn20Di100Dp6 shows only polishing wear. Sample a-C:H-Untex 

also showed delamination at the wear track. EDX results can be seen in Table 4.2. Higher 

increase in atomic percentage of Fe and Cr can be observed in case of Dn10Di100Dp6, 

Dn30Di100Dp6 and a-C:H-Untex (Figures 4.7a, 4.7c and 4.7h). This indicates that 

delamination occurred due to which interlayer was exposed. Increase in atomic 

percentage of Cr has been observed in case of Dn20Di100Dp6 whereas small change in 

Fe was observed. The EDX elemental analysis also confirms that at 10 % and 30 % 

densities, delamination occurs whereas polishing wear occurs at 20 % density. The 

instability in the coefficient of friction trend with time for samples Dn10Di100Dp6 and 

Dn30Di100Dp6 (Figures 4.4 a and 4.4 c) can be due to delamination at the wear track, 

whereas a sample Dn20Di100Dp6 (Figure 4.4 b) showed the smooth and stable 

coefficient of friction trend due to only polishing wear. 
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Samples where dimple density and depth were kept at 20 % and 6 µm and diameter 

were changed from 50 - 150 µm; Dn20Di50Dp6 and Dn20Di150Dp6 showed irregular 

delamination at the wear track (Figures 4.7 d and 4.7 e). Additionally, abrasive wear 

marks can be observed at the wear track of Dn20Di50Dp6 and Dn20Di150Dp6 (Figures 

4.7 d and 4.7 e). This behavior shows that if dimple density is optimum and dimple 

diameter is not optimum, wear particle capturing ability of textures is less. EDX elemental 

analysis of Dn20Di50Dp6 and Dn20Di150Dp6 show the higher increase in Fe and Cr 

compared to Dn20Di100Dp6. The instability in the coefficient of friction trend of 

Dn20Di50Dp6 and Dn20Di150Dp6 can be due to abrasive wear and coating delamination 

(Figures 4.4 a and 4.4 c).  

Figures 4.7 b, 4.7 f, and 4.7 g show the SEM images of the amorphous hydrogenated 

carbon coated samples from various dimple depths at dimple density of 20 % and dimple 

diameter of 100 µm after friction testing. Sample Dn20Di100Dp15 (Figure 4.7 f) 

exhibited irregular coating delamination, whereas a sample Dn20Di100Dp30 (Figure 4.7 

g) showed nearly complete coating delamination. Spallation and delamination are shown 

in the case of Dn20Di100Dp15. When the coating is present, but it is loosely bounded to 

the surface, the phenomenon is called spallation, where as in delamination the coating is 

removed from the surface. Spallation phenomenon comes before delamination. Once the 

adhesion of coating is gone, coating spalls.  The EDX of the samples is listed in Table 

4.2; Fe and Cr increased in the case of samples Dn20Di100Dp15 and Dn20Di100Dp30 

compared to Dn20Di100Dp6. The abrupt increase in the coefficient of friction trend 

Dn20Di100Dp30 at 5000 s can be due to excessive coating delamination (Figure 4.4 b). 

SEM and EDX results indicate that depth of the dimples also has the profound effect on 

the wear behavior of amorphous hydrogenated carbon coating.  
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Figure 4.5 continued: SEM images of wear track after friction testing (a) 

Dn10Di100Dp6, (b) Dn20Di100Dp6, (c) Dn30Di100Dp6, (d) Dn20Di50Dp6, (e) 

Dn20Di150Dp6, (f) Dn20Di100Dp15, (g) Dn20Di100Dp30, (h) a-C:H-Untex and 

(i) Dn30Di150Dp6 

 

Wear track surface profile was investigated through AFM imaging (Figure 4.8). Figure 

4.9 shows the average surface roughness of un-textured sample and textured samples with 

varying dimple density, diameter and depth. The surface roughness of the polished 

sample was approximately 30-40 nm. Lowest average roughness was shown by 20 % 

dimple density compared to 10 % and 30 % density at 6 µm dimple depth and 100 µm 

diameter. However, sample with 30 % dimple density showed lower roughness than 10 

% dimple density. The lower average roughness of 20 % density is due to polishing wear. 

This also represents that wear particle capturing ability was higher in this case. The 

morphological characteristics of wear track of sample Dn20Di100Dp6 (Figure 4.8 b) 

indicated that asperities were polished; thus, surface roughness was further reduced, and 

a smooth surface was obtained. The microgrooves in the case of sample Dn10Di100Dp6 

(Figure 4.8 a) was more evident than Dn30Di100Dp6 (Figure 4.8 c). This phenomenon 

may be caused by the trapped wear particles that scratched the surface during sliding; this 

Univ
ers

ity
 of

 M
ala

ya



91 

has been observed previously (Amanov et al., 2013). The reason for this behavior shown 

by 10 % dimple density can be due to the higher distance between the dimples, which 

reduces the chance for capturing wear particles by the textures compared to 20 % and 30 

% dimple density at 100 µm dimple diameter.  

Figures 4.8 b, 4.8 d and 4.8 e shows the samples with various dimple diameters at 20 

% dimple density. Lowest average roughness was shown by Dn20Di100Dp6 compared 

to Dn20Di50Dp6 and Dn20Di150Dp6 (Figure 4.9). The lower surface roughness 

indicates that polishing of surface roughness occurred.  Indeed, the dimples of sample 

Dn20Di100Dp6 can remove wear particles from the wear track to prevent further wear; 

by contrast, other samples with various dimple diameters failed to efficiently remove 

wear particles.  

Figures 4.8 b, 4.8 f, and 4.8 g showed AFM images samples from different dimple 

depths. Sample Dn20Di100Dp6 shows the lower average surface roughness than samples 

Dn20Di100Dp15 and Dn20Di100Dp30 (Figure 4.9). The surface morphological 

characteristics of samples Dn20Di100Dp15 and Dn20Di100Dp30 (Figures 4.8 f and 4.8 

g) show lower abrasive wear marks than those of sample a-C:H-Untex (Figure 4.8 h). 

This result indicated that the wear particle capturing ability of dimples sustained by 

maintaining an optimum dimple density and diameter, even by increasing dimple depth. 

Thus, the mode of wear in the case of samples Dn20Di100Dp6, Dn20Di100Dp15 and 

Dn20Di100Dp30 is mainly adhesive wear. 
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 Figure 4.6 continued: AFM images of textured amorphous hydrogenated 

carbon coated samples (a) Dn10Di100Dp6, (b) Dn20Di100Dp6, (c) 

Dn30Di100Dp6, (d) Dn20Di50Dp6, (e) Dn20Di150Dp6, (f) Dn20Di100Dp15, (g) 

Dn20Di100Dp30 and (h) a-C:H-Untex 
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Figure 4.7: Average surface roughness values for un-textured/textured 

amorphous hydrogenated carbon coated samples 

 

Scratch marks indicating abrasive wearing were observed on counter surface ball that 

rubbed against sample a-C:H-Untex (Figure 4.10 a) compared with counter surface ball 

that rubbed against Dn20Di100Dp6 (Figure 4.10 b). This confirms that wear particles 

were captured by the textures. Figure 4.6 shows the wear coefficient of the steel ball that 

rubbed against various samples. The lower wear coefficient is found in the case of sample 

Dn20Di100Dp6 counter ball compared to a-C:H-Untex. Raman spectroscopy revealed 

that graphitization rate in the case of sample Dn20Di100Dp6 was lower than that in other 

samples (Figure 4.11). Therefore, the reduction in wear of sample Dn20Di100Dp6 

counter ball was mainly caused by texture mechanisms.  
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Figure 4.8: SEM images of steel balls which rub against (a) a-C:H-Untex (b) 

