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Abstract

DEPARTMENT OF MICRO NANO MECHANICAL SCIENCE AND
ENGINEERING, GRADUATE SCHOOL OF ENGINEERING

Doctor of Engineering
by Mohd Muhyiddin Bin Mustafa

Environmental concern regarding climate change and pollution due to human and
industrial activity have alarming the researchers around the world to focus on sustainable
development ranging from daily life product to the industrial heavy machinery. One of the
biggest sources of environmental pollution and global energy source depletion is the
automotive industry. From well to wheel of a passenger car, fuel did not efficiently consume
due to friction and wear which cause both the waste of burning of limited fossil fuel and
releasing of harmful gasses. Thus, diamond-like carbon (DLC) coating with excellent
mechanical and tribological properties has been introduced to control and reduce the friction
and wear in mechanical parts. In general, the tribological performance of the DLC is
depending on several factors which are the properties of the coating itself and the
environment such as working temperature, load, mating material, and the presence of
chemical reaction. As such, mechanical components are often operated under severe high
load conditions that cause DLC coating to react differently depending on the types of DLCs.

Tetrahedral amorphous carbon (ta-C) is one of the hydrogen-free DLC coating types with



excellent properties and the hardness of ta-C coating is varied upon its sp® content. Under low
load conditions, ta-C coating could provide excellent friction and wear resistance.
Nonetheless, high hardness ta-C coating could not sustain high wear resistance properties
under severe high load conditions. Recently, the advancement in coating deposition
technology has led to the introduction of structure to the as-deposited DLC. At such, two
novel ta-C coatings were develops which are Pillar ta-C and Mesh ta-C. Both of these
coatings present the new characteristic of ta-C which are hardness controlled along with the
coating depth. Since both coatings were newly developed, thus clarification on the
mechanical and tribological properties of the Pillar ta-C and Mesh ta-C needs to be done
before the application. The aim of this study is to clarify the friction and wear mechanism of

Pillar ta-C and Mesh ta-C under boundary lubricated conditions.

The first part of this study examined the tribological properties of novel Pillar and
Mesh tetrahedral amorphous carbon (Pillar ta-C and Mesh ta-C). Subsequently, the
comparison was made with conventional ta-C coating under base-oil lubrication via
cylindrical-pin-on-disk tribo-tester. Analysis of wear track was conducted using field-
emission-scanning-electron-microscope (FE-SEM), atomic-force-microscopy (AFM), and
Raman-spectroscopy. The friction coefficient for Mesh ta-C and conventional ta-C revealed a
similar pattern with regard to loads. The Mesh ta-C had excellent wear resistance, where the
wear rates at loads of 20 N was 10 and 20 times lower than Pillar ta-C and conventional ta-C,
respectively. High wear resistance of Mesh ta-C characterized by inhibition of brittle micro-
fracture propagation, less in abrasive particle created during friction test, and suppressing the

effect of graphitization-induced wear on the contact surface.

Wear by fracture is among the factors associated with the DLC coating failures in the

tribological application. The study continues with the investigation on the link between the

Vi



wear and the fracture-toughness on the novel Pillar and Mesh structure ta-C coatings, in
addition to conventional ta-C coatings. The tribological properties of these coatings were
examined under base-oil lubrication via ball-on-disk tribo-tester and the micro indentation
technique was used to characterize the fracture toughness. The wear track and the indentation
mark were analyzed using the optical microscope, 3D laser microscope and FE-SEM. The
friction coefficient for ta-C, Pillar ta-C and Mesh ta-C is within the range of 0.071 to 0.106.
Mesh ta-C indicated the highest wear resistance, followed by the Pillar ta-C and conventional
ta-C. Also, Mesh ta-C demonstrated the highest fracture-toughness value with 16.6 MPa-m?,
followed by Pillar ta-C with 13.4 MPa'm*? in contrast to ta-C. Greater resistance to wear for
ta-C with Pillar and Mesh structure was detected with an increased fracture-toughness and
improvement in crack propagation inhibition. Moreover, the Pillar and Mesh ta-C provides a

superior rate of crack-energy dissipation as compared to the ta-C.

The effect of lubricant additives to the novel Pillar ta-C and Mesh ta-C coating, as well
as conventional ta-C for comparison has been investigated. Three type of lubricants used in
this study are, Mineral oil with MoDTC + ZnDTP + 5 CA, PAO4 + MoDTC, and PAO4 +
ZnDTP. Subsequently, a comparison was made with the lubrication under base oil PAO4 via
cylindrical-pin on disk tribo-tester. The result shows that the friction coefficient is lower
under single additive PAO4 + MoDTC and PAO4 + ZnDTP lubricants due to the formation
of Mo-derived and Zn-derived tribo-film. Furthermore, ta-C, Pillar and Mesh ta-C shows
excellent wear resistance under Mineral oil with MoDTC + ZnDTP + 5 CA lubrication
condition, followed by the lubrication under PAO4 + MoDTC and PAO4 + ZnDTP. Higher
wear resistance of ta-C, Pillar ta-C and Mesh ta-C under additive oil lubrication is
characterized by the formation of Mo and Zn derived tribo-film which protect against high
wear, as well as improved the coating resistance to microfracture. In addition, the friction

coefficient reduction only can be observed under the used of single additive lubrication.
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Chapter 1
Introduction

1.1 Background and social needs of DLC coating

Environmental issues concerning pollution, energy waste, and resource depletion have
triggered an alarm to the modern advancement in technology. Friction and wear of material
have become one of the important issues relating to energy conservation and efficiency. The
interaction between the two materials has led to the loss of both material and energy.
Aristotle raised concerned on the concept of friction and wear from 384-322 BC, which then
continue by the introduction of two empirical laws of friction by Leonardo Da Vinci which
stated that friction force is proportional to the applied load and independent of contact area
[1]. Friction can be described as the force that resists the sliding motion of a body in the
opposite direction. Likewise, wear is defined as the loss of material at the contact surface
which led to the mechanical failure of components [2]. Furthermore, lubrication is introduced

and widely being used with the aim to reduce both friction and wear loss.

The energy dissipated to overcome the friction force has taken one-third of the total
world energy resource in mechanical applications [3], [4]. It is further reported in details that
tribological contacts have consumed a total of 23% (119 EJ) of the world’s total energy, in
which 20% to overcome the friction and 3% was used for reproducing and replacement of the
part due to wear and wear-related failures [5]. Thus, the tribology field is emerging as a result
of the need to achieve the reliable, sustainable and efficient operation of the mechanical

component and devices.




Dictionaries defined tribology as the science, technology, and engineering of
interacting surfaces in relative motion, which includes the study and application of friction
principles, wear and lubrication. The need to understand and applied these principles has led
to the revolution of the used of material and lubrication so as to achieve the goal of energy
consumption saving and cost reduction. Tribological studies have been applied and benefited
to the development of sustainable components and parts in various fields of industries. The
tribological study field has gained attention and attracts many researchers in physics,
chemistry, material science, and engineering. From individual components such as gears,
pistons, camshaft, and bearings to the assembly or product such as engines and
manufacturing processes, a wide range of tribology applications can be found. Nowadays,
tribological applications are not only applicable to the automotive industry but also has been

applied in medical and consumer product due to its economic and social impacts.

In the field of mechanical engineering, the aspect of tribology is very important
specifically in the automotive industry where most of the parts were rubs against each other.
Under the direct contact, the movements of the parts generate friction force that leads to the
heat generation and wears that causing parts failure. A passenger car consumes 340 L of fuels
on average to overcome the friction, in which by taking the advantage of tribological
technologies could reduce the friction losses and CO2 emission by 18 % and 290 million
tonnes between 5 to 10 years, respectively [4]. Thus, the ultimate goal in the view of the
automotive industry is to reduce the friction to the desired level that results in a sustainable
part design which includes improving energy consumption as well as prolongs the parts
lifetimes. Lubrication is one of the important ways used to achieve the goals by altering the
properties of the lubricant such as adding the additives. In general, lubrications are classified
into two types which are fluid lubrication and solid lubrication. The fluid lubrication system

used the liquid lubricants to create lubrication films in between the contact surfaces.
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Likewise, solid lubrications employs self-lubricated surface which slides against each other to

achieve low friction and high wear resistance such as graphite and molybdenum disulfide [6].

Diamond-like carbon (DLC) coatings are one of the solid lubricants that offer excellent
mechanical and tribological properties. Since the beginning of the 1990s, researches on DLC
have rapidly grown and attracted many industries and academic institutions around the world.
Research has been progressively made on the deposition method, structural and morphology
of the coating, lubrication and additive effect, an intrinsic and extrinsic factor which leads to
ultra-low friction and improved wear resistance. However, several aspects of the DLC
coating itself remain unclear such as very hard DLC coating tends to produce excessive wear
under boundary lubrication conditions. Also, the effect of the introduction of structure to the
DLC coating during the deposition process on the tribological properties has not been
clarified. This thesis aims to clarify those remained questions under the fundamental of

structure controlled DLC.

1.2 Diamond-like carbon

Carbon is one of the elements that exist with outstanding properties that can bond with
various elements to form organic and inorganic material. The carbon sp® bond hybridization
leads to the perfect symmetry of the diamond structure, which provides properties like
extremely high hardness, excellent thermal conductivity, high electrical resistivity, chemical
inertness, optical transparency, wide bandgap, and low wear rate. Graphite has strong
anisotropic properties in one direction, in which there is sp? hybridization of the carbon
atoms, whereas in the perpendicular direction there is only weak van der Waals force acting.
The sp? hybridization results in low hardness, low electrical resistivity and high wear rate,

combined with low friction. Amorphous carbon consists of a disordered network of carbon
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atoms with a mixture of both sp® and sp? coordinated bonds. The family of amorphous carbon
films is called diamond-like carbon, or DLC [7]. These combinations of excellent properties
offered an excellent approach to increase the lifespan of a component subjected to friction

and wear.

With the aim to fulfill legal regulations concerning energy efficiency and greenhouse
gas emissions, diamond-like carbon (DLC) coatings are increasingly used on highly stressed
components of internal combustion engines to reduce friction and prolong component
lifetime [8]. DLC coatings display a low friction coefficient under non-lubricated conditions,
similar to molybdenum disulfide (MoS2) and graphite, and also have outstanding wear
resistance, which is an issue with solid lubricants. Additionally, they also exhibit excellent
anti-seizure properties owing to their surface hardness, which greatly surpasses that obtained
in the heat treatment and plating treatment processes traditionally applied to steel [9]. DLC
can be categorized in main groups, the hydrogenated amorphous carbon (a-C:H, ta-C:H) and
the hydrogen-free amorphous carbon (a-C, ta-C). Superhard hydrogen-free ta-C films are
characterized by a high fraction of tetrahedrally bonded, sp® carbon atoms. By adding other
elements like metals (a-C:H:Me) or non-metal elements like silicon, oxygen, fluorine or
others (a-C:H:X), several modifications of the properties can be made according to
application requirements [10]. The deposition method of DLC can be classified into two
groups which are through chemical vapor deposition (CVD) and physical vapor deposition

(PVD).

1.2.1 Tetrahedral amorphous carbon (ta-C) coating

Among DLC coating available is free hydrogen ta-C coating which can be prepared

using PVD arc method. The important properties of ta-C coating are the hardness which is
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relatively higher as compared to the other types of coating due to the high sp® content. Due to
its high hardness and durability, ta-C coating has been applied to the high-pressure contact
engine parts [11]. Furthermore, friction reduction between piston rings and bore is also

achieved by applying ta-C coating on the contact area [12].

Despite the excellence ta-C coating performance, several reports indicate that the used
of high hardness coating only results in friction coefficient improvement but with high wear
rates that limit the coating lifetimes under boundary lubrication condition. Wear rate ta-C
coating under the lubricated condition is inversely proportional to the hardness of the coating
[9]. The further report also stated that the ta-C coating incapable to sustain in a high-
temperature condition which results in high wear due to cracking and peeling off [13]. In a
different study, ta-C coating shows the lowest friction coefficient as compared to the a-C:H
coating but result in the highest wear rates [14]. As reported by Ronkainen et al., the wear
resistance of ta-C coating was higher compared to the a-C:H and the ta-C coating produce

higher wear on the counterpart material [15].

With regard to the previous study, excellent tribological properties of ta-C coating can
be achieved by a lower surface hardness coating. In other words, lower friction coefficient, as
well as high wear resistance of the ta-C coating, could be achieved by controlling the contact
surface hardness. Recent advances in PVD technology and in particular sputter coating
deposition, have led to the development of nanolayered and ‘superlattice’ films which,
especially in the case of ceramic—ceramic or ceramic—amorphous multilayers, can typically
possess super hardness or ultra hardness properties, if the individual layer thickness can be
accurately controlled [16]. A work performed by Gilewicz et al. has proved that
CrCN/CrN+ta-C multilayer with ta-C hardness of 45 GPa formed using pulse cathodic arc

evaporation method results in excellent friction and wear properties [17].

Chapter 1: Introduction



Pillar ta-C Pillar / Mesh ta-C

Mesh ta-C 200 °C

h
pdap o) Suofe
OSBAIOUL SSOUpPIEH

Deposition temp.

Substrate

v

Deposition time

Figure 1 Conceptual deposition method for conventional ta-C coating, Pillar and Mesh ta-C

DLC coating

1.3 Structure controlled ta-C coating (Pillar ta-C and
Mesh ta-C)

Recent technology in the deposition method has broadened the development of
intelligent coating. This allows the hardness of the coating to be controlled along with the
coating depth as well as to introduce the specific structure within the coating growth. A novel
ta-C coating with Pillar and Mesh structure has been developed by using the M720 PVD

apparatus through modification of the conventional method to deposit ta-C.

In the deposition process of the conventional ta-C, the substrate temperature must be
controlled to keep below 150 °C by means of a cooling system as illustrated in Figure 1.
Likewise, the manufacturing of Pillar and Mesh ta-C were conducted at a higher temperature
throughout the deposition procedure by applying continuous heat to rise and keep the
temperature of the substrate at above 200 °C [18]. As a result, the graphitic structure was
developed during coating growth and the coating hardness decreased as the thickness of the
coating increased. These phenomena were confirmed by the crystallinity evaluation as further

discussed.
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Figure 2 Cross sectional images of (a) conventional ta-C, (b) Pillar ta-C, and Mesh ta-C
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Figure 3 Schematic cross sectional images of (a) Pillar ta-C, and (b) Mesh ta-C coatings
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Figure 4 Micro-electron diffraction acquisition position for (a) Pillar ta-C, and (b) Mesh ta-C
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Figure 5 Crystallinity evaluation result at different position for (a) Pillar ta-C, and (b) Mesh

ta-C

The cross-sectional of the conventional ta-C, Pillar ta-C and Mesh ta-C coating were

prepared using the focused ion beam (FIB), which being observed under the transmission
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electron microscope (TEM H9000 UHR), Figure 2. The conventional ta-C cross-sectional
images, Figure 2(a) demonstrates a homogenous structure characteristic. Furthermore, the
Pillar and Mesh ta-C reveal a reticulated structure originated from the microparticle, produces
by the arc deposition technique as presented in Figure 2(b) and Figure 2(c), respectively.
Moreover, Figure 3(a) and Figure 3(b) shows the schematic cross-sectional images of the

Pillar ta-C and Mesh ta-C coating, respectively.

Micro-electron diffraction analysis was conducted at different locations on the cross-
sectional cut of the Pillar ta-C and Mesh ta-C as shown in Figure 4(a) and Figure 4(b),
respectively. The crystallinity analysis by the electron diffraction technique via FE-SEM
JEM2100F result are as shown in Figure 5(a) and Figure 5(b). An approximately 0.34 nm and
0.35 nm diffraction images was observed for the Pillar ta-C and Mesh ta-C, respectively.
According to the International Center for Diffraction Data (ICDD) database, the crystalline
graphite lattice spacing constant is 0.33756 nm. The obtained crystallinity result is almost
similar to the ICDD data which indicates the presence of crystalline graphite microstructure

at the quarter of the coating thickness of Pillar ta-C and Mesh ta-C.

