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In this thesis, we present the effect of surface transformation and transfer layer

on the friction of carbonaceous hard coatings. Carbonaceous hard coatings have

been used in recent years as coatings for tribological components; especially for

vehicles, in order to reduce friction and wear, which consequently increases the life-

span and working efficiently of components. Carbonaceous hard coatings are used

in many industrial applications, due to their excellent tribological properties of low

friction, high wear resistance, and chemical inertness. Another essential advantage

of carbonaceous hard coatings is that it provides a low friction coefficient; either

under dry conditions or boundary lubrication in oil. This particular advantage has

attracted more research to understand the tribological behaviour of carbonaceous

hard coatings, as a guideline for future usage. Consequently, we performed two

experiments; one in dry and the other in oil conditions. In the first experiment,

we investigated the effect of the transfer layer on the ultra-low friction of CNx

coating under blowing dry Ar. Meanwhile, the second experiment investigated the

effect of the transformed layer, in terms of their thickness and hardness on friction

under boundary lubrication, in additive-free mineral-based oil.
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In a dry condition, CNx coating can provide a low friction coefficient of 0.003

under blowing Ar, in an ambient environment, with help from the formation of

a transfer layer at the sliding interface. Following the friction test, an ex-situ

observation showed that the transfer layer could be found easily on the counter

part’s surface. Therefore, we think that an in-situ observation is needed to observe

the formation of the transfer layer that influences the friction behaviour under

a dry condition. However, no reports exist about an in-situ observation of the

formation of a transfer layer during friction testing in a dry condition. We have

developed a new experimental apparatus, based on a ball-on-disc tribometer. We

used a transparent sapphire hemisphere ball (α-Al2O3) as a counterpart against

a CNx coated disc for friction testing. With help of an optical microscope and a

CCD camera, images of the formation of a transfer layer can be recorded through

the transparent sapphire hemisphere ball during the friction test.

The friction test’s results show that the friction coefficient under blowing Ar, de-

creases from 0.18 to a steady state value of 0.003. An in-situ observation showed

that the friction coefficient decreased rapidly, as the transfer layer started to gen-

erate at the contact interface. As the thickness of the transfer layer increased

to 500 nm, the friction coefficient had a constant value at 0.003. Meanwhile, an

ex-situ observation was performed using Raman analysis of the transfer layer, and

found the transfer layer structure to be similar to graphite. The results showed

that the formation of a graphite-like transfer layer from the CNx coating played

an essential role in the low friction mechanism of CNx.

In the other experiment, we performed a friction test of a DLC coated sliding

bearing (SUJ2) against an S55C disc under boundary lubrication conditions, in

an additive-free mineral-based oil. Since the low friction mechanism under this

condition was still unclear, we tried to investigate the low friction mechanism from

a different point of view i.e., through the thickness and hardness of the transformed

layer through an ex-situ observation. The thickness of the transformed layer was

measured on wear track of DLC’s coating using reflectance spectroscopy, and the

hardness of the transformed layer was calculated using the depth of a scratch test,

using Atomic Force Spectroscopy (AFM).

We prepared three types of DLC, which we named DLC1, DLC2, and DLC3,

with different hardness’s of 47.1, 11.8, and 6 GPa, respectively. The tribological

properties of DLCs were investigated using a pin-on-disc tribometer, and friction

tests were performed under boundary lubrication conditions, in an additive-free
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mineral-based oil, at different oil temperatures of 24, 80, 120 and 160 ◦C. The

experiment’s results showed that DLC1 provided the lowest friction coefficient and

wear rate of 0.03 and in the order of 10−11mm3/Nm,respectively. The transformed

layer was found at the topmost surface of DLC coating after the friction test. The

pressure-induced graphitization was responsible for the DLCs structure changing

from sp3 into sp2. The pressure-induced graphitization, which was confirmed by

Raman analysis, showed that the value of ID/IG increased with increasing oil

temperatures.

Reflectance spectroscopy was used to measured the thickness of transformed layer

after friction test. In this work, we did find that the friction decreased by increasing

the ratio of the thickness of the transformed layer, t and the deviation of roughness,

σ∗. It was found that, the friction coefficient decreased significantly when the t/σ∗

value higher than 1.