Dn20Di100Dp6 

 

Table 4.2: EDX analysis of un-textured/textured coated samples 

Specimen Elements (Atomic %) 

C O Cr Fe Si Mn 

Abrasive wearing 

No abrasive wearing 

Univ
ers

ity
 of

 M
ala

ya



98 

a-C:H-as 

deposited 

96.27 0.56 2.83 0.34 - - 

a-C:H-Untex 80.81 1.10 10.19 7.90 - - 

Dn20Di50Dp6 82.32 1.67 11.09 4.92 - - 

Dn20Di100Dp6 95.41 0.43 3.65 0.51 - - 

Dn20Di150Dp6 78.81 1.31 13.19 6.69 - - 

Dn20Di100Dp15 87.01 1.35 8.98 2.66 - - 

Dn20Di100Dp30 39.04 2.10 13.34 44.87 0.42 0.23 

Dn10Di100Dp6 84.23 1.99 8.45 5.33 - - 

Dn30Di100Dp6 89.71 0.89 6.81 2.59 - - 
 

 

4.2.2.2 Raman analysis 

The lowest average coefficient of friction of sample Dn20Di100Dp6 can be attributed 

to graphitization, surface texturing, or both. A thin graphitic transfer film forms on a 

counter surface because of coated plate graphitization (Liu et al., 1996); as a result, 

coefficient of friction is decreased because the low shear strength of basal planes provides 

easy slip between tribo-pairs (Sánchez-López et al., 2003). Raman spectroscopy was 

performed to investigate whether or not graphitization is the main reason for the improved 

performance of sample Dn20Di100Dp6. As 100 µm diameter and 6 µm depth has shown 

better coefficient of friction and wear coefficient results than other dimple dimeters and 

depths that is why for comparison purposes Raman spectra of Dn10Di100Dp6, 

Dn20Di100Dp6 and Dn30Di100Dp6 were collected.  

Figure 4.11 illustrates amorphous hydrogenated carbon coating spectrums for various 

textured/un-textured samples before and after friction test. For quantitative analysis, the 

Raman spectra was fitted into D and G peaks. The G peak indicates the stretching 

vibration of sp2 carbon in C=C chains and aromatic ring, whereas the D peak indicates 
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the breathing mode of sp2 carbon in the aromatic rings (Casiraghi et al., 2005). The ID/IG 

ratio and the G peak position can be generally used to characterize sp3/sp2 bonding ratio 

(Casiraghi et al., 2005). The shift in G peak and increase in ID/IG ratio indicate an increase 

in sp2 fraction (graphite) in the DLC film (Ferrari & Robertson, 2000).  

The samples Dn30Di100Dp6, Dn20Di100Dp6 and Dn10Di100Dp6 showed G peak 

shift from 1554 to 1564, 1557 and 1560, respectively. The samples Dn30Di100Dp6, 

Dn20Di100Dp6 and Dn10Di100Dp6 showed ID/IG ratio increase from 1.32 to 1.50, 1.33 

and 1.45, respectively. Higher ID/IG ratio and G peak shift has been observed in the case 

of Dn30Di100Dp6 after testing compared to Dn20Di100Dp6 and Dn10Di100Dp6. These 

results indicate that with the change in dimple density, the graphitization behavior 

changes. Lower average coefficient of friction in the case of Dn30Di100Dp6 than 

Dn10Di100Dp6 can be due to higher graphitization. However, Dn20Di100Dp6 showed 

lower average coefficient of friction than Dn30Di100Dp6. This result indicates that the 

lower average coefficient of friction of Dn20Di100Dp6 is related to mechanism of 

textures rather than graphitization. Due to graphitization, the coating becomes soft, which 

can increase coating wear (Haque et al., 2009). The sample Dn30Di100Dp6 showed 

higher wear coefficient than Dn10Di100Dp6 and Dn20Di100Dp6. Higher graphitization 

of Dn30Di100Dp6 compared to Dn10Di100Dp6 can be due to higher contact loading, as 

higher number of dimples in the case of Dn30Di100Dp6 causes reduction in contact area.  

The higher graphitization transformation in the case of sample Dn10Di100Dp6 and 

Dn30Di100Dp6 can be attributed to high contact pressure generated by wear debris. Wear 

particle-induced graphitization has been confirmed by Ding et al. (2010) in the case of a-

C coating. Lower graphitization in the case of sample Dn20Di100Dp6 can be due to 

capture of wear debris from the interface, which prevented coating graphitization.  

Graphitization rates of samples Dn10Di100Dp6 and Dn30Di100Dp6 were different from 
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each other; this result indicated that the wear debris capturing ability varies with dimple 

density.  
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Figure 4.9 continued: Raman spectra of various amorphous hydrogenated 

carbon coated samples after friction testing 

 

4.3 Effect of surface texture on tribological performance of amorphous 

hydrogenated carbon coating at various temperatures 

4.3.1 Friction and wear behavior 

Figures 4.12 a, 4.12 b, 4.12 c shows the coefficient of friction variation with time for 

textured coated and un-textured coated samples under PAO and palm based TMP 

lubrication. Figure 4.13 shows the wear coefficient for various samples under PAO and 

palm based TMP lubrication. Textured coated samples showed relatively stable 

coefficient of friction with time compared to un-textured coated samples. As the 

temperature increases, the coefficient of friction for un-textured amorphous hydrogenated 

carbon decreases, whereas it increases for textured amorphous hydrogenated carbon 

coating. 
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Figure 4.10 continued: Change in coefficient of friction of amorphous 

hydrogenated carbon coated samples with time (a) temperature 40º C, (b) 

temperature 80º C and (c) temperature 125º C 

 

Samples PAO-T40 and TMP-T40 showed lower coefficient of friction compared to 

samples PAO-C40 and TMP-C40 throughout the friction test (Figure 4.12 a). Textures 

helped in lowering the coefficient of friction for lubricants tested by acting as lubricant 

reservoirs and wear particle traps. In textured and un-textured cases, palm based TMP 

showed lower coefficient of friction throughout the test compared to PAO lubricant. 

Samples PAO-T40 and TMP-T40 showed lower wear coefficient compared to un-

textured samples. Sample PAO-C40 showed higher wear coefficient compared to sample 

TMP-C40. Better lubricity of palm based TMP lubricant has been observed previously 

by Zulkifli et al. (Zulkifli et al., 2014) in steel-steel contact. 

Figure 4.12 b shows that coefficient of friction curve of sample PAO-T80 was lower 

than PAO-C80 at the start of the test. After 1,000 seconds, the coefficient of friction 

reduced for sample PAO-C80, whereas sample PAO-T80 remained stable till the end of 

the test; however, sample PAO-C80 showed an increase in coefficient of friction after 

4,600 s. Sample TMP-C80 showed similar unstable behavior as sample PAO-C80. 
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Sample TMP-T80 showed lower coefficient of friction nearly throughout the test 

compared to sample PAO-T80. Similar to sample PAO-T80, sample TMP-T80 also 

showed stable coefficient of friction throughout the test. Textured samples (PAO-T80 and 

TMP-T80) showed lower wear coefficient compared to un-textured samples (PAO-C80 

and TMP-C80). Samples TMP-C80 and TMP-T80 showed lower wear coefficient than 

samples PAO-C80 and PAO-T80, respectively (Figure 4.13). 