1.4 Fracture toughness

Fracture toughness refers to the capability of the material to resist the pre-existing crack
growth. Toughness is the measure of energy utilized to produce crack and facilitating crack to
propagate causing the fracture. Meanwhile, fracture toughness is known as the energy that is
needed for crack propagation to failure [19]. Frequently, toughness is known as the energy
absorption capacity of film material for the duration of the transition from deformation to

fracture. Toughness 1is an essential mechanical property with regard to the
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Figure 6 Top and cross-sectional views of median (half-penny) cracks

cohesive force of DLC film in which it indicates the film capacity to resist the formation of
cracks near the defects in the film caused by the stress accumulation [20]. The mechanical

properties are well-known to limit the performance and reliability of a thin coating like DLC.

Application of DLC coating such in the automotive components by means of rubbing of
two components leads to enhancing the features including the friction and wear
characteristics. Therefore, there have been increased studies on enhancing the tribological
characteristics of the coatings by modifying the deposition methods and doping elements.
Nevertheless, there are several limitations in evaluating the DLC coating wear performance
via the fracture toughness. Evidence has shown that harder coatings like ta-C are highly
brittle and can be easily fractured by high-pressure contact throughout the application. Hence,
in order to examine the brittleness of the thin coating, it is crucial to quantify the fracture

toughness.
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Figure 7 Schematic side view of a radial crack in a substrate coated with a film of thickness
d. The schematic shows a crack extension of §c¢ occurring in a semicircular radial crack of

initial radius c [21]

Hardness is among the key factors in regulating the wear performance of the DLC
coating. As such, high hardness with low crack resistance is associated with severe wear due
to through-thickness crack [22]. Similarly, high sp? carbon atoms DLC coating that is low in
hardness could lead to high wear as the results of structural alteration including graphitization
of the contact surface under severe condition [23], [24]. DLC is frequently deposited with a
layer of homogeneous structure excluding multilayer coating patterns. Therefore, tailoring the
properties, particularly the hardness by employing the DLC structure could promote superior

wear performance.

1.4.1 Fracture toughness for thin film

The DLC coating is associated with the deposition of the coating onto a substrate.
Therefore, the technique that was employed to examine the fracture toughness for the bulk
material is not feasible for evaluating the fracture toughness for the coating [25]. It should be
noted that the quantification of the fracture toughness of the coating is still challenging owing

to the thickness limitation of the DLC coating [26]. The measurement of the crack length
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during indentation could be utilised to evaluate the fracture toughness. On that account, the
current study applied Vickers indenter as it has been demonstrated to form bigger radial
cracks that provide better accuracy of cracks length measurement. Thus, the radial crack
formed follows the axis of diagonal of the indent and restraint the coating from secondary

crack growth and chipping [27], [28].

As shown in Figure 6, the criterion of a well-defined crack was taken as ¢ > 2a, where ¢
is half the crack length and 2a is the diagonal length of the indentation mark [29]. The plastic
zone that is prolonged under the loading condition deploys the tensile stress into the coating.
Moreover, additional stress is generated throughout the unloading condition when the
elastically strained coating started to resume to its actual shape. Nonetheless, the
aforementioned process is limited by the permanent deformation linked to the plastic zone
[30]. Radial crack on the coating is generated during the unloading process, which forms the

residual tensile stresses [31].

Frequently, the indentation on specimens leads to both elastic and plastic deformations.
In brittle materials, plastic deformation generally exists with pointed indenter including
Vickers. The amount of work for elastic/brittle fracture is the amount of work to form two
novel surfaces. The system fracture-toughness is measured by the combination of the total
work of fracture of the system and the composite modulus of the system, which include a

substrate and the coating. The fracture-toughness is denoted as;
Ky = \JGE Eqn. 1

Where K¢ is the fracture-toughness, E is the modulus of elasticity of the coating, and G
denotes the total work of fracture. The total work of fracture for elastic/brittle fracture is the

amount of work required to produce two new surfaces.
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The total system fracture toughness is obtained by combining the total work of fracture

of the system and the composite modulus of the system which encompassing substrate and

the coating. Applying boundary condition at d=0; effective fracture toughness, K, = \/Gs/E
and ¢ = ¢, yield,;

@) -] =@ -2-2)
c mc \Gy, E

Where c is the half radial crack length in the coated substrate, c, is the half radial crack
length in the uncoated substrate, E; is the modulus of the substrate, and Ef is the modulus of
the film, G5 and G are the work of fracture in the substrate, and the work of fracture in the

film, respectively.

1.5 Boundary lubrication condition

The friction and wear sensitively depended on a system comprising of coating,
lubricant (oil + additive) and counterpart. Modifications of pure carbon coatings can lead to
superior tribological properties. This kind of modification has been observed for chromium-
containing a-C:H coating beside other variables such as their structure, test environment and
temperature [15], [32], [33]. Mabuchi et al. report that a higher sp® bond in sp?sp® ratio of
DLC could result in a higher frictional coefficient under lubricated condition [34]. While high
hardness DLC could provide lower frictional coefficient and high wear-resistant as a result of
structural change at the contact area [35]. Furthermore, under relatively severe contact
conditions in boundary lubrication regime, oil additives and DLC doping elements show the

significant and beneficial influence on the wear behavior [36], [37].
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Lubrication conditions can be classified into three regions which are boundary
lubrication (BL), mixed lubrication (ML) and hydrodynamic lubrication (HL). The friction
and wear performance depends on the lubrication regimes in which the tribo system is

operated as illustrated by the Stribeck curve shown in Figure 8.

The friction coefficient and the fluid film thickness are plotted as a function of velocity,
fluid viscosity, and load. The thickness of the fluid film between two solid surfaces
determines the lubrication condition. In the view of automotive engines, the components
experience a various combination of hydrodynamic, elastohydrodynamic, boundary and even
the mixed lubrication during engine operation as the engine speed and load constantly change
[39]. Boundary lubrication mark as the severe lubrication condition where direct contact of
the surface and asperities. The friction and wear properties in this region were predominantly
determined by the interaction between the solid asperities and the lubricants. The loads were
primarily supported by the contacting surface or asperities which cause high wear.
Furthermore, plastic shearing between the asperities within contact interface leads to high
friction. In the extreme condition such as high load and low speed, high wear and friction is

not avoidable which also may cause seizure and failure of the contact surfaces. Therefore, to
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improve and realizing the excellence tribological performance under boundary lubrication

conditions, surface modification such by advance coating application could be the solution.

1.6 Purpose and research method of this work

The excellent tribological properties of DLC coating application can offer a sustainable
technological development. This could be a viable solution the modern development mainly
in the automotive components industry which involving the direct contacts between parts.
However, further research is needed to answer the remained question regarding tribological
behavior in boundary lubrication conditions. This research framework was developed base on
the hypothesis that the hard ta-C coating was experiencing mechanical wear which proceeds
with microfracture that leads to excessive wear of the coating. The mechanical wear by
means of microfracture is associated with the contact surface hardness and brittle
characteristics of the coating. Thus, two novel ta-C coatings which is Pillar ta-C and Mesh ta-

C were introduced that have hardness controlled along with the coating depth.

Thus, this study aims to clarify the effect of fracture toughness on the friction and wear
properties of ta-C coating with the different structures under boundary lubrication conditions.
Three types of ta-C coating which are conventional ta-C, Pillar ta-C and Mesh ta-C were
investigated in this study. Since both Pillar ta-C and Mesh ta-C coating newly developed,
thus focus of this study also were given to characterizes the tribological properties under

base-oil and base-oil with additive lubrication condition.

To achieve the objectives of this study, tribological testing and investigations were
scant to characterize the friction and wear phenomena under poly-alpha-olefin 4, PAO4 and
PAOA4/ Mineral oil with MoDTC and ZnDTP additive boundary lubrication condition, as well

as micro-indentation testing, to determine the fracture toughness and fracture mechanism.
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The mechanical properties and structure of the coating were first investigated by using the
Nano-indenter, atomic force microscopy (AFM), Raman spectroscopy, field emission
scanning electron microscope (FE-SEM), and transmission electron microscope (TEM).
Experimental conditions, results and interpretations are further discussed in the following

chapters.

1.7 Organization of this dissertation

This thesis presents the latest research in the field of tribological behaviors of DLC
hard coatings in boundary lubrication. The first chapter presents an overview of DLC
coatings and their tribological behaviors/mechanisms in boundary lubrication conditions, as
well as the focus and purpose of this study. Chapter 2 presents the result of the investigations
on the tribological properties of conventional ta-C, Pillar ta-C and Mesh ta-C coating/SUJ2
steel tribopair under PAO4 boundary lubrication conditions. Furthermore, Chapter 3 presents
the result of the investigations on the effect of fracture toughness on the tribological
behaviors of DLC coatings. Moreover, Chapter 4 presents the outcomes of the investigation
of the effect of MoDTC and ZnDTP additives oil on the tribological properties of
conventional ta-C, Pillar and Mesh ta-C. Lastly, Chapter 5 summarized all the findings of this

dissertation. Figure 9 graphically presents the organization of the dissertation.
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Chapter 2

Effect of Pillar and Mesh Structure

of Tetrahedral Amorphous Carbon
(ta-C) Coating on Friction and Wear
Properties under Base-oll
Lubrication Condition

2.1 Introduction

Diamond-like carbon (DLC) coatings are known as remarkable features applied as the
solid lubricants because of low friction, high hardness as well as wear resistance and
chemical inertness. Presently, the DLC coating has been widely utilized in various industrial
applications to reduce friction and wear, particularly in the automotive industry. As such, this
industry continuously is pursuing lower energy loss and low gas emissions. In order to
achieve legal regulations in relation to energy efficiency and greenhouse gas emissions, DLC
coatings could be a promising surface material applied on extremely stressed components of

internal combustion engines to reduce friction and to extend component lifetime [8].

DLC is divided into two major categories, namely the hydrogenated amorphous carbon
(a-C:H, ta-C:H) and the hydrogen-free amorphous carbon (a-C, ta-C). Both hydrogenated
amorphous carbon (a-C:H) and hydrogen-free tetrahedral amorphous carbon (ta-C) coatings
offer low friction performance and excellent wear resistance with diverse characteristics of

friction and wear properties owing to their particular hydrogen contents and microstructure
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[15]. Friction and wear sensitively rely upon system encompassing surface material,
lubricants (oil and additive), environment (temperature, humidity) and lubrication condition
[8], [15], [32], [33], [40]-[45]. It should be noted that most engine components are operated
in the boundary lubrication regime. Under moderately severe contact conditions in the

boundary lubrication regime, direct contact occurs between the sliding surfaces.

Numerous studies have conducted the friction test under the boundary lubricated
regime for DLC coating [36], [46]-[48]. Nevertheless, many researchers studied the effect of
different lubricating oil and additive to the tribological performance of the DLC coatings.
Under appropriate base oil and lubricant additives, the tribological performance of various
types of DLC coating provides ultra-low friction and high wear resistance [49]. Oil additives
and DLC doping elements demonstrated substantial and valuable impact on the wear
behavior [36], [37]. Nonetheless, evidence has shown that the use of oil additives containing
phosphorus and sulfur results in substantial harmful effects to the environment upon the

refinement process [50].

High hardness material commonly provides a higher wear resistance compared to the
low hardness material under a moderate experimental setup. Nevertheless, with a severe
condition, hard and brittle material with lesser crack resistance results in coating damage due
to microfracture. Wear by means of fracture-induced, which has been regarded as a
significant wear mechanism of brittle material can increase approximately ten times
compared to abrasive wear [51]. In the case of DLC coatings, wear is accelerated by a
through-thickness crack that causes spalling of the coating [22]. Furthermore, low hardness
coating that forms of high fraction sp? carbon atoms also results in high material removal

rates under severe conditions due to the structural modification such as graphitization of the
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contact surface [23], [24]. The hardness of the DLC coating depends on the fraction of the sp®

and sp? carbon structure [52].

Many studies have focused on the ta-C and a-C:H coatings, which demonstrated high
wear or damage to the coating as the sliding distance, speed, temperature, and load are
increased. According to a study by Ronkainen et al. [15], ta-C coating shows high wear
resistance in contrast to the a-C:H, however, the ta-C coating created larger wear on the
counterpart material. Superhard hydrogen-free ta-C coatings are denoted by a high fraction of
tetrahedral bonded (sp®) carbon atoms [10]. A study by Al Mahmud et al. [32] revealed that
the coefficient of friction (CoF) for both ta-C and a-C:H coatings decreased and largely
affected by the coating graphitization that consequently increased the wear rates. This finding
is in agreement with a previous study by Tasdemir et al. [45], where the ta-C coating had
limited durability causing high wear rates at high temperatures. In addition, the ta-C
performance also degraded due to an increase in the sliding distance and load when ta-C
slides against steel in pure base oil lubrication due to fracture-induced wear. These led to
coatings worn out due to polishing wear combined with tribo-chemical wear [33]. Notably,
several studies have shown that a-C:H coating had larger wear rates under a similar

experimental condition with ta-C coating [23], [53].

Commonly, DLC is deposited with a layer of the homogeneous structure except for
multilayer coating design. The current research introduced and investigated a novel Pillar and
Mesh ta-C with as-deposited pillar and mesh structure. At present, investigation on the as-
deposited coating structure and its influence on the tribological performance have been scant.
Therefore, the current study is aimed to investigate the tribological features of the as-
deposited pillar and mesh-type structure of tetrahedral amorphous carbon coating under base-

oil lubrication conditions. Unlike the aforementioned DLC, Pillar and Mesh ta-C coating
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properties are unique for its’ pillar-like and mesh-like structure, which is characterized by the
hardness controlled DLC in the direction of the coating thickness. This novel DLCs consists
of a softer topmost surface layer (sp>~rich mesh structure) and hard substrate-side layer (sp*~
rich conventional ta-C), proposed to improve both frictions and wear resistance of the

coating.

2.2 Experimental details

2.2.1 Materials and lubricants

Cylindrical pin and disk were made of high carbon chrome steel (SUJ-2). Three forms
of tetrahedral amorphous carbon (ta-C) supplied by the Nippon ITF Incorporated. These three
forms of ta-C were described by the structure, which is conventional tetrahedral amorphous
carbon (ta-C), pillar tetrahedral amorphous carbon (Pillar ta-C) deposited with pillar
structure, and mesh tetrahedral amorphous carbon (Mesh ta-C) deposited with mesh structure.
All three forms of ta-C coating were produced through physical vapor deposition (PVD).
Additionally, fluid polishing was applied to remove the droplets on the coating surface that
originate from the deposition process, which could affect the tribological performance of the
coating. The base-oil applied in this research was poly-alpha-olefin 4 (PAO4) with a viscosity
of 6.11 mm?/s and a pressure-viscosity coefficient of 12.85 GPa™* at 80 °C. The application of
additive-free oil in this research permits the evaluation of the performance on the friction and

wear of the DLC coating itself devoid of any impact from the additive in the lubricant.

Chapter 2: Effect of Pillar and Mesh Structure of Tetrahedral Amorphous Carbon (ta-C) Coating on Friction and Wear
Properties under Base-oil Lubrication Condition

22



/ Graphite target

i-ll_ Substrat I>I
upstrate _Il'g

HH Iﬂ

Arc

evaporation
source =F, Bias power supply

Exhaust ;1:

Figure 10 Schematic diagram of arc PVD equipment [18]

N

Conventional DLC

Substrate

Deposition temperature

Hardness

(a)
N .

Pillar ta-C o g
c s &
= Mesh ta-C 200 °C "© 5
] ;;;’ A
Tl e bt e s e =y
3= 150 °C a8
n P fpgf e == jama U]
g, =
]
A Substrate

Deposition time
(b)
Figure 11 Deposition method and material concept of (a) conventional ta-C , and (b) novel

Pillar and Mesh ta-C coating [18]

Chapter 2: Effect of Pillar and Mesh Structure of Tetrahedral Amorphous Carbon (ta-C) Coating on Friction and Wear
Properties under Base-oil Lubrication Condition



2.2.2 Details characteristic of Pillar ta-C and Mesh ta-C coating

development

2.2.2.1 Deposition method and concept

Figure 10 illustrates the arc PVD equipment used to deposit hydrogen-free (H-free)
DLC. Conventional ta-C and newly developed Pillar and Mesh ta-C DLC were deposited
using the arc PVD equipment (M720) that could produce an arc discharge on a solid graphite

target.