We performed an AFM scratch test to determine the nano characteristics of the

transformed layer in terms of its hardness. We found that the hardness of the

transformed layer decreased significantly at oil temperatures above 80 ◦C, com-

pared to the hardness of the as-deposited DLC.

The empirical-based friction model map, which presents the thickness and hard-

ness of the transformed layer, correlated to friction coefficient data in a graphical

manner, was able to provide us with information of how the thickness and hard-

ness of the transformed layer influenced the friction’s behaviour. The combination

of a thick transformed layer (more than 100 nm) and a moderate hardness of the

transformed layer (2.8-4.3 GPa) can provide low friction. This combination avoids

direct contact between the mating surfaces and the hard bulk DLC. Therefore, the

mating surface can slide smoothly on the low shear strength of the transformed

layer, without touching the hard bulk DLC.
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Chapter 1

Introduction

1.1 Introduction to tribology

The word tribology is combination between tribo, “rub” in classic Greek, and

−logy , “knowledge of ”. Widely used as an engineering term since 1966, it is a new

discipline in the field of mechanical engineering and materials science correlating

to the study of friction, lubrication, and wear [1]. The problem posed by friction

when moving heavy objects using the sliding method has challenged mankind for a

thousand years. During early tribology history, the Egyptians first used water, and

later natural oils as lubricants to reduce friction at the sliding interface in order

to move massive stones over great distances for the construction of pyramids. A

breakthrough in tribology technology occurred with the introduction of a rolling

part such as a wheel and bearing to further reduce friction.

Friction and wear are basic problems in the tribology system due to abrasion on

the contact surface of two moving parts leading to a reduction in the lifespan of the

tribology component. Friction is defined as a tangential force against the sliding

motion of a body in an opposite direction. Wear is the result from the friction

process where the greater the friction, the higher the wear. Therefore, in the

tribology system, it is essential to separate two relative moving contact surfaces

in order to minimize friction and wear. The focus of this study is the application

of a liquid as a lubricant at the contact interface.

The demand for tribological technology increased in tandem with industrial growth

and this led to the need for a better understanding of its aspects in various areas.

1
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The role of tribology became more significant of late when researches acknowledged

the looming problem of an energy crisis in the not too distant future. As such,

the onus is on tribologists to increase knowledge in this area and come up with an

efficient system that does not lose too much energy to the forces of friction.

1.2 Industrial needs of hard coating

It has been reported that friction, lubrication, and wear have a significant influence

on the efficiency and lifespan of mechanical components employed in industries.

In the long run, this influence plays a deciding role in the economic development

of a nation. The report emphasized that viewing tribology from a scientific and

technological perspective is crucial in order to avoid major economic losses [2]. The

concern here is not only related to the economy, but also to the environment, as

machinery and vehicles with high efficiency will significantly reduce CO2 emission.

It has been acknowledged that the major source of rising CO2 emission can be

traced to cars and trucks [3]. This environmental problem continues to escalate

with the increasing demand for transportation which leads to a heightening of

the greenhouse effect. Studies revealed that when it comes to transportation,

passenger cars are responsible for 45% of total energy use and emissions [4]. The

most fundamental part of a car system is the internal combustion engine which

converts chemical energy into mechanical energy. The potential energy is generated

by the internal combustion engine during the process of fuel burning. This energy

is then converted into mechanical power which moves the car. However, part of

the energy is diverted towards overcoming the adherent friction in the car system.

Friction in the engine and transmission system contributes to about 17% of total

energy losses in areas such as the piston assembly, the valve train, and the bearings

and seals as reported in [5].

Friction behavior is dependent on whether the lubrication involved is boundary

lubrication, mixed lubrication or hydrodynamic lubrication as illustrated by the

recognized “Stribeck-curve” shown in Figure 1.1 [6]. However, tribological engine

components will experience all three kinds of lubrication conditions because the

speed of the engine is constantly changing during driving. Of the three, the one

that matters most in the “Stribeck-curve” is boundary lubrication because of its

potential for high friction and wear. Boundary lubrication occurs during starts,

stops, shock-loads, direction changes, and when the vehicle is moving at a slow
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Figure 1.1: Possible improvements based on Stribeck diagram by DLC coating
application.[6]

to intermediate speed. This can be attributed to the almost complete absence of

an oil film between two contact surfaces. The topmost surfaces fully contact each

other and the sliding or rolling motion results in high friction. High friction leads

to high fuel consumption because the system needs more power to overcome the

resistance. At the same time, high friction also causes the component to undergo

more wear which culminates in a reduction of its lifespan.