Coefficient of friction in the case of samples PAO-C125 and PAO-T125, showed a 

sudden increase in the start. As the test progressed, coefficient of friction reduced for 

sample PAO-C125 until 5,400 s; afterwards, it increased and did not stabilize till the end 

of the friction test (Figure 4.12 c). Sample TMP-C125 showed sudden decrease in 

coefficient of friction at 2000 s and then showed sudden increase at 5000 s. After the 

initial instability, coefficient of friction in the case of sample PAO-T125, steadily 

increased to 0.132 at the end of the test (Figure 4.12 c). Sample TMP-T125 showed higher 

coefficient of friction compared to sample PAO-T125, the coefficient of friction curve of 

the sample TMP-T125 was nearly stable throughout the test. Wear coefficient behavior 

at 125 °C with respect to textured and un-textured samples was nearly similar to 40 and 

80 °C (Figure 4.13). Textured samples showed lower wear coefficient compared to un-

textured samples. Wear coefficient of samples tested in palm based TMP lubricant was 

higher compared to PAO lubricant. This behavior was different to tests conducted at 

temperature 40 °C and 80 °C, where palm based TMP showed lower wear coefficient 

irrespective of whether they are textured or un-textured.  

Palm based TMP ester performance reduces at temperature higher than 80 °C. At 

higher temperature the COF and wear increases. This is related to the lower stability of 

tribo-film formed by fatty acids at higher temperature (Zulkifli et al. 2013).  
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Figure 4.11: Wear coefficient of amorphous hydrogenated carbon coated 

textured/un-textured samples after tribological testing at various temperatures 

 

The lower coefficient of friction in the case of palm based TMP lubricant at 40 ºC and 

80 ºC in textured and un-textured case can be due to its high polarity (Gellman & Spencer, 

2002). Lubricity is a surface energy phenomenon, as palm based TMP has higher polarity 

it is easily attracted towards the metal surface (Zulkifli et al., 2013). The higher polarity 

forms a higher affinity for metal from one end of the molecule and allows a non-polar 

hydrocarbon to extend out and provide a barrier between the tribo-pair (Canter, 2009; 

Zulkifli et al., 2014).  In addition, palm oil has longer carbon chain length (18-20), due to 

which the formed film behaves as a crystalline solid and reduces the coefficient of friction 

(Bhushan, 2013). The higher coefficient of friction and wear in case of palm based TMP 

lubricant compared to PAO lubricant at 125º C can be due to the unstable film formation 

of palm based TMP lubricant at higher temperatures. This has been observed previously. 
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At higher temperature's film formed by fatty acid chains are unstable, thus increasing 

friction and wear (Rafiq et al., 2012) (Zulkifli et al., 2014).  

The reason for the decrease in coefficient of friction of un-textured amorphous 

hydrogenated carbon coating at 40, 80 and 125 °C can be due to graphitization 

transformation. The reduction in coefficient of friction due to graphitization has been 

noticed previously (López et al., 2003). Highly disordered structure of DLC film steadily 

transforms to ordered structure at the elevated temperatures. Films form an unsteady 

phase during deposition, when thermal energy is introduced, structure of these films is 

re-oriented (Erdemir & Fenske, 1996; Wu & Hon, 1999). At high temperature, diffusion 

of unbounded hydrogen atoms produces a spongy structure for the film of hydrogenated 

DLC. These structural and chemical changes also cause modifications in friction and wear 

behavior. After exposing at high temperature, final product may become highly porous 

and a soft graphitic thin layer may appear, which wears out rapidly. At elevated 

temperature, endurance limit for non-hydrogenated films is higher than hydrogenated 

films. 

Due to graphitization, the coating layer becomes soft and the load-bearing capacity 

reduces and wear increases (Kalin et al., 2010). This could be the reason for the higher 

wear rate in the case of un-textured amorphous hydrogenated carbon at 40 °C, 80 °C and 

125 °C, as can be seen in Figure 4.13. Wear coefficient results nearly followed the 

coefficient of friction trend in the textured amorphous hydrogenated carbon case, 

whereas, in the case of un-textured a-C:H, It was opposite to the coefficient of friction 

trend.  This opposite trend of un-textured amorphous hydrogenated carbon can be 

explained by the fact that graphitization helps in reduction of a coefficient of friction; 

However, the adverse effect of graphitization transformation is increased wear rate. This 

will be further discussed in section 4.3.2. The increase in the coefficient of friction for 
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un-textured amorphous hydrogenated carbon in palm based TMP and PAO lubricant at 

the later part of friction testing may be due to coating delamination. This will be further 

discussed in section 4.3.3. The friction and wear performance of amorphous 

hydrogenated carbon coating deteriorates with the increase in temperature (Bremond et 

al., 2003). It was observed in a previous study that the tribological performance of 

amorphous hydrogenated carbon coating starts to change around 100 ºC (Vanhulsel et al., 

1998). However, the textured amorphous hydrogenated carbon showed higher wear 

resistance compared to the un-textured amorphous hydrogenated carbon even at 

temperature above 100 °C. 

4.3.2 Wear track characterization of amorphous hydrogenated carbon coating  

4.3.2.1 Raman analysis 

Raman spectroscopy was used to investigate the graphitization behavior of amorphous 

hydrogenated carbon coating. Three Raman measurements were taken to present a 

statistical representation of results so that the inaccuracies resulting from peak fitting 

could be minimized. 

The atomic structure of amorphous hydrogenated carbon coating consists of sp3, sp2 

and monovalent hydrogen bonds (Neville et al., 2007). The release of hydrogen from the 

amorphous hydrogenated carbon coating matrix triggers the transformation from a sp3 

structure to a graphite-like sp2 structure. Graphitization can occur because of higher 

contact temperature and/or high contact stress (Haque et al., 2009).  Haque et al. (Haque 

et al., 2009) suggested that due to the micron-sized wear particles produced during the 

sliding test, the contact pressure reduces the graphitization temperature to as low as 95 

ºC. These particles can be generated from counter ball wear (Haque et al., 2009). Ding et 

al. (Ding et al., 2010) proposed that, due to fatigue wear mechanisms, DLC wear debris 
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can be created at the contact, which can lower the graphitization temperature. This can 

explain the graphitization transformation at 40 ºC in our study.  

Figure 4.14 and Figure 4.15 shows the Raman spectra’s for various textured and un-

textured samples tested under PAO and palm based TMP lubrication. Raman spectra were 

fitted into D and G peaks for quantitative analysis. The G peak indicates the stretching 

vibration of sp2 carbon in C = C chains and aromatic rings, whereas the D peak indicates 

the breathing mode of sp2 carbon in the aromatic rings (Casiraghi et al., 2005). The shift 

in the G peak and increase in the ID/IG ratio indicate an increase in the sp2 fraction 

(graphite) in the DLC film (Casiraghi et al., 2005; Ferrari & Robertson, 2000). The G 

peak and ID/IG ratio of as deposited amorphous hydrogenated carbon coating was 1533.77 

cm-1 and 1.17 respectively. The G peak, in the case of the samples PAO-T40 and TMP-

T40 (Figures 4.14 and 4.15) shifted slightly from the as deposited coating. Whereas PAO-

C40 and TMP-C40 (Figures 4.14 and 4.15) showed the higher increase in the G peak 

shifts from the as deposited value. The ID/IG ratio increase was also low for samples PAO-

T40 and TMP-T40 (Figures 4.14 and 4.15) than PAO-C40 and TMP-C40 (Figures 4.14 

and 4.15). This indicates that, at lower temperatures, textured amorphous hydrogenated 

carbon showed slight graphitization transformation in the presence of PAO and palm 

based TMP lubricants compared to un-textured amorphous hydrogenated carbon. This 

result confirms that the lower coefficient of friction of PAO-T40 and TMP-T40, was not 

because of graphitization, rather, the mechanism of textures (fluid/ debris reservoir) was 

responsible for this. In the case of PAO-C40 (Figure 4.14), G peak shifted from 1533.77 

cm-1 to 1555.27 cm-1 and ID/IG ratio increased from 1.17 to 1.51. This shows that at 40 ºC 

higher graphitization transformation occurred for un-textured amorphous hydrogenated 

carbon. In the case of TMP-C40 change in the G peak position from 1533.77 cm-1 to 