Typically, ta-C coating was deposited using the PVD method by controlling the
deposition temperature below 150 °C by means of the cooling system during the coating
growth as in Figure 11(a). Nevertheless, for the Pillar ta-C and Mesh ta-C deposition process,
the substrate was heated up from room temperature to 200 °C continuously during the
deposition process as illustrated in Figure 11(b). The hardness of the DLC coating decreased
due to heating during the deposition process. By controlling the temperature distribution, the
substrate-side coating is harder compared to the topmost surface coating. This feature is
expected to reduce the effect of fracture-induced wear which is one of the reasons for ta-C

coating short lifespan.

2.2.2.2 Coating structure

Transmission electron microscope (TEM) was used to observe the deposited ta-C, Pillar
and Mesh ta-C structure. All samples were cut using a focused ion beam (FIB). Subsequently,
the cross-sectional surface was observed using TEM H9000 UHR at an acceleration voltage
of 300kV. The TEM images of the conventional ta-C, Pillar ta-C and Mesh ta-C are shown in

Figure 12.
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Figure 12 Cross-sectional TEM images of (a) conventional ta-C, (b) Pillar ta-C, and (c) Mesh

ta-C [18]

(2) (b)

Figure 13 Bright-field scanning transmission electron microscopy (BF-STEM) reticulated

structure images of (a) Pillar ta-C and (b) Mesh ta-C

Figure 12(a) demonstrates that the structure of conventional ta-C did not undergo
changes from the substrate to the surface of the coating. The structure can be classified as
homogenous despite the presence of some micro-particles. On the other hand, Pillar ta-C and

Mesh ta-C demonstrates a white layer that is located at a quarter of the coating thickness as
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(a) (b)

Figure 14 Crystallinity evaluation at the specific area result for (a) Pillar ta-C and (b) Mesh

ta-C

observed in Figure 12(b) and Figure 12(c), respectively. Moreover, the magnified image of
the white layer as shown in Figure 13(a) and Figure 13(b) illustrates the reticulated structure

growth from a microparticle, which is a feature of the arc technique applied for deposition.

The crystallinity analysis was conducted by electron diffraction method using Field
Emission Electron Microscope JEM2100F, with 200 kV and 10° A acceleration voltage and

absorbed current, respectively. Crystallinity assessment was performed at a specific area as
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demonstrated in Figure 13(a) and Figure 13(b), where there were the distinct structures
observed. The results of electron diffraction of both coatings are shown in Figure 14. At the
diffraction spot indicated by number (i) for Pillar ta-C and Mesh ta-C coating, 0.34 nm and
0.35 nm diffraction image were observed, as shown in Figure 14a(i) and Figure 14b(i). This
indicates the existence of a crystalline graphite microstructure in the Pillar and Mesh ta-C
coating. Likewise, the crystallinity investigation at the spot indicates by number (iii) reveals
the evidence of amorphous with the disordered pattern. On the other hand, no characteristic
structure was observed for conventional ta-C coating, where only diffused disordered patterns

observed, which indicates that it only consists of an amorphous structure.

2.2.3 Tribological experiments

The friction tests were performed via the cylindrical pin-on-disk tribo-tester, Figure
15(a) under boundary lubrication regime with a constant normal load of 5, 10 and 20 N on the
DLC-coated cylindrical pin, corresponds to the maximum Hertzian contact pressures of 156,
220, and 311 MPa, respectively. The cylindrical pin holder, Figure 15(b) designed so it could
create a large interference fit where it results in the large area of the cylindrical pin contact,
and thus prevent the cylindrical pin from rolling during friction test. The cylindrical pin-on-
disk tribo-tester method is mainly used for investigating the link between wear mechanisms,
and the parameters including the contact pressure, sliding velocity, and environmental
conditions. Cylindrical pin-on-disk can simulate the real line contact condition in the

engineering application of sliding components (main bearing, etc.) inside the engine.

The DLC-coated cylindrical pin was rubbed against an uncoated SUJ-2 disk positioned

6.65 mm eccentrically from the center of the disk under a pure sliding condition through
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Friction force

DLC coated pin

\y Lubricant

SUJ-2 disk

(b) (c)
Figure 15 (a) Tribo-tester schematic and cylindrical pin-on-disk configuration, (b) cylindrical

pin holder fixture with a pin attached, and (c) schematic diagram of the worn cylindrical pin

fixing the cylindrical pin to the upper jig to prevent it from rotating. Additionally, the disk
was fixed on the lower holder, which was positioned on the rotary turntable. The speed and
temperature of the tests were fixed at 0.068 m/s (100 rpm) for 60 minutes that corresponds to
250 m of sliding distance and 80 °C, respectively (Table 1). Both cylindrical pin and
counterpart disk were making sure submerged under the PAO4 oil level at which heat was
applied to uphold 80 °C temperature during the friction test. The dimensions of the
cylindrical pin were 5 mm diameter and 5 mm length, whereas disk of 22.5 mm diameter and
4 mm thick were used in all experiments. In order to ensure the verification and

reproducibility of the findings, each friction test were replicated three times. Liquid benzene
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Table 1 Friction test setup parameters

Experimental setup

Specimens (Cylindrical pin) ta-C
Pillar ta-C

Mesh ta-C

Specimens (Disk) SuJ-2
Hardness: 9.9 GPa

Ra: 0.01uym

Rotation speed (m/s) 0.068
Constant normal load (N) 5,10, 20
Temperature (°C) 80
Lubricant PAO4
Duration (minutes) 60

and acetone was used as a cleaning agent in an ultrasonic bath to eliminate any contaminants

on the DLC-coated cylindrical pin and disk.

Wear volume loss and specific wear rates of the DLC-coated cylindrical pin were
quantified via Archard wear equations by calculating the width of the worn area by assuming
that the shape of the wear track is rectangular-shape Figure 15(c) observed under the optical

microscope as below:

k:F_s Eqn.3

V=2l erz - xzdx Eqn. 4
r2— E

Where k denotes the dimensional wear rates, F characterizes the applied normal load, s
indicates the sliding distance, V symbolizes wear volume loss, d denotes the wear track

width, | and r indicates the cylindrical pin length and radius, respectively. The relation
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between the lambda ratio (4) and the minimum film thickness (hmin) for a rectangular shape

are given by Eqn. 5, and hmin are quantified using Eqn. 6[54];

A= hmin
’Rg_a +Rz, Eqn. 5
hpin = 1_806(WZ')—O.128(noﬁ)o.694(0.568Rx0.434 Eqn. 6

Where;

Rq.a = roughness of the coated cylindrical pin

Rq.b = roughness of the disk

w,, = load per unit width (N/m)

no = absolute viscosity at 0 Pa pressure and constant temperature (Pa.s)
i = mean surface velocity (m/s)

¢ = pressure-viscosity coefficient (m?/N)

Rx = effective radius of the cylindrical pin

The calculated film parameter was less than unity which indicates that the friction tests

are initially under the boundary lubrication regime.

2.2.4 Surface analysis

NANOPICS 1000 Elionix ENT-1100a Nanoindenter was utilized to quantify hardness
and Young’s modulus of the DLC coatings. The surface average roughness, Ra was
quantified via AFM (SPM-9700HT), and the structure of the DLC was characterized by the
Raman spectroscopy (NRS-1000 Laser, Jasco Inc., Japan) through Ilaser excitation
wavelength of 532 nm with detection depth of within 300-600 nm [55]. The worn area of the

cylindrical pin and disk were examined by optical microscope, FE-SEM (JEOL, JSM-
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Table 2 Mechanical properties of the ta-C, Pillar ta-C and Mesh ta-C coatings

) Disk Cylindrical pin

Properties

ta-C Pillar ta-C =~ Mesh ta-C
Dimension (mm) 22.5x4 5x5 5x5 5x5
Substrate material SUJ-2 SUJ-2 SUJ-2 SUJ-2
Coating method - PVD PVD PVD
Thickness (um) - 0.8 1.65 1.17
Elastic modulus, Ef (GPa) 275.5 661 110 232.1
Hardness, H (GPa) 9.9 78.3 11.0 27.5
Roughness, Ra (um) 0.010 0.021 0.055 0.026

7000FK), and AFM. Table 2 demonstrates the mechanical properties of the DLC-coated

cylindrical pin and disk.

2.3 Result and discussions

2.3.1 Friction properties for DLC films under PAO4 boundary

lubrication

The coefficient of friction plotted against the load for all three distinct DLC coatings
sliding on-to SUJ-2 disk in PAO4 lubrication are illustrated in Figure 16. The CoF for Mesh
ta-C was varied from 0.06 to 0.08. Furthermore, it possesses a similar pattern and range as
observed in ta-C results for all loads examined regardless of the high as-deposited average
surface roughness of the Mesh ta-C in contrast to ta-C coating. In addition, the Pillar ta-C
coating possesses the slightly higher value of CoF at 20 N loads as a result of high average

surface roughness of the contact surface on both coating and SUJ-2 disk. Although the CoF
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Figure 16 CoF result for ta-C, Pillar ta-C and Mesh ta-C coated specimen as a function of

load

Table 3 Calculated lambda ratio A for ta-C, Pillar ta-C, and Mesh ta-C coatings

Before friction test After friction test

ta-C 0.27 0.46
Pillar ta-C 0.12 0.16
Mesh ta-C 0.24 0.75

for the Mesh ta-C is comparatively high in contrast to the ta-C at lower load, the CoF reduced
and had approximately same results with ta-C once the load rise to 20 N. Based on the cross-
sectional view of the Pillar and Mesh ta-C coating as illustrated in Figure 12(b) and Figure
12(c), the as-deposited Pillar and Mesh ta-C surface contains micro asperities, which is
supported by the high average roughness of the coating. With the rise in load, the micro-
asperities removal rates have elevated and reduced the roughness of the contact surface. This

leads to a smoother contact surface as discussed in section 2.3.3.2.
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There was no transition in the lubrication regime where the calculated lambda ratio A
after the friction test is less than 1 as shown in Table 3. Since the calculated lambda ratio for
every specimen used indicated that the friction test was conducted in the boundary lubrication
regime, solid asperities of the coating has become the main mechanism for the improved
tribological performance which dominated the contact rather than the oil film. But it is
important to note that the lambda ratio measured in the case of Mesh ta-C increased to 0.75
which indicates that the friction test was approaching closer to the mixed lubrication regime.
This characteristic could explain the reduction of friction coefficient results by allowing the

formation of a thicker oil film.

2.3.2 Wear characteristic of DLC films in PAO4 oil under

boundary lubrication

The detailed specific wear rates for every friction test were quantified on the DLC-
coated cylindrical pins as to understand the influence of DLC structure on wear behavior and
respective wear mechanism of Mesh ta-C coated specimens with regard to the applied loads.
Figure 17 and Figure 18 demonstrate the findings of wear volumes and specific wear rates for
all three forms of DLC coatings towards applied normal loads. Wear volumes for all

examined DLC rise with distinct rates as the normal load increased.

From the optical microscope images shown in Figure 19, and Figure 20, and FE-SEM
images shown in Figure 21, there were no tribofilm derived from the oil can be detected.
Since the friction test was conducted in the PAO4 base oil which characterizes by its high
thermal and oxidative stability, the possibility of tribofilm derived from the oil to form is

relatively low.
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Figure 18 Specific wear rates result for ta-C, Pillar ta-C, and Mesh ta-C coated specimen as a

function of load
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The ta-C demonstrated severe wear with the increase in applied load, there was a linear
increase in the wear volume of ta-C with the applied loads. As illustrated in Figure 19(a),
partial spalling and delamination were observed on the contact area for the ta-C coating for
entire tested loads. The number of partial spalling elevated with the increase in the load.
Furthermore, the color transfer layer was observed at the edge of the wear track, which is

discussed in section 2.3.3.1.

As for the Pillar ta-C, the wear scar width produces on the coating is not uniform
(evident of ductile wear) as shown in Figure 19(c). Deep grooves and spallation observed in
the area where the wear track width is not uniform. The hypothesis of these phenomena to
occur is due to the nature of the pillar structure failed to absorb the radial force-induced

friction test.

The Mesh ta-C demonstrated excellent wear resistance to entire applied loads. The wear
rates of the Mesh ta-C specimens are extremely low (1.5 — 4.3 x 10° mm3/Nm) for the entire
applied loads. The wear rate of Mesh ta-C coating is approximately 21 times lesser than
specific wear rates of ta-C coating at 20 N loads examined. It should be noted that the wear
volume of Mesh ta-C had no impact on the increased applied loads. Figure 19(e) illustrates
that there is no formation of micro-crack or partial delamination on the wear track of Mesh
ta-C. In some way color transfer layer or wear debris left near the wear track, which is

elaborated in section 2.3.3.1.
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2.3.3 Worn area analysis

2.3.3.1 Raman spectroscopy and FE-SEM analysis

Raman spectroscopy is a non-destructive instrument for depicting crystalline, nano-
crystalline, and amorphous carbons. Raman spectroscopy examination was performed to
quantify the alteration in the structure following the friction test. Raman spectra of disordered
graphite demonstrate two quite sharp modes, the G peak almost 1580-1600 cm™ and the D
peak around 1350 cm™. Raman spectra are sensitive to carbon alteration, and are linked
mainly to the variations of the sp? phase and only weakly to the sp® phase [56]. Two main
indicators demonstrate graphitization is the increase of Ip/lg ratio, together with the shifting
of G-peak to a higher position as depicted by the red dashed line in Figure 19(b), Figure

19(f), and Figure 20(b).

Graphitization of the DLC coating in base oil condition may occur either by the
friction-induced heating under contact or high contact/shearing stress condition. However, the
temperature-induced graphitization for the DLC requires up to 250 °C of contact temperature
to occur, and the actual contact surface temperature also reported to be 100-130 °C higher
than the pre-set test temperature as a result of contact area reduction [57]. Furthermore, the
transition temperature for graphitization to occur becomes lower with the presence of

hydrogen in DLC [58]-[61].

The colored layer observed in the wear track and adjacent to the edge of wear track of
ta-C was assessed by the Raman spectroscopy along with samples of Pillar ta-C, Mesh ta-C,
and on every counterpart SUJ-2 disk. The quantification performed at four distinct points for

DLC coated cylindrical pin, which is inside and outside of the wear track, black/color wear
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Figure 19 Optical microscope images of the wear track on DLC coated cylindrical pin for (a)

ta-C, (c) Pillar ta-C, and (e) Mesh ta-C; and Raman spectroscopy result of the specific points

for (b) ta-C, (d) Pillar ta-C, and (f) Mesh ta-C for normal load of 20 N
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Figure 20 Optical microscope images of the wear track on SUJ-2 disk counterpart for (a) ta-
C, (c) Pillar ta-C, and (e) Mesh ta-C; and Raman spectroscopy result of the specific points
measured on the SUJ- 2 disk for (b) ta-C, (d) Pillar ta-C, and (f) Mesh ta-C for normal load of

20N
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debris inside and adjacent to the edge of wear track for ta-C, Pillar ta-C, and Mesh ta-C as
illustrated in Figure 19(a), Figure 19(c), and Figure 19(e), respectively. Furthermore, Raman
analysis performed at three points on SUJ-2 disk for each counterpart of ta-C, Pillar ta-C, and
Mesh ta-C as shown in Figure 20(a), Figure 20(c), and Figure 20(e), respectively. Recent
studies have shown that friction-induced graphitization at the sliding interface results in
excellent DLC tribological performance through friction reduction and increase wear
resistance [62], [63]. The transferred graphite-like layer to the sliding interface can provide
excellent tribological performance as a result of the synergetic effect of the lubricant and the

DLC.