Figure 1.2 shows the number of cycles to failure for material combinations em-

ployed for a friction test under boundary lubrication conditions [7]. The com-

bination of DLC-steel displays a significantly longer lifespan of the component

compared to a steel-steel and DLC-DLC combination. This result indicates that

hard coating can improve the tribological properties of a component in terms of

friction coefficient and wear as depicted in Figure 1.1. Tribologists are challenged

to come up with a suitable coating material that can improve tribological behavior

in terms of low friction and high wear resistance under specific conditions.

Industrial applications that involve tribological components include internal com-

bustion engines for automobiles, material processing, gas turbine engines, rail

transportation etc. The coating material selected for a particular application de-

pends on the device and its operating conditions as well as the required perfor-

mance and lifespan of the component [8]. Some examples on the use of coating
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Figure 1.2: Cycles to failure for combination of steel-steel, DLC-DLC and
DLC-steel under boundary lubrication condition.[7]

technology for increasing the tribological performance of internal combustion en-

gines for automotive applications are shown in Figure 1.3 [9]. Tribological compo-

nents will experience different contact conditions depending on their application.

These conditions include contact stress at normal load, sliding abrasion, impact,

surface fatigue, fretting and chemical dissolution. Table 1.1 shows the guideline

for coating selection which depends on dominating contact conditions [10].
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Figure 1.3: Components that can be coated with DLC for use in an automotive
engine.[9]
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Table 1.1: Guideline for coating selection.[10]

Contact type Dominating con-
tact condition

Required surface
properties

Recomended
coatings

Sliding Low friction slid-
ing

Low shear strength at
surface to layer

DLC, MoS2, dia-
mond

Mild wear Good load support
Abrasion (a) Third-particle

indentations
(a)Good-
microtoughness
and load support

TiN, TiAlN, TiC,
Al2O3, CrN

(b) Two-body
ploughing

(b) High hardness to
resist plastic deforma-
tion

Impact Concentrated
impacting stress
wave

Good macrotoughness
Good elasticity

Multilayer

Abrasive wear

Fatique Continuous large
stress waves

Good macrotough-
ness, Good load
support

TiN, DLC Multi-
layer

Fretting High-frequency
large stress wave,
Wear debris in
contact continu-
ously

Good elasticity, Low
shear strength surface
layer, Not producing
hard wear debris

MoS2, Cu-Ni-In,
Multilayer

Chemical dissolution High temperature Non-soluble, Ther-
mally conductive

TiN, TiAlN, TiC,
WC, CrAlN,
DLC, diamond

Lubricated sliding Coating giving
load support for
lubricant film
and acting as
emergency layer

Interaction with lubri-
cant additives, Tex-
turing to support lu-
bricant prevalence

DLC, TiN,
TiC,CrN
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1.3 Carbon coatings

Carbon is a unique material which can provide high hardness and good thermal

conductivity in the form of a diamond, as well as softness and high lubricity in the

form of graphite. Carbon exists in many forms in carbon-based allotropes. These

forms include white carbon (ceraphite), nanotubes, buckyballs, other fullerenes,

carbon-carbon composites, glassy carbons, and carbon nanofibres. Diamond-like

carbon (DLC), carbon nitride, and boron nitride are a few examples of thin coating

technology in which carbon, widely used in engineering technology, is the key ele-

ment. Carbon is the preferred choice due to its outstanding tribological properties

which contribute towards the reduction of friction and wear.

Carbon coatings can have different mechanical properties because they consist of

sp3, sp2 and sp1 as shown in Figure 1.4 [11]. These combinations can provide

a great variety of crystalline and disordered structures. A diamond consists of

a sp3 configuration where four carbon atoms bond with each other to build a

tetrahedral structure which in turn makes a strong σ bond to an adjacent atom.

These structures provide high mechanical hardness, chemical and electrochemical

inertness, and a wide band gap. In the sp2 configuration, as in graphite, the three

of four valence electrons enter trigonally directed sp2 orbitals. These form σ bond

in a plane. The fourth electron of the sp2 atom enters a pπ orbital which lies

normal to the σ bonding plane [11]. Graphite has a strong intra-layer σ bonding

and a weak Van der Waals bonding between its layers [12]. As these layers can

be separated and slide easily, the resulting friction is low [13, 14]. In the sp1

configuration, two of the four valence electrons enter σ, each forming an σ bond

directed along the ±x -axis, and the other two electrons enter pπ orbitals in the y

and z directions [11].