1548.39 cm-1 and ID/IG ratio changed from 1.17 to 1.31 has been observed. Due to 

graphitization, the coating becomes soft and thus wears coefficient increases. The lower 
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wear coefficient for the case of PAO-T40 and TMP-T40 can be related to reduction in 

graphitization. In addition, TMP-C40 showed reduced wear coefficient compared to 

PAO-C40. This can also be related to the better lubricity of palm based TMP at the low 

temperatures. The dependence of graphitization is on sliding distance, load, and contact 

type. PAO and palm based TMP both showed graphitization. No relationship was found, 

which indicate that palm based TMP affects the graphitization behavior.  
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Figure 4.12 continued: Raman spectra of various textured/un-textured 

amorphous hydrogenated carbon coating at various temperatures in the 

presence of PAO lubricant 

 

Univ
ers

ity
 of

 M
ala

ya



113 

1000 1200 1400 1600 1800 2000

Ra
ma

n I
nte

ns
ity

 (a
u)

Raman Shift (cm -1)

 D-Peak
 G-Peak 
 Cumulative Fit Peak

As deposited a-C:H
D Peak = 1351.08
G Peak = 1533.77
ID/IG = 1.17

Before test

 

1000 1200 1400 1600 1800 2000

 D-Peak
 G-Peak
 Cumulative Fit Peak

TMP-C40
D Peak = 1360.7 
G Peak = 1548.39
ID/IG =   1.31

After Test

Ra
m

an
 In

te
ns

ity
 (a

u)

Raman Shift (cm-1)

 

Univ
ers

ity
 of

 M
ala

ya



114 

1000 1200 1400 1600 1800 2000

 D-Peak
 G-Peak
 Cumulative Fit Peak

Raman Shift (cm-1)

Ra
m

an
 In

ten
sit

y 
(a

u)

TMP-T40
D Peak = 1353.87
G Peak = 1536.80
ID/IG =   1.18

After Test

 

1000 1200 1400 1600 1800 2000

 D-Peak
 G-Peak
 Cumulative Fit Peak

TMP-C125
D Peak = 1376.03
G Peak = 1559.74
ID/IG =   1.57

After Test

Ra
m

an
 In

te
ns

ity
 (a

u)

Raman Shift (cm-1)

 

Univ
ers

ity
 of

 M
ala

ya



115 

1000 1200 1400 1600 1800 2000

 D-Peak
 G-Peak
 Cumulative Fit Peak

TMP-T125
D Peak = 1355.11 
G Peak = 1535
ID/IG =   1.20

After Test
Ra

m
an

 In
te

ns
ity

 (a
u)

Raman Shift (cm-1)

 

 

Figure 4.13 continued: Raman spectra of various textured/un-textured 

amorphous hydrogenated carbon coating at various temperatures in the 

presence of palm based TMP lubricant 

 

In the case of samples PAO-C125 and TMP-C125, the G peaks shifted from 1533.77 

cm-1 to 1552.12 cm-1 and 1559.74 cm-1, respectively. In addition, the ID/IG ratio for 

samples PAO-C125 and TMP-C125 increased from 1.17 to 2.01 and 1.57, respectively 

(Figures 4.14 and 4.15). This shows that, as the temperature increased to 125 ºC 

graphitization transformation increased. In the case of PAO-T125 and TMP-T125, the G 

peaks shifted from 1533.77 cm-1 to 1537.77 cm-1 and 1535 cm-1, respectively. Whereas, 

the ID/IG ratio samples PAO-T125 and TMP-T125 increased from 1.17 to 1.18 and 1.20, 

respectively. These results indicate that even at higher temperatures a lower 

graphitization transformation can be observed from the case of textured coating 

irrespective of lubricant used. The Raman analysis shows that graphitization 
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transformation of textured amorphous hydrogenated carbon was too low compared to un-

textured amorphous hydrogenated carbon. 

The lower graphitization in the case of textured amorphous hydrogenated carbon at 

higher temperatures may be due to multiple factors, including the wear debris trapping 

ability and the lubricant retention and providing the ability of micro dimples. Textures 

can remove the wear debris from the contacting surface, which can reduce the increase in 

contact pressure due to the wear particles between the tribo-pairs. Additionally, by 

keeping the lubricant at the interface, they can lower the rise in temperature due to 

friction-induced heating. In the case of textured mechanical seals, Xiao et al. (Xiao & 

Khonsari, 2012) observed that micro dimples could lower the interface temperature by 

keeping lubricant at the interface. 

4.3.2.2 SEM/EDX and AFM analysis 

Figure 4.16 shows the SEM images of wear tracks; the white arrow indicates the 

sliding direction. EDX quantitative analyses of the SEM images, are shown in Table 4.3. 

Polishing wear was observed from the case of samples PAO-T40 and TMP-T40 (Figures 

4.16 a and 4.16 c). The polishing wear process is the one in which micro grooves are not 

seen before the complete removal or delamination of coating. The brighter areas present 

on the wear tracks are due to the thinning of coating and exposure of silver-colored  CrN. 

Samples PAO-C40 and TMP-C40 showed coating spallation and partial delamination on 

the wear track (Figures 4.16 b and 4.16 d). Sample PAO-T125 showed coating spallation 

on the wear track (Figure 4.16 e), whereas a sample TMP-T125 (Figure 4.16 g) showed 

spallation and delamination at few spots.  Samples PAO-C125 and TMP-C125 (Figures 

4.16 f and 4.16 h) exhibited scratch marks and extensive coating delamination. Samples 

PAO-C125 and TMP-C125 showed a higher increase of Fe and decrease of C compared 

to as-deposited amorphous hydrogenated carbon coating (Table 4.3), which indicates that 
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coating peeled off during the sliding test. Sample PAO-T125 showed fewer increases in 

Fe and decrease in C compared to sample PAO-C125 (Table 4.3). The scratches present 

on samples PAO-C125 indicated the abrasive wearing of coating by the wear particles 

present at the interface (Figures 4.16 f). The absence of the abrasive wear marks on 

samples PAO-T40, TMP-T40, PAO-T125 and TMP-T125 are due to the textures (Figures 

4.16 a, 4.16 c, 4.16 e and 4.16 g), which trap these wear particles and causes lower 

abrasive wearing. 
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Figure 4.14 continued: SEM images of wear track after friction testing (a) 

PAO-T40, (b) PAO-C40, (c) TMP-T40, (d) TMP-C40, (e) PAO-T125, (f) PAO-

C125, (g) TMP-T125 and (h) TMP-C125 

 

Table 4.3: EDX analysis of un-textured/textured amorphous hydrogenated 

carbon coated samples at various temperatures 

Specimen Elements (Atomic %) 

 C O Cr Fe Si Mn 

a-C:H-as deposited 97.01 0.45 2.20 0.34 - - 

PAO-T40 93.48 0.75 4.92 0.85 - - 

PAO-C40 84.38 1.12 8.92 5.58 - - 

TMP-T40 94.12 2.45 2.91 0.52 - - 

TMP-C40 89.99 2.77 5.67 1.57 - - 

PAO-T125 85.18 0.84 8.44 5.54 - - 

PAO-C125 36.84 1.40 18.32 42.89 0.55 - 

TMP-T125 83.01 2.45 9.22 5.32 - - 

TMP-C125 34.23 3.45 21.22 41.10 - - 
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To further analyze the wear track, AFM was used. Figure 4.17 shows the AFM images 

of samples at various temperatures. Un-textured coated samples PAO-C40, PAO-C125, 