Raman analysis on the wear track and outside of the wear track for ta-C demonstrates
no formation of graphitization as illustrated in Figure 19(b). Nonetheless, the quantification
carried out at the color wear debris adjacent to the border of wear track demonstrates the
graphitization of the ta-C coating with the rise in intensity ratio from 0.24 to 2.02. The
structural alteration in ta-C was demonstrated by X. Deng et al. [64], which indicated that the
graphite structure partially formed under high-temperature tribology testing. Regardless of
graphitization, the ta-C coating also shows low friction and reduced wear resistance when
slides against steel at a temperature of 80 °C and above as a result of thermally activated
tribo-chemical interaction between carbon and ferrous atoms [45]. Optical microscope image
of the SUJ-2 counterpart material of ta-C show black transferred layer on wear track as
shown in Figure 20(a). Raman analysis on this transferred layer reveals high-intensity ratio
which confirms as the transferred graphitized layer from the ta-C coating during friction test
as shown in Figure 20(b). For the ta-C coating against the steel contact, abrasive wear was
observed on the sliding surface when lubricated in PAO4 and the coatings gradually damaged
through brittle micro-fracture in the protruding part, which then advances to spalling and

delamination of the coatings [9], [32], [35], [44].
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Furthermore, Raman analysis results on the wear track of Pillar ta-C and SUJ-2
counterpart disk are shown in Figure 19(d) and Figure 20(d), respectively. The as-deposited
Pillar ta-C coating is formed in combination of sp? and sp® phase, in which it results in a high
In/lg ratio of 1.55 as compared to the conventional ta-C which is 0.24. The comparison made
between the measured Ip/lc ratio at every point inside the wear scar and the as-deposited
Pillar ta-C show almost similar value which indicates that there was no structural
transformation even after the friction test. For the measurement on the wear track of SUJ-2
counterpart disk, it also revealed that there was no indication of transferred film from the
Pillar ta-C coating, except the Raman spectra shows a sharp D-peak at measurement point
number 2 and 3 which can be explained as the oxidize hematite (a-Fe203) phases at 290 and

1310cm™ peak position [34], [52], [65]-[67].

Figure 19(f) demonstrates the finding of the Mesh ta-C Raman analysis, where the as-
deposited structure also was formed in combination of sp? and sp® phase. Moreover, the
quantification carried out inside the wear track illustrates that the Ip/lg ratio elevated from
0.88 to 1.33. This characterizes the structural transformation to higher intensity
graphitization. Therefore, regardless of the alteration in the average roughness of the as-
deposited Mesh ta-C, the graphitization process could also characterize the CoF reduction.
Furthermore, the increase in the intensity ratio does not affect the wear performance of Mesh
ta-C coating. The Mesh ta-C could prevent the shearing of the graphite-like layer formed on
the rubbing surface which results in high wear resistance of the coating. Additionally, the
Raman analysis Figure 20(f) conducted on the SUJ-2 disk counterpart material shows no
evidence of graphite-like structure being transferred as what can be observed in the case ta-C
coating. However, Raman analysis on the scratch mark observed on the SUJ-2 disk Figure
20(f) shows only a D-peak similar to the SUJ-2 disk counterpart for Pillar ta-C, which the

existence of oxidize hematite (a-Fe>O3) phases.
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Figure 21 FE-SEM images of the wear track of DLC coated cylindrical pin for (a) ta-C, (b)

Pillar ta-C, and (¢) Mesh ta-C for normal load of 20 N
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The FE-SEM image for ta-C Figure 21(a) demonstrates brittle micro-crack inside and
near to the edge of wear track. This micro-crack turns into severe and propagates to the edge
of wear track when the load is elevated. Based on FE-SEM image, it is well-established that
the crack is a through-thickness crack, which then results in the spalling out and delamination
of the coatings that function as the abrasive wear particles that quicken the wear. The findings
of the wear track for the friction test of 10 N loads as illustrated in Figure 25(a) also indicates

numerous micro-cracks that propagate and impair the coating.

Moreover, Figure 21(b) shows the FE-SEM image of the wear track on the Pillar ta-C
coated pin. The wear track of the Pillar ta-C demonstrates the micro-crack formation which
results in the spallation of the coating. Nonetheless, the number of the crack formed and
spallation on the Pillar ta-C is less the crack formed on the conventional ta-C. In addition, the
surface of the wear track contains numerous asperities which are supported by the high

surface roughness of the coating that results in a high friction coefficient.

With regard to Mesh ta-C, the presence of several areas along the wear track
demonstrates the non-uniform wear track width. This could be the consequence of the plastic
deformation for the wear of ductile material [68]. In addition, there were no formations of
micro-crack or delamination observed inside the wear track of Mesh ta-C. Nonetheless,
micro-cracks were observed adjacent to the spot where spalling occurs, Figure 21(c) observed
by FE-SEM. The crack has been shown to lead to the partial spallation of the coatings.
Nevertheless, this micro-crack is not a category of through-thickness crack as it leads to

partial spalling without any indication of coating delamination.
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2.3.3.2 AFM analysis of worn surface

In order to elucidate the wear mechanism and behavior of ta-C, Pillar ta-C, and Mesh
ta-C, the surface examination was performed on the wear track of both DLC coated
cylindrical pin and SUJ-2 disk by AFM. The measurement areas were fixed at 50 x 50 um to
capture the surface of inside and outside of the wear track. Figure 22, Figure 23, and Figure
24 demonstrate the findings of AFM quantification on both coated cylindrical pin and SUJ-2
disk surface for ta-C, Pillar ta-C, and Mesh ta-C respectively after 1-hour friction test at 20 N

loads.

Examination of the ta-C coated cylindrical pin indicates numerous spots with spallation
of the coating and also several deep grooves were observed on the wear track as
demonstrated in Figure 22(a). The surface profile of ta-C coated cylindrical pin wear track as
illustrated in Figure 22(c) with an average roughness of 8.39 nm. Whereas the SUJ-2 disk
also demonstrates clear deep grooves marks with an average roughness of 12.14 nm as in Fig.
Figure 22(d). This verifies the spalling fragments of ta-C accumulated at the mating surface
and functions as abrasive particles causing a severe scratch on the SUJ-2 mating surface. A
combination of the micro-crack of the ta-C coating as described in section 2.3.3.1, spalling
and abrasion by the mounted up ta-C fragments cause severe wear of the coating. Since ta-C
is harder in contrast to SUJ-2 steel disk, it produces rough abrasive wear scratch lines
corresponding to the sliding direction by means of the fragments of abrasive particles.
Tasdemir et al. [53] demonstrated that wear behavior of the ta-C cylindrical pin lubricated

with PAO4 indicated that wear occurs as polishing for DLC/steel contact.

For the Pillar ta-C as illustrated in Figure 23(a), a deep scratch mark on the surface of

wear track is evident in contrast to as deposited. Besides that, the surface profile is illustrated
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Figure 22 AFM images of the wear track for (a) ta-C coated cylindrical pin (b) SUJ-2 disk;
and surface profile measured on the wear track for (c¢) ta-C coated cylindrical pin, and (d)

SUJ-2 disk for normal load of 20 N

in Figure 23(c) where the average roughness of Pillar ta-C wear track decreased from 54.41
nm to 38.34 nm. But, the surface roughness not significant as it still shows the most roughers
surface as compared to the ta-C and Mesh ta-C coatings. On the other hand, the counterpart

material SUJ-2 disk as shown in Figure 23(b) indicates the scratch mark at numerous contact
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Figure 23 AFM images of the wear track for (a) Pillar ta-C coated cylindrical pin (b) SUJ-2
disk; and surface profile measured on the wear track for (c) Pillar ta-C coated cylindrical pin,

and (d) SUJ-2 disk for normal load of 20 N

points with the quantified average surface roughness of 16.83 nm, which is also become the
roughest surface of counterpart SUJ-2 disk. This phenomenon explained the result of the high

friction coefficient recorded for Pillar ta-C as compared to the other coating.

For the Mesh ta-C, the wear track average roughness reduced nearly 3.5 times to 7.42
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Figure 24 AFM images of the wear track for (a) Mesh ta-C coated cylindrical pin (b) SUJ-2
disk; and surface profile measured on the wear track for (c) Mesh ta-C coated cylindrical pin,

and (d) SUJ-2 disk for normal load of 20 N

nm. The surface profiles of the wear track quantified on the Mesh ta-C coated cylindrical pin
also indicates smoothers surface in contrast to as-deposited Mesh ta-C as illustrated in Figure
24(a) and Figure 24(c). Further examination on the mating material SUJ-2 disk exposes

polishing effects that decrease the disk roughness by 2 times from 10 nm to 5.07 nm as
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Figure 25 FE-SEM images of the wear track for (a) ta-C, (b) Pillar ta-C, and (c) Mesh ta-C

coated cylindrical pin for an applied normal load of 10 N

illustrated in Figure 24(b) and Figure 24(d). The profile of the wear track on the SUJ-2 disk
had less deep scratch marks owing to hard abrasive particles generated during friction test.
Thus, friction reduction in Mesh ta-C was largely contributed by the surface smoothening
which increases the lambda value from 0.24 to 0.75 after the friction test. This would favor
the friction reduction by allowing the formation of a thicker oil film. Surface enhancement by
solid nanoparticles has been reported to play an important effect that would reduce the
friction and provide high wear resistance through interaction on the sliding surface [69]. But
for the case of additive-free lubricant, the surface enhancement could be achieved by
controlling the amount and size of abrasive particle produce during the friction test. Thus, the
wear mechanism of the Mesh ta-C could be described through the inhibition of the micro-

crack of the coating that prevents the generation of high hardness abrasive particles.

2.3.4 Crack resistance of the Pillar and Mesh ta-C

The Pillar ta-C and Mesh ta-C that is made up of sp?-rich mesh structure offer excellent
wear resistance despite the fact that the hardness of the Pillar and Mesh ta-C coating is nearly

seven and three times lesser than the hardness of ta-C coatings, respectively. The
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Figure 26 Radial crack length measured after indentation test under 0.3, 0.5, and 1.0 kgf loads

advantages of the Pillar and Mesh ta-C can be explained by the hardness, which has increased
along with the coating depth from the topmost surface to the substrate. This leads to the
prevention of the coating failures due to brittle micro-crack that results in coating spalling out
and delamination. C. Charitidis et al. demonstrated that layered structure (sequence of
soft/hard carbon layers) causing thick, stable and sp® rich films demonstrates improved
adhesion strength in contrast to those that are rich in sp? content. This could sustain coating
cracking without debonding. Layered structure coatings display nearly full elastic response,

while on films rich in sp? content demonstrates massive brittle fragmentation [70].

As illustrated in Figure 21 and Figure 25, the Pillar ta-C and Mesh ta-C coating lack
any brittle cracking and micro-fracture as compared to the conventional ta-C. Lesser micro-
crack and spallation of the coating is observed on the wear track of Pillar ta-C. Furthermore,
only a tiny crack without any evidence of spalling and delamination can be observed for
Mesh ta-C coating. Moreover, the coating can be considered for transforming elastically in
order to absorb the friction force during the test. Nonetheless, it is clear that crack is formed

on the ta-C cylindrical pin even at a lower load, Figure 25(a). The brittle type cracking
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observed on the cylindrical pin caused micro spalling and delamination, which formed high

hardness fragments that abrasively accelerate the wear.

To further clarify the high crack resistance of Pillar ta-C and Mesh ta-C as compared to
the ta-C coating, a micro-indentation test was conducted on both types of coating deposited
on the Si-substrate. The radial crack length was measured from the center of the indentation
mark to the crack tip. The result of the radial crack length was simplified in Figure 26 by

averaging the crack length of 6 indentations test.

Mesh ta-C demonstrates the shorter radial crack length for all indentation loads applied,
followed by the Pillar ta-C. The conventional ta-C shows the longest crack length, revealing
poor fracture resistance of ta-C coating. By introducing the structure to the ta-C, the fracture
toughness of the coating increased, and thus could prevent the crack propagation that
progress into spalling and delamination of the coating. The soft structure sp? phase terminates
the crack propagation through energy release by plastic deformation leads to film toughness
enhancement [71]. This is supported by the latest finding by X. Sui et al. [72] which reported
that high crack propagation resistance and elastic recovery capability through multilayer
design of hard and soft film result in excellent tribological performance. Moreover, increased
elastic recovery by means of reducing the plastic deformation area results in improved

coating toughness [73], [74].

Figure 27(a), Figure 27(b), and Figure 27(c) show the FE-SEM images of the
indentation mark on the ta-C, Pillar ta-C and Mesh ta-C coating, respectively. It is evidenced
that the diagonal length of the indentation mark on ta-C, Pillar ta-C and Mesh ta-C is
identical even though the ta-C is seven and three times harder than Pillar ta-C and Mesh ta-C,

respectively. Furthermore, investigation of the radial crack and the indentation mark reveal

Chapter 2: Effect of Pillar and Mesh Structure of Tetrahedral Amorphous Carbon (ta-C) Coating on Friction and Wear
Properties under Base-oil Lubrication Condition



Figure 27 FE-SEM images of indentation mark and radial crack formed on (a) ta-C, (b) Pillar

ta-C, and (c) Mesh ta-C coatings; and magnified indentation mark of (d) ta-C, (e) Pillar ta-C,

and (f) Mesh ta-C for 1.0 kgf indentation loads

different crack type between ta-C and Pillar ta-C/Mesh ta-C. The radial crack formed on ta-C
coating is finer as compared to radial crack formed on Pillar and Mesh ta-C sample. The ta-C
coating also demonstrates a fine layer cracking pattern inside the indentation mark as shown
in Figure 27(d), which is explained by the inability of the coating to undergo elastic/plastic
deformation under loading conditions causing brittle cracking. A large number of transverse
cracks in and around the indentation mark can be observed due to the high hardness and

brittle characteristic of ta-C coating.

Moreover, investigation of the indentation mark of Pillar and Mesh ta-C coating shows
a distinct crack type where each crack was not connected as shown in Figure 27(e) and Figure
27(f), respectively. This proves the hypothesis that both Pillar ta-C and Mesh ta-C undergoes

elastic/plastic deformation to absorb the induced tensile stress upon loadings, which result in
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ductile cracking. The intersection effect and soft sp? structure could restraint the crack
propagation in Pillar and Mesh ta-C. In addition, the as-deposited Pillar and Mesh ta-C top
surface form in a combination of sp? and sp® carbon phase as compared to the only sp® that
exist in conventional ta-C. This feature has been reported to provide high toughness coating
with a relatively low hardness as the sp® contents reduce [74]. Thus, the reasons for higher
wear rates of the Pillar ta-C as compared to the Mesh ta-C coating is the lower hardness of

the contact surface as well as slightly lower fracture resistance.

2.4 Conclusion

The current study examined the effect of Pillar and Mesh structure DLC coating on
tribological performance, particularly with regard to friction and wear in base-oil lubrication
conditions. The findings of the friction test revealed that the Mesh ta-C had a similar pattern
and value of the friction coefficient to that of ta-C. Apart from that, there were no graphitized
transferred-film found on the SUJ-2 disk for Pillar and Mesh ta-C. Mesh ta-C friction
reduction is explained by the surface smoothening due to the polishing effect. With regard to
wear, both Pillar and Mesh ta-C offers good wear resistance in contrast to the ta-C.
Furthermore, specific wear rates of the Mesh ta-C at high load decreased by 93% in contrast
to the ta-C at a nearly similar coefficient of friction. Raman analysis of the Pillar and Mesh
ta-C and its counterpart worn area shows the reduction of wear effect due to the formation of
graphite-like structure on the contact surface. Examination of the wear track of the Pillar and
Mesh ta-C coated cylindrical pin demonstrates the deterrence of crack initiation and
propagation, where there was a lack of evidence pertaining to cracks in contrast to the ta-C.
Also, Pillar and Mesh ta-C could sustain the induced tensile stress by elastic/plastic
deformations as confirmed by the indentation test. Moreover, less amount and size of high

hardness abrasive particles generated also contributes to the high wear resistance of Mesh ta-
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C which is verified through reduction of the as-manufactured average roughness, Ra of
counterpart material. This results in increased lambda value which allows the formation of a
thicker oil film. As for ta-C coating, brittle micro-fracture was observed, which progresses to
partial spalling and functions as the high hardness abrasive particles to accelerate the wear.
Hence, the Pillar ta-C and Mesh ta-C indicates excellent wear resistance owing to the
inhibition of microfracture and cracks propagation by the structure together with the

reduction of abrasive particle production.
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Chapter 3

Effect of Fracture Toughness of

Pillar and Mesh Structure
Tetrahedral Amorphous Carbon (ta-
C) Coatings on the Wear Properties
under Base-oil Lubrication Condition

3.1 Introduction

Diamond-like carbon (DLC) is well-established in enhancing the tribological
performance of the mechanical parts, especially in the automotive industry to decrease both
friction and wear. DLC exhibits significant features including high hardness in addition to
wear resistance that makes it highly promising for tribological application. The application of
the DLC coatings is commonly for the high contact pressure component. Therefore, the
coating crack resistance or fracture toughness often restricts the performance or service
lifetime. In general, fracture toughness refers to the capability of the material to resist the pre-
existing crack growth. Toughness is the measure of energy utilized to produce crack and
facilitating crack to propagate causing fracture. Meanwhile, fracture toughness is known as
the energy that is needed for crack propagation to failure [19]. Frequently, toughness is
known as the energy absorption capacity of film material for the duration of the transition

from deformation to fracture. Toughness is an essential mechanical property with regard to
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the cohesive force of DLC film in which it indicates the film capacity to resist the formation

of cracks near the defects in the film caused by the stress accumulation [75].

The mechanical properties are well-known to limit the performance and reliability of a
thin coating like DLC. Application of DLC coating such in the automotive components by
means of rubbing of two components leads to enhancing the features including the friction
and wear characteristics. Therefore, there have been increased studies on enhancing the
tribological characteristics of the coatings by modifying the deposition methods and doping
elements. Nevertheless, there are several limitations in evaluating of the DLC coating wear
performance via the fracture toughness. Evidence has shown that harder coatings like ta-C are
highly brittle and can be readily fractured by high-pressure contact throughout the
application. Hence, in order to examine the brittleness of the thin coating, it is crucial to

quantify the fracture toughness.

Hardness is among the key factors in regulating the wear performance of the DLC
coating. As such, high hardness with low crack resistance is associated with severe wear due
to through-thickness crack [22]. Similarly, high sp? carbon atoms DLC coating that is low in
hardness could lead to high wear as the results of structural alteration including graphitization
of the contact surface under severe condition [23], [24]. DLC is frequently deposited with a
layer of homogeneous structure excluding multilayer coating patterns. Therefore, tailoring the
properties, particularly the hardness by employing the DLC structure could promote superior

wear performance.

The DLC coating is associated with the deposition of the coating onto a substrate.
Therefore, the technique that was employed to examine the fracture toughness for the bulk
material is not feasible for evaluating the fracture toughness for the coating [25]. It should be

noted that the quantification of the fracture toughness of the coating is still challenging owing
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to the thickness limitation of the DLC coating [26]. The measurement of the crack length
during indentation could be utilized to evaluate the fracture toughness. On that account, the
current study applied Vickers indenter as it has been demonstrated to form bigger radial
cracks that provide better accuracy of cracks length measurement. Thus, the radial crack
formed follows the axis of diagonal of the indent and restraint the coating from secondary
crack growth and chipping [27], [28]. The plastic zone that is prolonged under the loading
condition deploys the tensile stress into the coating. Moreover, additional stress is generated
throughout the unloading condition when the elastically strained coating initiated to resume
its actual shape. Nonetheless, the aforementioned process is limited by the permanent
deformation linked to the plastic zone [30]. Radial crack on the coating is generated during
the unloading process, which forms the residual tensile stresses [31]. Frequently, the
indentation on specimens leads to both elastic and plastic deformations. In brittle materials,

plastic deformation generally exists with pointed indenter including Vickers.

Evidence has revealed that the alteration of the structure by multilayer coating
deposition has shown to decrease the impact of the adhesive wear, improve the fracture
resistance and load carrying capacity, as well as elastic recovery value [72], [74]. The current
study evaluated wear performance and the fracture toughness of conventional tetrahedral
amorphous carbon (ta-C), pillar structure ta-C (Pillar ta-C), and mesh structure ta-C (Mesh ta-
C) through micro-indentation technique. The findings of this study could provide further
insight into understanding how the fracture toughness affects the tribological performance of
the coatings and how the structure of a coating results in higher fracture toughness in addition

to wear resistance.
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3.2 Experiment details

3.2.1 Specimens

Three types of ta-C coatings were differentiated by the structure variation; ta-C had the
uniform structure, whereby the Pillar and Mesh ta-C were generated with pillar and mesh
structure, correspondingly, as depicted in Figure 29(a), Figure 29(b), and Figure 29(c). All
samples were provided by the Nippon ITF Inc. The deposition of the aforementioned coatings
was performed on (100) single crystalline silicon (Si-wafer) substrates by physical vapor

deposition (PVD) technique.

The thickness and surface roughness of the deposited coating was determined via the
surface profilometer (S-3000, Mitsuyo, Japan). Moreover, the NANOPICS 1000 Elionix
ENT-1100a Nanoindenter was used to determine the hardness and Young modulus of the
coating. Residual stress induced through the deposition process was determined by Stoney
equation by calculating the radius of curvature of the Si-wafer pre-deposition and post-
deposition procedures. The mechanical and physical characteristics of the coating samples

utilized in this study are presented in Table 4.
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Table 4 Characteristics of the ta-C, Pillar ta-C, and Mesh structure ta-C coatings

_ _ Elastic Compressive
Film thickness Hardness )
Samples Modulus Residual Stress
d, pm H, GPa

Ef1 GPa O, GPa

ta-C 15 310 40.1 1.75
Pillar ta-C 1.42 143 18.0 1.26
Mesh ta-C 1.25 184 20.0 2.15

3.2.2 Characteristic of Pillar and Mesh ta-C details

3.2.2.1 Concept and preparation method

A total of three types of ta-C coatings, namely conventional ta-C, Pillar ta-C, and Mesh
ta-C were prepared using M720 PVD apparatus. Mesh and Pillar ta-C coating were deposited
through modifying the method utilized to deposit conventional ta-C coating. In the deposition
process of conventional ta-C, the cooling system was employed to maintain the temperature

below 150 °C as illustrated in Figure 28.

Similarly, the heating system was applied to increase and maintain the temperature of
the substrate at above 200 °C throughout the process of depositing Pillar and Mesh ta-C. The
application of continuous heating resulted in a decline in the coating hardness when the

coating thickness was increased as the graphitic structure formed during coating growth.

3.2.2.2 Coating structure

Cross-sectional image of the coating was generated through observation via the focused
ion beam (FIB) under a transmission electron microscope (TEM H9000 UHR), Figure 29 and

Figure 30.
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Figure 28 Analysis of conceptual deposition technique for conventional ta-C coating, Pillar

and Mesh ta-C DLC coating
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Figure 29 Cross sectional cut of (a) conventional ta-C, (b) Pillar ta-C, and (c¢) Mesh ta-C

(2) (b)

Figure 30 Magnified images of reticulated structure for (a) Pillar ta-C, and (b) Mesh ta-C
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Figure 31 Micro-electron diffraction acquisition position for (a) Pillar ta-C, and (b) Mesh ta-

C

Concerning conventional ta-C cross-sectional images, Figure 29(a) demonstrates
characteristics of a homogenous structure. Moreover, the Pillar and Mesh ta-C demonstrated
a reticulated structure originated from the microparticle, produced by the arc deposition
method as presented in Figure 29(b) and Figure 29(c), respectively. Micro-electron
diffraction analysis was performed at many spots on the cross-sectional of the Pillar ta-C and
Mesh ta-C as illustrated in Figure 31(a) and Figure 31(b), correspondingly. According to the
International Center for Diffraction Data (ICDD) database, the crystalline graphite lattice
spacing constant is 0.33756 nm. The results of the crystallinity experiment performed using
the electron diffraction method by TEM JEMZ2100F are depicted in Figure 32(a) and Figure
32(b). The Pillar ta-C and Mesh ta-C were generated nearly 0.34 nm and 0.35 nm spacing,
respectively. The obtained crystallinity result is almost similar to the ICDD data which
indicates the presence of crystalline graphite microstructure at the quarter of the coating

thickness of Pillar ta-C and Mesh ta-C.
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Figure 32 Crystallinity evaluation result at different position for (a) Pillar ta-C, and (b) Mesh

ta-C
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Figure 33 Tribo-tester schematic and ball-on-disk configuration

3.3 Tribological experiments

The friction tests were conducted using the ball-on-disk tribo-tester as presented in
Figure 33 within the boundary lubrication regime with a constant normal load of 1 N on the
SUJ-2 ball, correlated with the maximum Hertzian contact pressures of 421 MPa. The SUJ-2
ball was rubbed against coated Si-wafer placed 4.0 mm eccentrically from the center of the
disk under a pure sliding condition via fixing the SUJ-2 ball to the upper jig. Moreover, the
Si-wafer was fixed on the lower holder that was located on the rotary turntable. The speed
and temperature of the tests were maintained at 0.042 m/s for 60 minutes that correlated with
150 m of sliding distance and 80 °C, correspondingly. Both SUJ-2 ball and counterpart Si-
wafer disk were assured to submerge under the PAO4 oil level thereupon heat was applied to
maintain the temperature of 80 °C throughout the friction test. The friction test was

performed in triplicate to guarantee the validation and reproducibility of the results.
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Figure 34 Top and cross-sectional views of cracks (a) lateral (Palmqvist), and (b) median

(half-penny)

3.4 Fracture-toughness quantification for DLC coatings

from radial-cracks on Si-substrate

The indentation of the coating or bending of the substrate could produce three forms of
cracking patterns namely, circumferential cracking and spallation, channel cracking and
radial cracking. The aforementioned cracking modes can be applied for a quantitative

examination of the fracture-toughness of the coating [76].

Indentation tests were conducted via the micro Vickers hardness testing machine
(Mitutoyo, Japan, 810-125 HM-102) with loads of 0.1, 0.2, 0.3, 0.5 and 1.0 kgf. Figure 34
illustrates that the criterion of a median crack was ¢ > 2a, where ¢ was the crack length
quantified starting at the center of the indentation mark to the tip and 2a was the indentation
mark diagonal length [29]. Field emission scanning electron microscope FE-SEM (JEOL,
JSM-7000FK) was utilized to quantify the length of the crack in which an average of six

indentations generated for every load was determined. K. Niihara et al. [77] demonstrated
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that at a lower amount of crack-to-indent (c/a) ratio, palmgvist crack might form, whereas at

a greater amount of crack-to-indent (c/a) ratio generates median (half penny) cracks.

A previous study demonstrated the method applied for fracture-toughness
determination from the crack that was produced on the DLC coating/Si system [25]. The
radial cracks formed on the DLC/Si system were revealed as mode | crack, which the semi-
circular half-penny crack geometry with full adhesion of DLC coating over the Si substrate.

Hence, the fracture-toughness is denoted as;
Kr = VGE Eqn. 7

Where K¢ is the fracture-toughness, E is the modulus of elasticity of the coating, and G

denotes the total work of fracture. The amount of work for elastic/brittle fracture is the
amount of work to form two novel surfaces. The system fracture-toughness is measured by
the combination of the total work of fracture of the system and the composite modulus of the

system, which include a substrate and the coating. Applying boundary condition at the

thickness of 0; effective fracture-toughness, K, = /Gs/Eg and ¢ = ¢ yield;

Co\3 ] Zd(Gf Ef )
—) —1|l=—|=——=-2
[(c> mc \Gy; Es Eqn. 8

Where ¢ and c, is the half radial crack length of the coated substrate and uncoated
substrate, correspondingly, E; is the elastic modulus of the substrate, and E is the elastic
modulus of the film, G5 and G are the work of fracture for Si-substrate and DLC coating,
respectively. The fracture of the Si-substrate is elastic and the G, for Si-wafer is measured by

surface energy, which is 3.03 J/m? [78], [79].
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Figure 35 Coefficient of friction result for ta-C, Pillar ta-C, and Mesh ta-C as a function of

number of cycle

3.5 Result and discussion

3.5.1 Friction and wear

Figure 35 and Figure 36 illustrate the coefficients that were plotted against the number
of cycles for each coating and the average value, correspondingly. The average amount of
friction coefficient was quantified from the coefficient of friction reading at the last 2000
cycles. The result of the coefficient of friction for each coating was ranged from 0.071 to
0.108 where conventional ta-C had the lowest value. In addition, the Pillar ta-C and Mesh ta-
C demonstrated a higher value for the coefficient of friction because of the greater average
surface roughness, Ra as indicated by a previous study [80]. The coefficient of friction for the
Pillar and Mesh ta-C decreased as the number of cycles increased. This is caused by the
reduction of the surface asperities due to the deposition process, which consequently lowered

the average surface roughness.
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Figure 37 Optical microscope images of the wear track on the (a) ta-C, (b) Pillar ta-C, and (c)

Mesh ta-C under 1 N loads

The DLC-coated Si-wafer was used to measure specific wear rates for each friction test.
This was done to determine the impact of DLC structure on wear behavior. Figure 37
illustrates the wear track generated on each coating that was detected via the optical
microscope. A number of spalling areas observed on the wear track of the conventional ta-C
are illustrated in Figure 37(a). Additionally, the wear rate was determined through the 3D

measuring laser microscope (Olympus, LEXT OLS5000). Figure 38 indicates the results of
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Figure 38 Specific wear rates result for ta-C, Pillar ta-C, and Mesh ta-C coated specimen

specific wear rates for all three types of DLC coatings under the similar applied normal loads.
The application of Pillar and Mesh to the ta-C coating enhanced the wear resistance of the
DLC coating. Mesh ta-C revealed a superior wear resistance with specific wear rates
approximately 50% in comparison with conventional ta-C. The findings were in accordance
with preceding research that utilized the DLC-coated cylindrical-pin-on-disk friction test

under PAO4 boundary lubrication condition [80].

A detailed analysis was conducted on the wear track of each DLC coating via the FE-
SEM instrument. The wear track of the conventional ta-C, Pillar ta-C, and Mesh ta-C are
demonstrated in Figure 39(a), Figure 39(b), and Figure 39(c), correspondingly. For the case
of ta-C, the brittle form of cohesive micro-crack can be detected on the wear scar, which
caused the destruction of the coating by spalling and also delamination, Figure 39(a).
Similarly, the crack was formed as the result of the deformation of the coating despite the
Pillar ta-C demonstrated a few crack formations on the wear track of the coating. Evidence

revealed that the crack formations were not generating any spallation of the coating. The
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Figure 39 FE-SEM images of the wear track on the (a) ta-C, (b) Pillar ta-C, and Mesh ta-C

specimens under 1 N loads

deformation area observed at the high sp? fraction, which consequently resulted in the
deformed coating to adhere to the local area, Figure 39(b). Moreover, only a tiny crack can be
detected on the wear track of Mesh ta-C as illustrated in Figure 39(C). Additionally, the
elimination of nano-size coating from the contact area that occurred in the area of sp? rich

structure was also observed.

There was a reduction in the number and size of the crack generated on the wear track
of Pillar ta-C and Mesh ta-C coating in contrast to the conventional ta-C following the
introduction of the Pillar and Mesh structure to the ta-C. Subsequently, the dependence of the

wear to the fracture toughness of the coating was determined.
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Figure 40 Indentation spot on the (a) ta-C, (b) Pillar ta-C, and (c) Mesh ta-C under 10 N loads

3.5.2 Fracture-toughness of the coatings

Figure 40 demonstrates the radial crack length, ¢ that was quantified on the indentation
spot for every coating corresponding to the load. As the substrate work of fracture G is fixed,

therefore the film work of fracture G, can be calculated using the slope of the trend line by

plotting the terms [(co/c)® — 1] against 1/c of Eqn. 8 as depicted in Figure 41.