TMP-C40 and TMP-C125 showed sharp grooves that were created by the wear particles 

present in the interface (Figure 4.17 b, 4.17 d, 4.17 f and 4.17 h). These particles scratch 

the surface during sliding. Textured coated samples PAO-T40, PAO-T125, TMP-T40 and 

TMP-T125 did not show sharp grooves on the wear tracks (Figure 4.17). As it has been 

discussed in the previous paragraph, the wear particle capturing ability of textures helps 

in reducing the formation of sharp grooves on the track. Figure 4.18 shows the average 

roughness (Ra) of the samples. Sample TMP-T40 showed the lowest and TMP-C125 

showed the highest average roughness. The general trend followed by all the samples is 

that average surface roughness increases with the increase in temperature. However, this 

increase is lower in the case of textured samples. Wear particle capturing and lubricant 

providing ability helps in lowering the surface roughness.  
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Figure 4.15 continued: AFM images of wear track after friction testing (a) 

PAO-T40, (b) PAO-C40, (c) PAO-T125, (d) PAO-C125 (e) TMP-T40, (f) TMP-

C40, (g) TMP-T125 and (h) TMP-C125 
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Figure 4.16: Average surface roughness at the wear track after friction testing 

Figure 4.19 shows the wear rate of the counter ball, in the case of textured and un-

textured amorphous hydrogenated carbon samples. The steel ball, which rubbed against 

sample PAO-T125 (Figure 4.19 a), showed smoother surface, whereas the ball which 

rubbed against PAO-C125 showed slight grooves (Figure 4.19 b). The ball that rubbed 

against sample TMP-T125 (Figure 4.19 c) and TMP-C125 (Figure 4.19 d) showed similar 

behavior to PAO-T125 and PAO-C125. The reduction in wear of the PAO-T125 and 

TMP-T125 counter ball can be caused by the mechanism of dimples. In the case of 

textured amorphous hydrogenated carbon, the counter ball wear rate increases with the 

increase in temperature (Figure 4.13). At 125 ºC, the un-textured amorphous 

hydrogenated carbon showed lower wear rate than textured amorphous hydrogenated 

carbon. The reduction in wear rate in the case of un-textured amorphous hydrogenated 

carbon can be attributed to the fact that, due to graphitization, a graphitic transfer film 

forms on the counter surface, which provides an easy slip between the contacting surfaces 

(C. Donnet, 1998). In the case of textured a-C:H, the increase in wear rate of the counter 

ball with regard to temperature can be due to the lower graphitization with temperature, 
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which reduces the formation of graphitic transfer film. This has been confirmed with 

raman spectroscopy in section 4.3.2.1.  
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Figure 4.17 continued: SEM images of steel balls which rub against (a) PAO-

T125, (b) PAO-C125, (c) TMP-T125 and (d) TMP-C125 
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4.4 Effect of surface texture on tribological performance of tetrahedral 

amorphous carbon coating at various temperatures 

4.4.1 Friction and wear behavior 

Figure 4.20 shows the coefficient of friction variation with time for textured 

tetrahedral amorphous carbon coated and un-textured tetrahedral amorphous carbon 

coated samples under PAO and palm based TMP lubrication.  

Samples ta-C.PAO-T40 and ta-C.TMP-T40 showed stable and lower coefficient of 

friction compared to samples ta-C.PAO-C40 and ta-C.TMP-C40 throughout the friction 

test (Figure 4.20 a). Lower coefficient of friction of textured tetrahedral amorphous 

carbon coating can be related to the ability of micro textures to provide lubricant at the 

interface and capture wear particles. Dumitru et al. observed stable coefficient of friction 

with textured DLC compared to un-textured DLC (Dumitru et al., 2003). They concluded 

that textures trap hard wear debris which causes abrasive wear and as a result make 

friction unstable (Dumitru et al., 2003). In textured and un-textured cases, palm based 

TMP showed lower coefficient of friction throughout the test compared to PAO at 40 ºC. 

As previously mentioned, in case of amorphous hydrogenated carbon coating that the 

lower coefficient of friction in TMP lubricant at 40 ºC in textured and un-textured case 

can be due to its high polarity (Gellman & Spencer, 2002). Due to this, it is easily attracted 

to steel surface. The higher polarity forms a higher affinity for metal at one end of the 

molecule and allows a non-polar hydrocarbon to extend out and provide a barrier between 

the tribo-pair (Canter, 2009; Zulkifli et al., 2014).  In addition, palm oil has longer carbon 

chain length (18-20), due to which the formed film behaves as a crystalline solid and 

reduces coefficient of friction (Bhushan, 2013). After 800 s, ta-C.PAO-C40 showed 

stable coefficient of friction until 2800 s, ta-C.TMP-C40 showed nearly stable coefficient 

of friction until 4800 s. Both the samples nearly stabilized around 5600 s and remained 

stable until the end of test. Figure 4.21 shows the wear coefficient for various samples 

Univ
ers

ity
 of

 M
ala

ya



131 

tested with PAO and palm based TMP ester. Sample ta-C.TMP-C40 showed lower wear 

coefficient than sample ta-C.PAO-C40 (Figure 4.21). Textured sample ta-C.TMP-T40 

showed lower wear coefficient than un-textured sample ta-C.PAO-T40 (Figure 4.21). In 

textured and un-textured cases, palm based TMP lubricant showed lower wear coefficient 

compared to PAO lubricant at 40 ºC. Better lubricity of palm based TMP lubricant was 

also observed in the case of amorphous hydrogenated carbon coating in section 4.3.1. 

At 80 ºC temperature, textured samples ta-C.PAO-T80 and ta-C.TMP-T80 exhibited 

stable coefficient of friction. PAO lubricated sample ta-C.PAO-T80 showed higher 

coefficient of friction compared to palm based TMP lubricated sample ta-C.TMP-T80. 

Coefficient of friction of un-textured samples (ta-C.TMP-C80 and ta-C.PAO-C80) 

exhibited unstable behavior. The lower coefficient of friction of un-textured tetrahedral 

amorphous carbon coating at 80 ºC can be due to graphitization phenomenon. The 

graphitization phenomenon will be discussed in detail in section 4.4.2.1.  Figure 4.21 

shows that textured samples (ta-C.PAO-T80 and ta-C.TMP-T80) showed lower wear 

coefficient compared to un-textured samples (ta-C.PAO-C80 and ta-C.TMP-C80). 