Table 5 depicts the findings of the fracture-toughness analysis. Mesh ta-C demonstrated
the highest fracture-toughness with 16.7 MPa'm'?, followed by the Pillar ta-C with 13.4
MPa'm*?, and ta-C with 11.3 MPa'mY2. The introduction of structure within the ta-C
increased the coatings fracture-toughness, which was linked with the greater resistance to
crack. In this study, FE-SEM was utilized to detect the indentation spot and the crack on
conventional ta-C, Pillar and Mesh structure ta-C as shown in Figure 42 and Figure 43. This
was done to further elucidate the involvement of the structure in improving the fracture-

toughness.

The comparison of the fracture mechanism was performed by evaluating the
characteristics of the crack formed on each of the coatings. Primarily, there were two forms

of crack generated on DLC coating following the indentation procedure. On that account, the
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Figure 41 Crack length data for the ta-C, Pillar and Mesh structure ta-C samples plotted

following the format of Eqn. 8

ring crack was generated by tensile stress produced near the contact area of indenter under
the loading process and the spiral crack was developed during the unloading process [81].
The formation of ring crack in a thin film is governed by the substrate plastic zone under the
indenter [76]. This effect becomes ineffective for the thick film due to the ratio of the film
thickness and the critical depth. Furthermore, during the withdrawal of the indenter, a small
defect grows to spiral crack, which then extended by the arising of equi-biaxial stress field

due to film bending curvature effect [81], [82].

The investigation within the indentation mark for Pillar and Mesh ta-C coating
demonstrated that every crack produced was detached and revealed a zigzag path pattern,
which was corresponded to a mixture of Modes | and Il cracks [83], that consequently
resulted in ductile cracking as illustrated in Figure 42(b), and Figure 42(c), correspondingly.
This zigzag or crinkled crack pattern provided stress relief by permitting a greater rate of

crack energy dissipation in comparison with ta-C coating. In addition, the ta-C also
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demonstrated a smooth step/layer crack shape and transverse crack in the indentation mark as
depicted in Figure 42(a). This step/layer crack pattern was elucidated by the brittleness of the
ta-C that restrained the coating from deformation when the load was induced. Additionally,
Figure 42 illustrates that spallation can only be detected in conventional ta-C. It should be
noted that both Pillar and Mesh ta-C coating revealed larger cohesive cracks spacing in
comparison with the conventional ta-C. The crack spacing could decline under good adhesion
conditions as the results of the transfer of the misfit stress amongst the film and the substrate
to the film deprived of interface failures [84]-[86]. As such, this revealed that the adhesion

strength was elevated by the introduction of the Pillar and Mesh structure to the ta-C.

Notably, the ta-C indentation mark diagonal length (2a) was comparable to that of
Pillar and Mesh type ta-C although ta-C DLC coating hardness is approximately two times
higher than that of structured ta-C as depicted in Figure 40. As such, this is the impact of
greater elastic recovery value, We of the Pillar and Mesh ta-C in comparison with
homogeneous ta-C DLC coating as demonstrated in Figure 44. As such, this could result in a
greater degree of coating toughness [74], [87]. We can be obtained from the typical load-

displacement curves as summarized in Egn. 9.

W, = [(dmax - dres)/dmax] x 100% Eqn. 9
Where;
- dyjare = Maximum indentation depth during loading

d,.= residual indentation depth after unloading

Figure 43 demonstrates the radial channel-type cohesive cracking on every form of
DLC coating. The cohesive crack has a vital function as a flaw starting the interface

delamination [88]. Following subsequent straining, further buckling delamination happened
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(@) (b) (©
Figure 42 Magnified indentation spot on the (a) ta-C, (b) Pillar ta-C, and (c) Mesh ta-C under

10 N loads

(@) (b) (©)

Figure 43 Magnified FE-SEM images of the radial cracks on the (a) ta-C, (b) Pillar ta-C, and

(c) Mesh ta-C under 10 N loads

at the free edge of the cohesive crack of ta-C coating because of the increased energy release
rate and compressive strain that was generated by Poisson’s contraction normal to the tensile
direction as illustrated in Figure 42(a) and Figure 43(a) [89]. Finer radial crack can be
detected on the ta-C coating, which is in comparison with the radial crack of Pillar and Mesh
ta-C as depicted in Figure 43(a), Figure 43(b), and Figure 43(c), correspondingly. Inferior
fracture-toughness of the Pillar ta-C to that of Mesh ta-C was caused by its lower hardness

features and elastic recovery value (Figure 44). Figure 43(b) depicts the features of the pillar
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Table 5 Result of the fracture-toughness of the coatings

Film Elastic Compressive  Film work of Fracture-
Samples  thickness Modulus Residual Stress fracture toughness

d, um Es, GPa o., GPa G, kJ/m? K¢, MPa + m'?
ta-C 15 310 1.75 0.45 11.3
Pillar ta-C 142 143 1.26 1.25 13.4
Mesh ta-C 1.25 184 2.15 1.14 16.7

structure that facilitated the formation of longer parallel crack. Mesh ta-C and Pillar ta-C
demonstrated a shorter crack length in comparison with that of ta-C coating, indicating
conventional ta-C had lower fracture-toughness. On the other hand, higher coating fracture-
toughness restrained the crack propagation, consequently inhibited coating from spalling and
delamination. The combined impact of soft sp? structure and intersection restricted the crack
from propagating in Pillar ta-C and Mesh ta-C. A higher rate of energy dissipation via plastic
deformation of the sp? phase soft structure resulted in an improvement in film toughness,

which subsequently caused the termination of the crack propagation [71].

3.6 Fracture-toughness in relations to wear rates

The wear rates for non-structured and structured ta-C were plotted against fracture-
toughness of the coating to examine the link between the crack resistance to the wear rates of
the coating (Figure 45). The characterization of the coating by virtue of its mechanical
properties is crucial to provide detailed information on the tribological procedure in the
boundary lubrication regime as the direct contact of surface asperities exists. There was an

inverse relationship between the wear rates and the fracture-toughness, at which the wear
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rates were declined following the improvement in the fracture-toughness. The findings
revealed that the corresponding wear resistance was increased following the improvement in
the fracture toughness of the coating. As such, higher Pillar and Mesh ta-C coating resistance

to wear was observed as the results of an elevated fracture-toughness. This consequently

73
Chapter 3: Effect of Fracture Toughness of Pillar and Mesh Structure Tetrahedral Amorphous Carbon (ta-C) Coatings on the
Wear Properties under Base-oil Lubrication Condition



declined the coating destruction as an effect of fracture-induced wear in conventional ta-C
that further evolved to spalling and delamination of the coating. The small fragments spall ta-

C coating could then act as an abrasive particle to promote the wear acceleration.

3.7 Conclusion

In order to discuss the effect of the structure of Pillar and Mesh to the ta-C wear
properties, fracture-toughness evaluation via micro indentation for these various ta-C was
evaluated. In addition, the effect of fracture-toughness of the DLC on wear properties in oil
lubrication was clarified. Superior fracture-toughness was observed following the
introduction of pillar and mesh structure to the ta-C coating in which the fracture-toughness
of the Pillar and Mesh ta-C DLC-coatings were comparatively higher than the conventional
ta-C. Furthermore, the elevation of fracture-toughness led to the higher wear resistance of the
ta-C coating due to the fracture-induced wear suppression through the improvement of the
crack propagation inhibition. In addition, the introduction of Pillar and Mesh structure to the
ta-C DLC coating prevented the brittle characteristics of the ta-C by decreasing channel-type
cohesive cracking. Moreover, Pillar and Mesh structure ta-C provided a greater degree of
stress relief by permitting the higher rate of crack energy dissipation in contrast to
conventional ta-C coating. Also, the increased crack spacing in Pillar and Mesh ta-C was
facilitated by an improved adhesion strength, which prevented the interface failures. The
friction coefficient for Pillar ta-C and Mesh ta-C are comparatively higher to that of ta-C due

to higher contact surface roughness.
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Chapter 4

Effect of Pillar and Mesh Structure

of Tetrahedral Amorphous Carbon
(ta-C) Coatings on Friction and Wear
Properties under Base- oil with
MoDTC and ZnDTP Additives
Lubrication Condition

4.1 Introduction

Friction and wear of material have become one of the important issues relating to the
energy conservation and efficiency. The interaction between two materials has led to the loss
of both material and energy. The energy dissipated to overcome the friction force has taken
one-third of the total world energy resource in mechanical applications [3], [4]. It is further
reported in details that tribological contacts have consumed a total of 23% (119 EJ) of the
world’s total energy, in which 20% to overcome the friction and 3% was used for

reproducing and replacement of the part due to wear and wear-related failures [5].

Diamond-like carbon (DLC) coatings are one of the solid lubricants which formed in
combination of sp? and sp® carbon structure that offer excellent mechanical and tribological

properties. Numerous studies have been conducted to elucidate the effect of lubrication types
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and conditions on the DLC coating. DLC could provide excellent tribological performance in

terms of friction and wear with the use of appropriate base oil and lubricant additives [49].

The friction modifier Molybdenum Dithiocarbamates (MoDTC), and anti-oxidant and
anti-wear Zinc dialkyldithioposphate (ZnDTP) is among the most common additives used in
lubrication due to their excellent properties. It is reported that with the presence of MoDTC
and ZnDTP additives, the friction and wear performance of DLC coating under boundary

lubrication conditions is improved [90], [91].

Wear protective tribo-films could be generated due to the tribo-chemical reaction
between the ferrous surface and the ZnDTP additives [92]. However, several studies have
reported that the ZnDTP anti-wear tribo-film could not be generated on the DLC contact
surface [47], [93], [94]. These claims were then counter by the reports that show the evidence
of weak tribo-film formation on the DLC surface [95]-[97]. Moreover, the concentration of
hydrogen in the DLC coating could affect the tribo-film formation [98]. Likewise, ultra-low
friction under boundary lubrication conditions is achievable with ester-containing lubricants

[99]-[101].

The fraction of carbon sp? structure in ta-C is one of the factors that controlled the
formation of tribo-film on the friction surface. The previous study conducted by using the ta-
C coating has shown that a low friction coefficient is recorded at the initial phase, but it
begins to raise afterward which is explained by the low-friction surface being restricted by
the ZnDTP molecules [96]. Also, recent studies reported that ‘tetrahedral’ Si-contain
hydrogenated DLC shows excellent tribological performance under MoDTC and ZnDTP
additive containing oil [102]. Furthermore, the ta-C contact surface structure was retained and

not affected by the MoDTC additives in oil which result in high wear resistance of the
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coating, but in the case of a-C:H coating that are richer in sp? structure, the contact surface

change and causing higher average roughness as compared to before friction test [103].

A recent development in coating deposition methods has enables the introduction of
structure to the DLC coating as well as controlling hardness of the coating over a wide range
which attributed by the sp?/sp® carbon bonding ratio. This could enhance the adsorption of an
oiliness agent. The current study introduced and investigated the novel Pillar ta-C and Mesh
ta-C with as deposited pillar and mesh structure, together with conventional ta-C for
comparison under base-oil containing additives boundary lubrication conditions. This
research works aimed to clarify the effect and influence of oil additives to the tribological

performance of newly developed coating with as-deposited structure.

4.2 Experimental details

4.2.1 Material characterization and lubricants

Nippon ITF Incorporated has prepared three types of ta-C coatings which are deposited
on the pin substrate made of high carbon chrome steel (SUJ-2). The three type’s ta-C coating
was prepared by the physical vapor deposition (PVD). These ta-C coatings were
characterized by the structure named as conventional ta-C, Pillar ta-C develop with pillar
structure, and Mesh ta-C develop with mesh structure as illustrated in Figure 46. In order to
prepare the conventional ta-C, the deposition temperature controlled below 150 °C using the
integrated cooling system. Likewise, continuous heating was applied during the deposition
process of Pillar and Mesh ta-C coating to sustain the temperature of the substrate above 200

°C. As a result, a quarter of the Pillar and Mesh ta-C coating thickness present a white layer
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Figure 46 Cross-sectional cut of (a) conventional ta-C, (b) Pillar ta-C, and (C) Mesh ta-C

that originates and grows from the microparticle as a result of the deposition’s arc technique
as shown in Figure 46(c) and Figure 46(d). The above-mentioned coatings underwent the
fluid polishing process to remove the droplets result from deposition. There are four types of
lubricants used in this study which are PAO4, Mineral oil with MoDTC, ZnDTP and five
common additives (CA — Calcium, Phosphorus, Sulfur, Boron and Nitrogen), PAO4 with
MODTC, and. PAO4 with ZnDTP, which from this point onwards referred as PAO4, Mineral

oil + MoDTC + ZnDTP, PAO4 + MoDTC, and PAO4 + ZnDTP, respectively.

4.2.2 Tribological experiments

The friction test conducted using the Pin-on-Disk tribo-tester as shown in Figure 47
with an applied normal load of 20 N that corresponds to maximum initial contact pressures of
311 MPa. The speed and temperature of the tests were fixed at 0.068 m/s (100 rpm) for 60
minutes that corresponds to 250 m of sliding distance and 80 °C, respectively (Table 6). Both
the cylinder and disk were immersed in an oil bath in which the temperature was maintained
at 80 °C during the friction test. The dimensions of the pin were 5 mm diameter and 5 mm

length, whereas disk of 22.5 mm diameter and 4 mm thick were applied in all experiments. In
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Figure 47 Tribo-tester schematic and Pin-on-Disk configuration

order to ensure verification and reproducibility of the findings, each friction tests were
repeated three times. DLC-coated pin and disk were cleaned with benzene and acetone in an

ultrasonic bath to eliminate any impurities and oil.

Wear volume loss and wear rates of the DLC-coated pin were quantified via Archard
wear equations by calculating the width of the wear scar by assuming that the shape of the

wear scar is rectangular-shape observed under the optical microscope as below:

4 Eqn. 10

V=2l : -T2 — x2dx Eqn. 11

Where k denotes dimensional wear rate (m%/Nm), F characterizes the applied normal
load (N), s indicates the sliding distance (m), V symbolizes wear volume loss (m?), | denotes
the length of the cylinder (m), r indicates the radius of the cylinder (m), and d denotes the
width of the wear scar (m). The minimum film thickness (hmin) for rectangular conjunctions

and dimensionless lambda ratio (/) were calculated using Egn. 12 and Eqn. 13, respectively.

hmin — 1_806(WZI)—0.128(noa)0.694(0.568Rx0.434 Eqn. 12
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hmin qul. 13
/Rg,a + Rz,

Here, w, is the normal load per unit width, 7o is the absolute viscosity of the lubricants

A=

at the pressure of 0 Pa, @ is the mean surface velocity in the sliding direction, { is the
pressure-viscosity coefficient, Ry is the effective radius of the cylinder, Rqa is the curved
surface roughness of the cylinder, and Rq. is the surface roughness of the disk. The calculated
lambda ratio under the initial contact condition was less than unity, indicating that the

operating lubrication regime is boundary lubrication.

4.2.3 Surface analysis

Nanoindenter (NANOPICS 1000 Elionix ENT-1100a) was utilized to quantify hardness
and Young’s modulus of the DLC coatings. The surface roughness was quantified via atomic
force microscopy (AFM, SPM-9700HT), and the structure of the DLC was elucidated by the
Raman spectroscopy (NRS-1000 Laser, Jasco Inc., Japan), where 532 nm Ne laser radiation
was applied. The worn surface of the pin and disk were examined by optical microscope and
field emission scanning electron microscope (FE-SEM, JEOL, JSM-7000FK). The X-ray
photoelectron spectroscopy (XPS; PHI Quantera I, ULVAC-PHI, Japan.) operated with Al
Ka X-ray source (25 W, 15 kV) was used to quantify the tribo-film formation on DLC-coated
pin and SUJ-2 disk. Table 7 demonstrates the detailed properties of the DLC-coated pin and

disk.
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Table 6 Friction test condition

Experimental setup

Specimens ta-C
(Cylindrical pin) Pillar ta-C
Mesh ta-C

Specimens (Disk) SuUJ-2
Hardness: 9.9 GPa

Ra: 0.01ym

Rotation speed (m/s) 0.068
Fix normal load (N) 20
Temperature (°C) 80
Lubricants PAOA4
Mineral oil + MoDTC + ZnDTP

PAO4 + MoDTC

PAO4 +ZnDTP

Duration (minutes) 60

Table 7 Mechanical properties of the a-C:H, ta-C, Pillar and Mesh ta-C coatings

Propertics Disk Cylindrical pin

ta-C  Pillar ta-C Mesh ta-C
Dimension (mm) 22.5x4 5x5 5x5 5x5
Substrate material SUJ-2 SUJ-2 SUJ-2 SUJ-2
Coating method - PVD PVD PVD
Thickness (um) - 0.8 1.65 1.17
Elastic modulus, Es (GPa) 275.5 661 110 232
Hardness, H (GPa) 9.9 78.3 11.0 27.5
Roughness, Ra (um) 0.010 0.021 0.055 0.026
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Figure 48 Steady state friction coefficient result for ta-C, Pillar ta-C and Mesh ta-C coated
specimen lubricated under PAO4, Mineral oil + MoDTC + ZnDTP, PAO4 + MoDTC, and

PAO4 + ZnDTP

4.3 Result and discussions

4.3.1 Tribological performance for various DLC under base oil

with additives boundary lubrication condition

Figure 48 illustrates the average coefficient of friction for each DLC specimens tested
in PAO4, Mineral oil + MoDTC + ZnDTP, PAO4 + MoDTC, and PAO4 + ZnDTP oil. The
coefficient of friction was ranging from 0.04 to 0.09 with lubrication in PAO4 is showing
lower value compared to the lubrication in Mineral oil + MoDTC + ZnDTP. In addition, only
Pillar ta-C coating shows the reduction in friction coefficient when lubricated in Mineral oil +
MoDTC + ZnDTP. Furthermore, the friction coefficient of ta-C, Pillar ta-C and Mesh ta-C
are lower under single additive oil lubrication. Ultra-low friction is achieved by using the

PAO4 + MoDTC oil lubrication for all types of ta-C.
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Figure 49 Wear rates result for ta-C, Pillar ta-C and Mesh ta-C coated specimen lubricated

under PAO4, Mineral oil + MoDTC + ZnDTP, PAO4 + MoDTC, and PAO4 + ZnDTP
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Figure 50 Optical microscope images of the wear scar on the DLC coated cylindrical-pin and

counterpart SUJ-2 disk under Mineral oil + MoDTC + ZnDTP lubrication

The wear rates for every friction test were determined from the DLC-coated pins for

characterizing the influence of the DLC structure as well as lubricants to the wear behavior of
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the DLC. Figure 49 shows the findings of wear rates of every DLC lubricated in PAO4,
Mineral oil + MoDTC + ZnDTP, PAO4 + MoDTC, and PAO4 + ZnDTP at 20 N load. The
wear rates for every DLC-coated pins shows reduction under Mineral oil + MoDTC +
ZnDTP, PAO4 + MoDTC, and PAO4 + ZnDTP lubrication as compared to in PAO4
lubrications. The ta-C coating shows great improvement where the wear rates in Mineral oil
+ MoDTC + ZnDTP is 8 times lower than that in PAO4. Moreover, Pillar ta-C also shows
greater protection against wear in additive oil lubrication as compared to only in PAO4
lubrication conditions. Furthermore, Pillar ta-C and Mesh ta-C show lower wear rates as

compared to the ta-C in PAO4 + MoDTC and PAO4 + ZnDTP lubrication conditions.

From the optical microscope image of the wear scar formed on the DLC coated
cylindrical pin Figure 50(b), Pillar ta-C shows the existence of the tribo layer formed during
the friction test under Mineral oil + MoDTC + ZnDTP lubrication condition. While the other
type of the DLC coating does not show any colorful layer on the wear scar. Furthermore,
Figure 50(d), Figure 50(e), and Figure 50(f) show the wear scar on the SUJ-2 disk
counterpart of ta-C, Pillar ta-C, and Mesh ta-C, respectively as observed under the optical
microscope. The SUJ-2 disk counterpart of ta-C, Pillar ta-C and Mesh ta-C are showing a

similar colorful layer that could originate from the formation of tribo-film.

Figure 51 shows the optical microscope image of the wear track on the DLC coated pin
and SUJ-2 counterpart disk under PAO4 + MoDTC lubrication condition. It is evident that
there is the possibility of tribo-film derived from MoDTC formed on the wear track of Pillar
and Mesh ta-C with the presence of the coloured layer at the center and edge of wear track as
shown in Figure 51(b) and Figure 51(c). Further observation on the wear formed on the SUJ-

2 counterpart disk of Pillar ta-C, and Mesh ta-C as shown in Figure 51(e) and Figure 51(f)
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(c) Mesh ta-C

(d) SUJ-2 vs. ta-C (e) SUJ-2 vs. Pillar ta-C (f) SUJ-2 vs. Mesh ta-C

Figure 51 Optical microscope images of the wear scar on the DLC coated cylindrical-pin and

counterpart SUJ-2 disk under PAO4 + MoDTC lubrication

direction

(d) SUJ-2 vs. ta-C (e) SUJ-2 vs. Pillar ta-C (f) SUJ-2 vs. Mesh ta-C

Figure 52 Optical microscope images of the wear scar on the DLC coated cylindrical-pin and

counterpart SUJ-2 disk under PAO4 + ZnDTP lubrication
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shows no evidence of tribo-film can be observed. Likewise, observation on the wear track of
the SUJ-2 disk counterpart ta-C Figure 51(d) shows the possibility of the existence of either

transfer material or tribo-film.

In the case of lubrication under PAO4 + ZnDTP, there is the possibility of tribo-film
derived from Zn formed on the wear track of ta-C and Pillar ta-C with the present of the
coloured layer as shown in Figure 52(a) and Figure 52(b), respectively. Different from the
lubrication in PAO4 + MoDTC, the SUJ-2 disk counterpart for ta-C, Pillar ta-C and Mesh ta-
C does show the existence of tribo-film under PAO4 + ZnDTP lubrications as shown in
Figure 52(d), Figure 52(e), and Figure 52(f), respectively. Furthermore, the tribo-film form
on the SUJ-2 disk counterpart of Pillar ta-C and Mesh ta-C is completely different from the
tribo-film on the SUJ-2 disk counterpart of ta-C. Despite the tribo-film formation, the friction
coefficient for ta-C, Pillar ta-C and Mesh ta-C lubricated with PAO4 + ZnDTP is slightly
higher than that of PAO4 + MoDTC lubrication. Thus, further examination of tribo-film

species and type is required to elucidate these phenomena.

4.3.2 Analysis of tribo-film on the wear track

4.3.2.1 FE-SEM images of the wear track

Detail observation made on ta-C coated cylindrical pin lubricated under Mineral oil +
MoDTC + ZnDTP reveals the formation of white patch-like tribo-film together with the
accumulation of approximately 10 nm size of wear particle in the spalling area as shown in
Figure 53(a). Interestingly, the micro-cracks formed on the wear track after the friction test
under PAO4 lubrication was not visible when lubricated Mineral oil + MoDTC + ZnDTP.

The possible explanation for this phenomenon is the tribo-film derived from the ZnDTP has

Chapter 4: Effect of Pillar and Mesh Structure of Tetrahedral Amorphous Carbon (ta-C) Coatings on Friction and Wear
Properties under Base-oil with MoDTC and ZnDTP Additives Lubrication Condition



direction

(i) ta-C in PAQ4 ; (i) Pillar ta-C in PAO4

(i) Mesh ta-C in PAO4

Sliding

—_—

Sliding
direction

direction

(i1) Mesh ta-C in Mineral
oil + MoDTC + ZnDTP
P

Cige b
Lp

(i) ta-C in Miner"e!l"'oih*- 3 (i1) Pillar ta-C in lineral dﬁf
MoBTE thD"}"P WER ST : oil + MoDTC + ZdDTP ..
- 5 4 3 : .

Slidir
direction *
Sliding

(a) ta-C (b) Pillar ta-C (c) Mesh ta-C

Figure 53 FE-SEM images of the wear scar on the DLC coated cylindrical-pin under PAO4,

and Mineral oil + MoDTC + ZnDTP lubrication

generate a protective layer that suppressing the stress-induced on the contact surface and thus

preventing the fracture.

Pillar ta-C as shown in Figure 53(b) reveals the removal of the soft sp? layer that
adhered back to the local area in the direction of sliding. Moreover, the asperities formed
during the deposition process of Mesh ta-C act to trap the abrasive particle produce during
the friction test, as well as smoothening of the surface as shown in Figure 53(c). Both of the

Pillar and Mesh ta-C coatings do not show any visible tribo-film on the wear track.

Figure 54 shows the detail observation of the wear track on the SUJ-2 counterpart disk
by using FE-SEM lubricated under Mineral oil + MoDTC + ZnDTP. The SUJ-2 counterpart
of ta-C reveals the formation of tribo-film without deep scratch mark as shown in Figure

54(a). Furthermore, observation on the SUJ-2 disk counterpart of Pillar ta-C and Mesh ta-C
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(a) SUJ-2 disk counterpart of  (b) SUJ-2 disk counterpart of (c) SUJ-2 disk counterpart of
ta-C Pillar ta-C Mesh ta-C

Figure 54 FE-SEM images of the wear scar on the SUJ-2 disk counterpart material under

Mineral oil + MoDTC + ZnDTP lubrication condition

shows the formation of tribo-film on the wear track, as well as wear particle located in the
scratch mark as shown in Figure 54(b) and Figure 54(c), respectively. But the scratch mark
on the SUJ-2 disk counterpart of Mesh ta-C show less accumulated wear particles as

compared to the SUJ-2 disk counterpart of Pillar ta-C.

4.3.2.2 Characterization of tribo-film by XPS analysis

XPS analysis was conducted to further elucidates the chemical composition of the
tribo-film on the wear track of DLC coated cylindrical-pin and SUJ-2 disk counterpart. Table
8 and Table 9 show the atomic concentration of the elements measured on DLC coated
cylindrical-pin and SUJ-2 disk counterpart material, respectively under Mineral oil + MoDTC
+ ZnDTP, PAO4 + MoDTC, and PAO4 + ZnDTP lubrication. Furthermore, Table 10 shows
the sp?/sp® ratio measured on as-deposited ta-C, Pillar ta-C, and Mesh ta-C as well as on the
wear track after friction test in Mineral oil + MoDTC + ZnDTP, PAO4 + MoDTC, and PAO4

+ ZnDTP oil.
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Table 8 Atomic concentration measured on ta-C, Pillar and Mesh ta-C coatings lubricated

under Mineral oil + MoDTC + ZnDTP, PAO4 + MoDTC, and PAO4 + ZnDTP

Atomic ratio, %
Lubricants DLC
C O P S Fe /n Mo

Mineral oil + [ta-C 86.6 94 0.4 0.8 0.5 1.0 0.0
MoDTC + Pillar ta-C 90.8 8.2 0.0 0.2 0.1 0.2 0.0
ZnDTP Mesh ta-C 87.3 11.0 0.5 0.4 0.0 0.0 0.0

ta-C 85.9 4.4 - 2.5 1.9 - 3.6
PAO4 +

Pillar ta-C 86.2 5.4 - 2.6 2.3 - 2.5
MoDTC

Mesh ta-C 86.9 6.5 - 1.3 2.7 - 1.4

ta-C 57.2 21.1 7.5 - 8.5 45 -
PAO4 +

Pillar ta-C 77.3 10.4 6.5 - 0.4 4.2 -
ZnDTP

Mesh ta-C 57.8 18.0 10.8 - 0.5 11.5 -

Table 9 Atomic concentration measured on SUJ-2 disk counterpart material lubricated under

Mineral oil + MoDTC + ZnDTP, PAO4 + MoDTC, and PAO4 + ZnDTP

Atomic ratio, %
Lubricants Counter DLC
C O P S Fe Zn Mo

Mineral oil + [ta-C 9.1 71.9 7.8 1.4 6.7 1.2 1.9
MoDTC + Pillar ta-C 10.6 66.5 39 3.1 8.7 1.2 59
ZnDTP Mesh ta-C 10.2 71.1 5.4 4.3 0.8 1.1 7.2

ta-C 29 49.0 - 5.1 26.8 - 16.2
PAO4 +

Pillar ta-C 3.1 47.0 - 5.4 31.6 - 12.9
MoDTC

Mesh ta-C 4.4 48.8 - 2.3 35.1 - 9.5

ta-C 2.0 48.4 14.7 - 15.3 18.7 -
PAO4 +

Pillar ta-C 3.7 46.6 20.7 - 3.3 24.8 -
ZnDTP

Mesh ta-C 2.6 433 10.7 - 25.5 16.8 -
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Table 10 as-deposited and after friction test sp?/sp’ ratio measured on the DLC coated

cylindrical-pin

Mineral oil
as- + MoDTC PAO4 + PAO4 +
sp?/sp3ratio  deposited  + ZnDTP MoDTC ZnDTP

ta-C 0.77 0.83 1.07 3.23
Pillar ta-C 3.62 1.63 1.08 1.08
Mesh ta-C 0.98 2.40 1.19 1.99

Table 11 as-deposited sp* carbon atoms measured on the DLC coated cylindrical-pin and the
coefficient of friction result lubricated under PAO4, Mineral oil + MoDTC + ZnDTP, PAO4 +

MoDTC, and PAO4 + ZnDTP

COF
Mineral oil
+ MoDTC + PAO4 + PAO4 +
sp° % PAO4 ZnDTP MoDTC ZnDTP
ta-C 45.1 0.067 0.086 0.031 0.037
Pillar ta-C 14.2 0.083 0.073 0.033 0.048
Mesh ta-C 40.8 0.066 0.084 0.030 0.043

Pillar ta-C consists of high sp? carbon atoms, followed by the Mesh ta-C as compared
to the conventional ta-C. Consequently, the sp?/sp® ratio on the ta-C, Pillar ta-C, and Mesh ta-
C changes following friction test in each lubricant. The change of the sp?/sp® ratio could be
related to the reaction of the carbon atoms with the presence of additives in each lubricant in
which affecting the friction and wear behavior of the ta-C, Pillar ta-C and Mesh ta-C. Figure

55 shows the friction coefficient result plotted against the sp® ratio % for each
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Figure 55 Coefficient of friction plotted against sp® ratio for lubrication under (a) PAO4

lubrication, (b) Mineral oil + MoDTC + ZnDTP, (c) PAO4 + MoDTC, and (d) PAO4 +

ZnDTP

lubricants used in this study. For lubrication under PAO4, PAO4 + MoDTC and PAO4 +

ZnDTP, the tendency of lower friction coefficient with the increase of sp® carbon structure

can be observed as shown in Figure 55(a), Figure 55(c), and Figure 55(d), respectively. A

study conducted by the previous researcher has shown similar result where the hydrogen-free

DLC coatings show the higher coefficient of friction with a lower sp® bonds due to the

decreased number of dangling bonds which act as the oiliness agent adsorption sites on the

DLC surface [34]. Likewise, the friction coefficient tended to increase with the increasing of
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sp? ratio under Mineral oil + MoDTC + ZnDTP lubrication as shown in Figure 55(b). This
reverse tendency could be explained by the additive competitive adsorption that occurs which

will be further clarified in the following section.

4.3.2.2.1 Mineral oil + MoDTC + ZnDTP lubrication

The analysis performed on the wear track of DLC coated cylindrical-pin and SUJ-2
disk counterpart material reveals the presence of carbon, oxygen, phosphorus, sulfur, iron,
zinc, and molybdenum as shown in Table 8 and Table 9. It has been observed that
molybdenum related peaks were not detected on the wear track of DLC coated cylindrical-pin
under Mineral oil + MoDTC + ZnDTP lubrication condition. From the percentage of atomic
ratio measured on the DLC coated cylindrical-pin, there was evidence that the tribo-film
derived from zinc, phosphorus, and sulfur may form on the ta-C, Pillar ta-C and Mesh ta-C as
shown in Table 8. Furthermore, the measurement of the atomic ratio on the wear track of
counterpart disk reveals a high percentage of molybdenum and sulfur on SUJ-2 of Pillar ta-C

and Mesh ta-C as compared to the conventional ta-C.