Amorphous hydrogenated carbon coating also showed similar behavior at 80 ºC in section 

4.3.1.   
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Figure 4.18 continued: Change in coefficient of friction of tetrahedral 

amorphous carbon coated samples with time (a) temperature 40 ºC, (b) 

temperature 80 ºC and (c) temperature 125 ºC 

 

Figure 4.20 c shows coefficient of friction of textured and un-textured tetrahedral 

amorphous carbon film at 125 °C. After initial instability, sample ta-C.PAO-T125 

showed a steady coefficient of friction till the end of the test. Sample ta-C.TMP-T125 

also showed stable coefficient of friction throughout the test. Coefficient of friction in the 

case of ta-C.PAO-C125 and ta-C.TMP-C125 increased after 2000 s. Coefficient of 

friction of these samples kept on increasing until the end of the test. Unlike tests 

conducted at 80 °C, PAO showed lower coefficient of friction compared to palm based 

TMP lubricant at 125 °C, additionally un-textured tetrahedral amorphous carbon coating 

showed lower coefficient of friction compared to textured tetrahedral amorphous carbon 

coating. Similar behavior was observed in the case of amorphous hydrogenated carbon 

coating in section 4.3.1. This behavior can be explained by suppression of graphitization 

by the textures. As it has been observed that graphitization reduces coefficient of friction, 
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therefore un-textured tetrahedral amorphous carbon coating showed lower coefficient of 

friction at 125 °C.  The reduction in graphitization transformation can explain the lower 

increase in the wear rate of textured tetrahedral amorphous carbon coating compared to 

un-textured tetrahedral amorphous carbon coating at various temperatures tested in both 

lubricants. Wear coefficient results at 125 °C with respect to textured and un-textured 

samples was similar to 40 and 80 °C (Figure 4.21). Samples ta-C.PAO-T125 and ta-

C.TMP-T125 showed lower wear coefficient than samples ta-C.PAO-C125 and ta-

C.TMP-C125. Wear coefficient of samples tested in palm based TMP lubricant was 

higher compared to PAO lubricant at 125 °C. This behavior was dissimilar to tests 

conducted at temperature 40 and 80 °C where palm based TMP showed lower wear 

irrespective of whether they are textured or un-textured. The higher coefficient of friction 

and wear in case of PAO compared to palm based TMP at 125 ºC can be due to the 

unstable film formation of palm based TMP at higher temperatures. At higher 

temperatures film formed by fatty acid chains are unstable, thus increasing friction and 

wear (Chiong et al., 2012) 
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Figure 4.19: Wear coefficient of tetrahedral amorphous carbon coated 

textured/un-textured samples after tribological testing at various temperatures 

 

Due to graphitization, the coating layer becomes soft and the load bearing capacity 

reduces and wear increases (Kalin et al., 2010). This could be the reason for the higher 

wear rate in the case of un-textured tetrahedral amorphous carbon coating at 40 °C, 80 °C 

and 125 °C, as can be seen in Figure 4.21. With the increase in temperature, graphitization 

increases and thus wear coefficient increases for tetrahedral amorphous carbon coating 

(Al Mahmud et al., 2014).   

4.4.2 Wear track characterization of tetrahedral amorphous carbon coating  

4.4.2.1 Raman analysis 

In order to investigate the behavior of graphitization for tetrahedral amorphous carbon 

coating Raman spectroscopy was used. Tetrahedral amorphous carbon coating is a 

metastable form of amorphous carbon and friction induced graphitization can occur 
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(Donnet & Erdemir, 2007). In order to avoid inaccuracies, three Raman spectra was 

collected for each sample to avoid inaccuracies from peak fitting.  

Figures 4.22 and 4.23 shows the spectra’s for samples tested in PAO and palm based 

TMP lubricants respectively. After coating deposition, the G peak position was at 1558.18 

cm-1 and the ID/IG ratio was 1.12. After tribological testing, tetrahedral amorphous carbon 

coated samples ta-C.PAO-C40 and ta-C.TMP-C40 showed G peak at 1566.39 cm-1 and 

1566.32 cm-1 respectively. The ID/IG ratio of 1.42 and 1.5 was shown by tetrahedral 

amorphous carbon coated samples ta-C.PAO-C40 and ta-C.TMP-C40 respectively. 

Textured tetrahedral amorphous carbon coated samples ta-C.PAO-T40 and ta-C.TMP-

T40 showed G peak at 1560 cm-1 and 1559.55 cm-1 respectively. The ID/IG ratio for 

textured tetrahedral amorphous carbon coated samples ta-C.PAO-T40 and ta-C.TMP-T40 

was 1.14 and 1.15, respectively (Figures 4.22 and 4.23). The shift in the G peak and 

increase in the ID/IG ratio indicate an increase in the sp2 fraction (graphite) in the DLC 

film (Casiraghi et al., 2005; Ferrari & Robertson, 2000). The higher increase in G peak 

and ID/IG ratio of un-textured coated samples compared to textured samples indicates that 

at 40 ºC, un-textured tetrahedral amorphous carbon coated samples ta-C.PAO-C40 and 

ta-C.TMP-C40 showed higher graphitic transformation. As was discussed in section 

4.3.2.1, graphitic transformation reduces coefficient of friction, whereas it increases wear 

coefficient. However, textured tetrahedral amorphous carbon coated samples ta-C.PAO-

T40 and ta-C.TMP-T40 showed less coefficient of friction and wear coefficient than un-

textured samples even though textured tetrahedral amorphous carbon coated samples 

showed lower graphitic transformation at 40 ºC. This indicates that lower coefficient of 

friction and wear coefficient of textured tetrahedral amorphous carbon coated samples 

can be because of textures behaving as lubricant/wear particle reservoirs. Similar results 

were observed in the case of amorphous hydrogenated carbon coated samples at 40 ºC in 

section 4.3.2.1.   
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Figure 4.20 continued: Raman spectra of various textured/un-textured 

tetrahedral amorphous carbon coating at various temperatures in the presence 

of PAO lubricant 
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Figure 4.21 continued: Raman spectra of various textured/un-textured 

tetrahedral amorphous carbon coating at various temperatures in the presence 

of palm based TMP lubricant 

 

At a temperature of 125 ºC, textured tetrahedral amorphous carbon coated samples ta-

C.PAO-T125 and ta-C.TMP-T125 showed G peak at 1563.7 cm-1 and 1561 cm-1 and ID/IG 

ratio of 1.19 and 1.18, respectively. Un-textured tetrahedral amorphous carbon coated 

samples ta-C.PAO-C125 and ta-C.TMP-C125 showed G peak at 1566.21 cm-1 and 

1571.83 cm-1 whereas ID/IG ratio of 1.55 and 1.61 respectively. The higher increase in G 

peak position and ID/IG ratio value for un-textured tetrahedral amorphous carbon coated 

samples at 125 ºC compared to as deposited tetrahedral amorphous carbon coating can be 

due to the absence of textures. As textured tetrahedral amorphous carbon coated samples 

showed less increase in G peak shift and ID/IG ratio value. Similar to friction and wear 

results found in amorphous hydrogenated carbon coating at 125 ºC, textured tetrahedral 

amorphous carbon coated samples showed higher coefficient of friction (Figures 4.20 c) 

and lower wear coefficient (Figures 4.21) than un-textured tetrahedral amorphous carbon 
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coated samples. These results can be explained by taking into account the mechanism of 

textures to capture wear particles and prevent graphitic transformation, thus preventing 

higher wear rate. As higher graphitization occurred in the case of un-textured tetrahedral 

amorphous carbon coated samples at 125 ºC, lower coefficient of friction is expected 

compared to textured samples. 

4.4.2.2 SEM/EDX and AFM analysis 

SEM images of wear tracks after friction testing are shown in Figure 4.24. Polishing 

wear was observed in the case of samples ta-C.PAO-T40 and ta-C.TMP-T40 (Figure 4.24 

a and 4.24 c). Samples ta-C.PAO-C40 and ta-C.TMP-C40 showed slight coating 

spallation on the wear track (Figure 4.24 b and 4.24 d). Samples ta-C.PAO-T125 and ta-

C.TMP-T125 (Figures 4.24 e and 4.24 g) did not show spallation at the wear track 

whereas samples ta-C.PAO-C125 and ta-C.TMP-C125 exhibited excessive coating 

spallation (Figures 4.24 f and 4.24 h).  