Figure 56 shows the Mo3d XPS spectrum measured on the SUJ-2 disk counterpart for
ta-C, Pillar ta-C, and Mesh ta-C. In addition, Figure 57 and Figure 58 shows the Zn2p3
spectrum measured on the DLC coated cylindrical-pin and SUJ-2 counterpart disk,
respectively. It should be noted that Mo3d peaks were not detected on ta-C, Pillar ta-C and
Mesh ta-C coated pins. Also, the Zn2p3 peak was not detected on the Pillar ta-C and Mesh ta-

C coated pins.

XPS analysis result of Mo3d peak as shown in Figure 56(b) and Figure 56(c) reveals a

high signal of molybdenum carbide (Mo2C) on the SUJ-2 disk counterpart material for Pillar
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Figure 56 Mo3d peak deconvolution result on the SUJ-2 disk counterpart for (a) ta-C, (b)

Pillar ta-C, and (c) Mesh ta-C lubricated with Mineral oil + MoDTC + ZnDTP

ta-C and Mesh ta-C which explain the reason for severe scratch on the SUJ-2 disk wear track
as observed by FE-SEM, Figure 54(b), and Figure 54(c). Previous research has reported that
DLCs is not easily worn by the formation of the Mo>C because of the hardness which is
lesser than that of DLC [104]. This factor has contributed to the high friction coefficient as a

result of abrasive wear.

Furthermore, Figure 57 and Figure 58 show the XPS analysis result of Zn2p3 peak on
both DLC coated cylindrical-pin and SUJ-2 disk counterpart material, respectively. It is
reported that the formation of pad-like ZnDTP derived tribo-film on both DLC pin and SUJ-2
disk result in a higher friction coefficient due to high shear strength [105]. The deconvolution
result reveals the formation of zinc derived tribo-film formed on the wear scar of ta-C which

characterized the white solid tribo-film as observed under FE-SEM, Figure 53(a).

Thermal decomposition and degradation of ZnDTP are evidenced with the presence of
iron produce ZnO and zinc sulfate ZnSO4 on the ta-C pin, as well as on the ta-C, Pillar and

Mesh ta-C counterpart disk. The phenomena of the degradation of ZnDTP only give little
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Figure 57 Zn2p3 peak deconvolution result on the (a) ta-C, (b) Pillar ta-C, and (c) Mesh ta-C

lubricated with Mineral oil + MoDTC + ZnDTP

effect to the ZnDTP anti-wear performance [106]. The formation of Zn-derived stable pad-
like tribo-film on the wear track of ta-C coated pin, and the counterpart SUJ-2 disk for ta-C,
Pillar ta-C and Mesh ta-C as shown in Figure 53 and Figure 54, respectively has led to the
excellent wear protection, but with slightly increased of friction coefficient as compared to

only in PAO4 lubrication.

Interestingly, both Pillar and Mesh ta-C show high wear-resistant when lubricated
under Mineral oil + MoDTC + ZnDTP even though there were no tribo-film derived from Mo
or Zn can be observed on the wear track of the coating. This could be explained by the weak
Zn-derived tribo-film formed on the wear track of Pillar ta-C and Mesh ta-C that is easily
removed during the cleaning process with benzene and acetone after the friction [49]. It is

reported that the presence of iron could result in a weak Zn-derived tribo-film [95].

Furthermore, the transfer of ferrous molecules from steel disk to the coating is the
reason for the formation of Zn-derived tribo-film on the ta-C despite the chemical reaction of

the ZnDTP molecules with ta-C coating [49], [53]. Thus, in the case of Pillar ta-C and Mesh
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Figure 58 Zn2p3 peak deconvolution result on the SUJ-2 disk counterpart for (a) ta-C, (b)

Pillar ta-C, and (c) Mesh ta-C lubricated with Mineral oil + MoDTC + ZnDTP

ta-C, lack of ferrous transfer molecules to the coating due to formation of Mo-derived and
Zn-derived tribo-film on SUJ-2 disk result in a weak Zn-derived tribo-film on the wear track
of the coated pin. In addition, the formation of Zn-derive tribo-film on the counterpart SUJ-2
disk prevents the carbon diffusion from DLC to the SUJ-2 steel surface that results in high
wear resistance of ta-C, Pillar ta-C, and Mesh ta-C. Furthermore, higher crack resistance of
the Pillar ta-C and Mesh ta-C coatings extend the protection against high wear of the coatings
[80]. The formation of the weak Zn-derived tribo-film on the wear track of Pillar ta-C and
Mesh ta-C permits the reaction of oxidize-Mo (MoOs) with the carbon from coating to

produce MoC.

4.3.2.2.2PA04 + MoDTC lubrication

The measured atomic percentage (at.%) has shown that the Mo-derived tribo-film may
form on the DLC coated cylindrical-pin under PAO4 + MoDTC (Table 8), which not
detected under Mineral oil + MoDTC + ZnDTP lubrication condition. Furthermore, XPS

analysis on the wear track of DLC coated cylindrical-pin and SUJ-2 disk counterpart material
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Figure 59 Mo3d peak deconvolution result on (a) ta-C pin, (b) Pillar ta-C pin, (¢) Mesh ta-C
pin and on the SUJ-2 disk counterpart for (d) ta-C, (e) Pillar ta-C, and (f) Mesh ta-C

lubricated under PAO4 + MoDTC

lubricated with PAO4 + MoDTC characterized that Mo at% is higher in the case of
conventional ta-C as compared to the Pillar and Mesh ta-C as depicted in Table 8 and Table

9.

Mo3d peak deconvolution on both DLC coated cylindrical-pin and SUJ-2 counterpart
disk are shown in Figure 59. It can be observed that molybdenum carbide, Mo.C is detected
on the wear track of Pillar ta-C and Mesh ta-C as shown in Figure 59(b) and Figure 59(c).
The formation of the Mo.C on both of Pillar ta-C and Mesh ta-C could be explained by the

existence of high sp? carbon atoms on the contact surface which facilitate the carbon atoms
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release from the coating. This is further clarified by the low intensity of the Mo-oxide
detected on the Pillar ta-C and Mesh ta-C coating due to the reaction with carbon atoms
producing the Mo,C peak as shown in Figure 59(b) and Figure 59(c). The gasification to CO
and CO; from the MoOs oxidation, which is regarded as the main factor controlling the wear
of ta-C under MoDTC lubrication also have led to the smoother contact surface of ta-C and
Mesh ta-C [103]. This is supported by the increase of sp? carbon atoms at the contact surface
of the ta-C and Mesh ta-C as compared to the as-deposited sp?/sp® ratio depicted in Table
10.Nonetheless, the gasification from the oxidize Mo does not affect the wear rates of ta-C

and Mesh ta-C due to its high hardness.

Furthermore, the formation of MoS; tribo-film can be observed on the DLC coated
cylindrical-pin and SUJ-2 counterpart disk. The formation of MoS; tribo-film on the wear
track of DLC coated cylindrical-pin and counterpart SUJ-2 disk results in lower friction
coefficient and high wear resistance for ta-C, Pillar ta-C, and Mesh ta-C in PAO4 + MoDTC
lubrication as compared to lubrication under PAO4 and Mineral oil + MoDTC + ZnDTP
lubrication condition. In addition, the Mesh ta-C high wear resistance remains as recorded
under PAO4 lubrication even with low intensity of MoS: tribo-film on the wear track of the

coating.

4.3.2.2.3PA0O4 + ZnDTP lubrication

Table 8 and Table 9 reveals that the use of the single additive has led to an increase of
Zn at. % on both wear track of DLC coated cylindrical-pin and SUJ-2 counterpart disk as
compared to Zn at. % measured in the case of lubrication under Mineral oil + MoDTC +
ZnDTP lubrication. Figure 60 shows the Zn2p3 peak deconvolution result on both DLC

coated cylindrical-pin and counterpart SUJ-2 disk.
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(d) (e) ®
Figure 60 Zn2p3 peak deconvolution result on (a) ta-C pin, (b) Pillar ta-C pin, (c) Mesh ta-C
pin and on the SUJ-2 disk counterpart for (d) ta-C, (e) Pillar ta-C, and (f) Mesh ta-C

lubricated under PAO4 + ZnDTP

In the view of friction coefficient, the result shows that the ta-C, Pillar ta-C and Mesh
ta-C in PAO4 + ZnDTP are comparatively higher to the friction coefficient result in PAO4 +
MoDTC lubrication condition. This result confirms that the formation of Zn-derived tribo-
film has contributed to a higher friction coefficient due to the high shear strength.
Nonetheless, the coefficient of friction results under PAO4 + ZnDTP lubrication lower as

compared to the lubrication under PAO4 and Mineral oil + MoDTC + ZnDTP.

Furthermore, the sp?/sp® ratio (Table 10) measured on the ta-C and Mesh ta-C under

PAO4 + ZnDTP is higher as compared to the Pillar ta-C. Also, the formation of ZnS on the
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wear track of ta-C and Mesh ta-C coating result in a lower friction coefficient as compared
Pillar ta-C. This contributes to the lower friction coefficient of ta-C and Mesh ta-C as
compared to Pillar ta-C. It is evidence that Zn derived tribo-film mainly consists of ZnSQO4
existed the ta-C, Pillar ta-C and Mesh ta-C coated pin under PAO4 + ZnDTP. The formation
of the ZnSO4 under PAO4 + ZnDTP lubrication results in excellent protection against high

wear as compared to the lubrication with the only PAO4.

4.4 Conclusions

The current study examined the effect of Pillar ta-C and Mesh ta-C coating on the
tribological performance, particularly with regard to friction and wear in the presence of
MoDTC and ZnDTP additives lubrication conditions. The findings of friction test for several
types of lubrication oil with an additive as compared to only base-oil PAO4 can be

summarized as follow;

o In the case of Mineral oil + MoDTC + ZnDTP lubrication condition, the overall
friction coefficient for ta-C and Mesh ta-C increased as a result of Zn-derived pad-
like tribo-film formed on the DLC coated-pin and SUJ-2 disk counterpart that protect
the coating from severe wear and microfracture. Passivation of ferrous transfer from
SUJ-2 disk results in a weak Zn-derived tribo-film formed on the Pillar ta-C and
Mesh ta-C. As for Pillar ta-C, the weak Zn-derived tribo-film formed on the DLC
coating contributes to the high wear resistance and the coefficient of friction

reduction mainly contributed by the high sp? carbon structure on the contact surface.

o Furthermore, lower friction coefficient and high wear resistance recorded under
PAO4 + MoDTC lubrication condition which contributed by the formation of MoS;

tribo-film formation.

Chapter 4: Effect of Pillar and Mesh Structure of Tetrahedral Amorphous Carbon (ta-C) Coatings on Friction and Wear
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o Moreover, lubrication in PAO4 + ZnDTP provides high wear resistance for ta-C,
Pillar ta-C and Mesh ta-C coating with the presence of ZnSOs tribo-film on the wear
track. In addition, the formation of ZnS on the wear track of the coating and

counterpart SUJ-2 disk results in a lower friction coefficient.

The characteristics of Pillar ta-C and Mesh ta-C which is low in sp* carbon bond does
not affect the tribo-film formation on the coating in single additive lubrication with MoDTC

and ZnDTP.
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Chapter 5
Conclusion and Future Outlook

This thesis introduced and synthesized the mechanical, friction and wear properties of
the novel structure-controlled Pillar ta-C and Mesh ta-C coatings to further the understanding
towards ta-C coating with as-deposited structure. The development of the novel Pillar and
Mesh ta-C is based on the conventional ta-C which is one of available DLC coating that
could provide low friction coefficient and high wear resistance due to its high hardness.
Nonetheless, the excellent performance of high hardness ta-C is reported to be limited by the
brittle characteristic and high load condition. Thus, taking advantage of the ta-C excellent
mechanical and tribological properties by introducing the structure and controlling the
hardness can result in a superior mechanical and tribological performance. At first, the Pillar
ta-C and Mesh ta-C coating tribological performance under PAO4 base-oil boundary
lubrication condition were comprehensively investigated together with conventional ta-C for
comparison presented in Chapter 2. To further understand the wear mechanism that took
place under base-oil boundary lubricated condition, Chapter 3 presents the outcomes of the
effect of the DLC fracture toughness to the wear properties of ta-C, Pillar ta-C and Mesh ta-
C. Finally, the performance of the Pillar ta-C and Mesh ta-C together with ta-C coating were
investigated under the additive oil boundary lubrication condition which presented in Chapter
4. Main findings of this work resulting from our experimental investigations can be

summarized as follows:
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(1) Under PAO4 base oil boundary lubrication condition, Pillar ta-C and Mesh ta-C
indicate excellent wear resistance owing to the inhibition of micro-fracture and cracks
propagation by the structure together with the reduction of abrasive particle
production. Likewise, brittle micro-fracture was observed on the ta-C coating, which
progresses to partial spalling and functions as the high hardness abrasive particles to
accelerate the wear. Mesh ta-C friction reduction is explained by the surface

smoothening due to the polishing effect.

(2) Superior fracture-toughness was observed following the introduction of pillar and
mesh structure to the ta-C coating in which the fracture-toughness of the Pillar and
Mesh ta-C DLC-coatings were comparatively higher than the conventional ta-C.
Furthermore, the elevation of fracture-toughness led to the higher wear resistance of
the Pillar and Mesh ta-C coating due to the fracture-induced wear suppression through
the improvement of the crack propagation inhibition. In addition, the introduction of
Pillar and Mesh structure to the ta-C DLC coating prevented the brittle characteristics
of the ta-C by decreasing channel-type cohesive cracking. Moreover, Pillar and Mesh
structure ta-C provided a greater degree of stress relief by permitting the higher rate of
crack energy dissipation in contrast to conventional ta-C coating. Also, the increased
crack spacing in Pillar and Mesh ta-C was facilitated by an improved adhesion

strength, which prevented the interface failures.

(3) In the case of Mineral oil + MoDTC + ZnDTP lubrication condition, the overall
friction coefficient for ta-C, Pillar ta-C and Mesh ta-C comparatively higher as
compare to lubrication under PAO4 as a result of Zn-derived pad-like tribo-film
formed on the DLC coated-pin and SUJ-2 disk counterpart as well as molybdenum
carbide formation on Pillar and Mesh ta-C. Nonetheless, the Zn-derived tribo-film

protects the coating from severe wear and microfracture. Furthermore, lower friction
102
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coefficient and high wear resistance recorded under PAO4 + MoDTC lubrication
condition which contributed by the formation of MoS tribo-film formation. Moreover,
lubrication in PAO4 + ZnDTP provides low friction and wear rates for ta-C, Pillar ta-
C and Mesh ta-C coating with the presence of ZnSO4 and ZnS tribo-film on the wear

track of coated cylindrical-pin and counterpart SUJ-2 disk.

The findings of this research indicate that introducing the structure to the ta-C coating
result in the excellent mechanical and tribological performance of the Pillar ta-C and Mesh
ta-C coating. Under the base oil boundary lubrication condition, fracture toughness of the
coating plays a key role in the wear of DLC coating especially for ta-C, Pillar ta-C and Mesh
ta-C coating. The presence of sp? carbon structure in the Pillar and Mesh ta-C coating leads to
superior protection against micro-crack. The performance of Pillar ta-C and Mesh ta-C, as
well as conventional ta-C in additive oil lubrication is enhanced with the formation of tribo-
film that protects against micro-crack and high wear of the coating. Therefore, the future
direction for this work would be to synthesize the Pillar ta-C and Mesh ta-C coating under the
dry condition as well as the investigation on the mating material for the counterpart of Pillar

and Mesh ta-C coatings for industrial application.
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