The wear behavior was confirmed by EDX analysis (Table 4.4).  Samples ta-C.PAO-

C125 and ta-C.TMP-C125 showed a higher increase of Fe and decrease of C compared 

to as-deposited tetrahedral amorphous carbon coating (Table 4.4), which indicates that 

coating spallation occurred during the sliding test. Sample ta-C.PAO-T125 showed slight 

increase in Fe and decrease in C compared to ta-C.PAO-C125 (Table 4.4).  
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Figure 4.22 continued: SEM images of wear track after friction testing (a) ta-

C.PAO-T40, (b) ta-C.PAO-C40, (c) ta-C.TMP-T40, (d) ta-C.TMP-C40, (e) ta-

C.PAO-T125, (f) ta-C.PAO-C125, (g) ta-C.TMP-T125 and (h) ta-C.TMP-C125 

 

To analyze the topography of the wear scar, AFM was used. Figure 4.25 shows the 

AFM images of tetrahedral amorphous carbon coated samples at various temperatures. 

Un-textured coated samples (ta-C.PAO-C40, ta-C.TMP-C40, ta-C.PAO-C125 and ta-

C.TMP-C125) showed sharp grooves that can be created by the wear particles present at 
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the interface (Figures 4.25 b, 4.25 d, 4.25 f and 4.25 h). During sliding micro wear 

particles are formed at the interface; these particles can be from steel ball and/or hard 

coating. The coating wear debris are hard enough to scratch the wear track. Textured 

coated samples (ta-C.PAO-T40, ta-C.TMP-T40, ta-C.PAO-T125 and ta-C.TMP-T125) 

showed smoother wear tracks compared to un-textured samples (Figures 4.25 a, 4.25 c, 

4.25 e and 4.25 g). Wear particles formed at the interface are captured by the textures in 

order to prevent excessive wearing (Oksanen et al., 2014). Similar behavior has been 

observed in the case of amorphous hydrogenated carbon coating in section 4.3.2.2.   

Average surface roughness (Ra) of the tetrahedral carbon coated samples is shown in 

Figure 4.26. Sample ta-C.TMP-T40 showed the lowest Ra value of 8.12 nm and ta-

C.TMP-C125 showed the highest average roughness of 68.09 nm. Tetrahedral amorphous 

carbon coated samples tested in palm based TMP showed lower roughness at 40 ºC 

compared to PAO lubricant, however at 125 ºC palm based TMP lubricated samples 

showed higher average roughness. With the increase in temperature average surface 

roughness increases for textured and un-textured tetrahedral coated samples. In the case 

of textured coated samples, the increase in average surface roughness with temperature 

is small compared to un-textured coated samples. Due to lower average surface 

roughness, coefficient of friction is stable in case of laser textured tetrahedral amorphous 

coating compared to un-textured coating (Figure 4.20).  
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Figure 4.23 continued: AFM images of wear track after friction testing (a) ta-

C.PAO-T40, (b) ta-C.PAO-C40, (c) ta-C.TMP-T40, (d) ta-C.TMP-C40, (e) ta-

C.PAO-T125, (f) ta-C.PAO-C125, (g) ta-C.TMP-T125 and (h) ta-C.TMP-C125 
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Figure 4.24: Average surface roughness at the wear track after friction testing 

 

The friction and wear behavior of a tribo system is also dependent on the counter 

surface body (Stachowiak & Batchelor, 2013). In our case, the counter body is a steel 

ball.  Counter ball wear for textured and un-textured tetrahedral amorphous carbon coated 

samples can be seen in Figure 4.27.  Severe scratches indicating abrasive wearing can be 

observed in the case of samples ta-C.PAO-C125 and ta-C.TMP-C125 (Figure 4.27 b and 

4.27 d). Counter balls which rubbed against textured samples ta-C.PAO-T125 and ta-

C.TMP-T125 showed slight grooves (Figure 4.27 a and 4.27 c). These results can be due 

to micro textures which can provide lubricant and capture the wear particles from the 

contact, thus lowering counter surface excessive abrasive wearing. At higher 

temperatures, textured coated samples showed higher ball wear coefficient compared to 

un-textured coating (Figure 4.21). This behavior was also observed in the case of 

amorphous hydrogenated carbon coating (section 4.3.2.2). Formation of graphitic transfer 

film can be responsible for lowering wear rate of counter body (Mobarak et al., 2014). 
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The increase in counter ball wear rate for textured coated samples can be related to 

reduced graphitization transformation caused by the textures. As discussed in Raman 

spectroscopy section (Section 4.4.2.1), textured samples show lower graphitization 

transformation, whereas higher graphitization transformation was observed in case of un-

textured tetrahedral amorphous carbon coated samples.  
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Figure 4.25 continued: SEM images of steel balls which rub against (a) ta-

C.PAO-T125, (b) ta-C.PAO-C125, (c) ta-C.TMP-T125 and (d) ta-C.TMP-C125 
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Table 4.4: EDX analysis of un-textured/textured tetrahedral amorphous 

coated samples at various temperatures 

Specimen Elements (Atomic %) 

 C O Cr Fe Si Mn 

ta-C as deposited 97.93 0.08 - 1.99 - - 

ta-C.PAO-T40 94.85 2.01 0 .03 3.11 - - 

ta-C.PAO-C40 90.70 2.43 0.09 6.78 - - 

ta-C.TMP-T40 94.61 2.33 0.08 2.98 - - 

ta-C.TMP-C40 91.56 2.57 0.06 5.81 - - 

ta-C.PAO-T125 93.72 3.01 0.04 3.23 - - 

ta-C.PAO-C125 89.62 3.2 0.05 7.13     - - 

ta-C.TMP-T125 93.91 2.99 0.08 3.02 - - 

ta-C.TMP-C125 88.7 3.13 0.05 8.12      - - 
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4.4.3 Comparison of tribological behavior of laser textured amorphous 

hydrogenated and tetrahedral amorphous carbon coatings at various 

temperatures 

As observed in sections 4.3 and 4.4, laser micro texturing improved the tribological 

performance of amorphous hydrogenated and tetrahedral amorphous carbon coatings in 

PAO and palm based TMP lubrication. In this section, comparison is conducted between 

laser textured amorphous hydrogenated and tetrahedral amorphous carbon coatings for 

tribological performance. Figure 4.28 shows the average coefficient of friction of both 

textured coatings at temperatures 40, 80 and 125 ºC in PAO and palm based TMP 

lubricant. Samples ta-C.TMP-T40 and ta-C.PAO-T40 showed the lower average 

coefficient of friction values of 0.057 and 0.061 compared to 0.063 and 0.070 shown by 

samples TMP-T40 and PAO-T40.  Figure 4.29 shows the wear coefficient of textured 

coating at 40, 80 and 125 ºC in PAO and palm based TMP lubricant. Lower wear 

coefficient can be observed in the case of samples ta-C.TMP-T40 and ta-C.PAO-T40 

compared to samples TMP-T40 and PAO-T40.  

At 80 ºC temperature, samples ta-C.TMP-T80 and ta-C.PAO-T80 showed lower 

average coefficient of friction of 0.077 and 0.078 compared to average coefficient of 

friction of 0.115 and 0.119 shown by samples TMP-T80 and PAO-T80. Wear coefficient 

was also lower for samples ta-C.TMP-T80 and ta-C.PAO-T80 compared to samples 

TMP-T80 and PAO-T80.  Similar to tests conducted at 40 and 80 ºC, at 125 ºC the 

samples ta-C.TMP-T125 and ta-C.PAO-T125 showed lower coefficient of friction of 

0.084 and 0.081 compared to average coefficient of friction of 0.14 and 0.13 shown by 

TMP-T125 and PAO-T125. Additionally, wear coefficient was also lower for samples ta-

C.TMP-T125 and ta-C.PAO-T125 compared to samples TMP-T125 and PAO-T125.  
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Figure 4.26: Average coefficient of friction of laser micro textured amorphous 

hydrogenated and tetrahedral amorphous carbon coated samples at 

temperature 40º C, 80º C and 125º C 

 

Laser textured tetrahedral amorphous carbon coating showed lower average 

coefficient of friction and wear coefficient at 40, 80 and 125 ºC temperatures compared 

to laser textured amorphous hydrogenated carbon coating. Lower coefficient of friction 

of tetrahedral amorphous carbon coating compared to hydrogenated, carbon coating was 

reported earlier by Vengudusamy et al. (Vengudusamy et al., 2011) in base oil. Tasdemir 

et al. observed that lower hydrogen content and higher sp3/sp2 ratio can be responsible 

for the lower coefficient of friction of tetrahedral amorphous carbon coatings (Tasdemir 

et al., 2013). 
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Laser textured tetrahedral amorphous carbon coating showed the lower wear 

coefficient than laser textured hydrogenated amorphous carbon coating. Lower wear 

coefficient can be related to the higher H/E ratio of tetrahedral amorphous carbon coating. 

The H/E ratio of the coating is hypothesized to represent its wear behavior (Pintaude, 

2013). The coating possesses maximum tensile elastic stress if H/E ratio is higher (Jiang 

et al., 1989), and therefore, can be related to high wear resistance. As tetrahedral 

amorphous carbon coating had higher H/E ratio compared to be amorphous hydrogenated 

carbon coating, higher wear resistance in case of laser textured tetrahedral amorphous 

carbon coating can be expected.  
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Figure 4.27: Wear coefficient of laser micro textured amorphous 

hydrogenated and tetrahedral amorphous carbon coated samples at 

temperature 40º C, 80º C and 125º C 
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 

5.1 Conclusions 

Tribological effect of laser textured density, diameter and depth were evaluated on 

amorphous hydrogenated carbon coating. The tribological behavior of laser textured and 

un-textured amorphous hydrogenated carbon coating and tetrahedral carbon coating were 

evaluated at various temperatures in the presence of PAO, and palm based TMP 

lubrication. Based on the results of these studies following conclusions can be drawn.   

1. Textured amorphous hydrogenated carbon coating showed the minimum 

coefficient of friction at 30 % dimple density compared to 10 % density for all 

combinations of diameters and depths. In the case of 20 % dimple density, dimple 

diameter of 100 µm and depth of 6 µm showed lowest coefficient of friction 

compared to all other samples.  

Sample Dn20Di100Dp6 yielded the lowest average coefficient of friction 

and wear coefficient among all the tested amorphous hydrogenated carbon coated 

samples. Dimple's diameter of 100 µm showed the lowest wear coefficient at all 

dimple densities tested. If the diameter exceeded 100 µm, wear resistance is 

reduced.  The optimum dimple diameter depends on contact width-to-dimple 

diameter ratio. Contact load per unit area, coefficient of friction, and wear 

coefficient increase if dimple diameter and contact width are nearly similar. 

2. Laser textured amorphous hydrogenated carbon showed higher wear resistance 

compared to un-textured coating at 40 ºC, 80 ºC and 125 ºC in the presence of 

PAO and palm based TMP lubrication.  

At 40 ºC temperature, lower coefficient of friction can be observed for 

laser textured amorphous hydrogenated carbon. However, coefficient of friction 

was higher as temperature was increased to 80 ºC and 125 ºC for both lubricants 

tested.  
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Coefficient of friction trends for laser textured amorphous hydrogenated 

carbon coating was stable at 40 ºC, 80 ºC and 125 ºC compared to un-textured 

coatings. The stability can be attributed to the fact that micro textures reduced the 

abrasive wearing by capturing the wear debris from the interface. This was 

confirmed with scanning electron microscope and atomic force microscope. 

Palm based TMP lubricant showed lower coefficient of friction and wear 

coefficient compared to PAO lubricant for laser textured and un-textured 

amorphous hydrogenated carbon coatings at 40 ºC and 80 ºC temperature. As the 

temperature increased to 125 ºC, palm based TMP showed higher coefficient of 

friction and wear coefficient than PAO lubricant.  

The lower coefficient of friction shown by un-textured amorphous 

hydrogenated carbon coatings at 80 ºC and 125 ºC can be attributed to 

graphitization phenomenon.  

3. Tribological behavior of laser textured tetrahedral amorphous carbon coating was 

similar to that of laser textured amorphous hydrogenated carbon coating at 40 ºC, 

80 ºC and 125 ºC. Laser textured tetrahedral amorphous carbon coating showed 

higher wear resistance compared to un-textured tetrahedral amorphous carbon 

coating at 40 ºC, 80 ºC and 125 ºC. 

As the temperature was increased from 40 ºC, coefficient of friction was 

higher in the case of laser textured tetrahedral carbon coating compared to un-

textured coating, whereas wear coefficient remained lower throughout the 

temperature range. Lower coefficient of friction at 80 ºC and 125 ºC temperature 

in the case of un-textured tetrahedral amorphous carbon coating was due to 

graphitization phenomenon.  

At 40 ºC and 80 ºC temperature, Palm based TMP ester showed lower 

coefficient of friction and wear coefficient in the case of tetrahedral carbon 
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coating compared to PAO lubricant.  However, at 125 ºC PAO showed better 

coefficient of friction and wear coefficient. This result was similar for both 

coatings tested. 

Laser textured tetrahedral amorphous carbon coating showed lower 

coefficient of friction and wear coefficient at 40 ºC, 80 ºC and 125 ºC compared 

to laser textured amorphous hydrogenated carbon coating in both PAO and palm 

based TMP lubrication. Coefficient of friction and wear coefficient increased for 

both laser textured coatings with the increase in temperature. 

Laser textured tetrahedral carbon coating (non-hydrogenated) can be used 

to improve friction and wear behavior of automotive components compared to 

laser textured amorphous hydrogenated carbon coating.  

5.2 Recommendations for future work 

1. Effect of various micro texture shapes on the tribological performance of 

tetrahedral amorphous carbon coating should be investigated. Until now most of 

the experimental work on surface texturing has been conducted using spherical 

shaped dimples. The reason for this research trend was that it is easier and less 

expensive to form spherical shaped dimples compared to other shapes. 

Theoretically, researchers have found that shape of textures effect the tribological 

performance (Nanbu, et al., 2008). Various shapes such as ellipse, rectangle etc. 

should also be experimentally investigated with tetrahedral amorphous carbon 

coating. Other shapes may enhance the tribological performance of coating.  

2. Tribological performance of nano and micro textured tetrahedral amorphous 

carbon coating should be investigated and compared. Previously, in the case of 

cutting tool application, micro and nano textures have been found to show 

different tribological behavior (Enomoto et al., 2012; Kawasegi et al., 2009). In 

the case of automotive applications, this has to be investigated to find out whether 
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it is tribologically beneficial to use nano textured or micro textured tetrahedral 

amorphous carbon coating.  

3. Tribological effect of solid lubricants such as tungsten disulfide and molybdenum 

disulfide filled micro and nano textured tetrahedral amorphous carbon coating 

should be investigated. Previously, researchers have found that solid lubricant 

filled textured steel show lower coefficient of friction and higher wear resistance 

than un-textured samples (Segu et al., 2013). They observed that textures provide 

solid lubricant at the interface and increase the adhesion of solid lubricant coating. 

As the properties of DLC coatings deteriorate with temperature, combination of 

surface texturing and solid lubricant can further enhance their tribological 

performance.  
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