Figure 1.4: sp3, sp2 and sp1 hybridised bonding.[11]
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1.3.1 Diamond-like carbon (DLC)

DLCs are commonly used as a hard coating in many industrial applications due

to their excellent tribological properties of low friction, high wear resistance, and

chemical inertness.

Figure 1.5: Ternary phase diagram for various DLC films with respect to their
sp2, sp3 and hydrogen contents.[15]

Ferrari and Robertson studied the different types of DLCs using spectroscopic

techniques to define their structure and chemical content. Figure 1.5 shows the

ternary phase diagram by dividing various DLCs into different regions based on

the fraction of sp3 or sp2 and hydrogen content [15].

Generally, the mechanical and tribological properties of DLCs depend on the

sp3/sp2 ratio. However, the additional dopant material such as silicon, hydro-

gen, and metal/carbide, can also contribute different tribological properties to

the DLC coating. Examples of diamond-like carbon are hydrogen-free amorphous

carbon (a-C), hydrogenated GLC (a-C: H), tetrahedral amorphous carbon (ta-C)

and hydrogenated tetrahedral amorphous carbon (ta-C: H). The other types of

DLC which contain the dopant elements silicon and metal/carbide will be termed

Si-DLC and Me-DLC respectively. Hydrogenated DLC coatings are generally soft

with low internal stress. Thus, with good adhesion, it is possible to apply thicker

film on the substrate [16]. However, hydrogen-free DLC coatings have a high de-

gree of hardness and consequently high internal stress. As such, it is difficult to
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deposit thicker hydrogen-free DLC. Generally, the thickness of hydrogen-free DLC

is limited to 1 µm [11].

There are two types of deposition techniques commonly used for deposition of DLC

coatings and these are Plasma Vapour Deposition (PVD) and Chemical Vapour

Deposition (CVD). The PVD procedure involves atomistic deposition processes,

in which material is vaporized from a solid or liquid state in the form of atoms or

molecules, and then transported in the form of a vapour through a vacuum or a

low pressure gaseous (or plasma) environment to the substrate where it condenses.

Typically, PVD processes are used to deposit films with thickness in the range of a

few nanometres to thousands of nanometres. Typical PVD deposition rates are 10-

100Å (1-10 nanometers) per second [17]. There are several types of PVD coating

techniques such as vacuum evaporation, sputter deposition (in a plasma environ-

ment or in a vacuum), ion plating and Ion Beam Assisted Deposition (IBAD).

Thermal Chemical Vapour Deposition (CVD) is the deposition of atoms or molecules

by substantial temperature reduction or decomposition of a chemical vapour pre-

cursor which contains the material to be deposited. Deposition at a low tempera-

ture is facilitated by the introduction of plasmas into CVD reactors. The plasmas

are typically generated by radio-frequency (rf) techniques and the process is called

plasma-enhanced CVD (PE-CVD) [17].
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The tribological behavior of DLC films differ according to their individual prop-

erties. Other factors that can significantly influence the tribological performance

of DLC films are test conditions and the environment. The result from a previous

study showed that the friction coefficient for various DLCs and test conditions

vary widely in a range of 0.001-0.7 [18]. With regard to hardness, the hydro-

genated DLCs are generally softer than hydrogen-free DLCs. Table 1.2 displays

a few examples of the mechanical properties of various carbon films employing

different deposition methods. Soft DLCs scratch easily while DLCs with high

hardness possess high wear resistance properties with generally low wear rates of

10−11mm3N−1m−1.

Table 1.2: Mechanical properties of various carbon films employing different
deposition methods.

Film Deposition
method

H (GPa) Thickness (nm)

a-c:H [19] PECVD 14 1140
18 550

ta-C [20] FCVA 80 76
ta-C [15] PLD 27 120
a-C [21] Sputtering 39 29

42 46
85 38
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1.3.2 Carbon nitride (CNx)

CNx is also carbon coating material that has very good tribological properties like

DLC. It is expected if the CNx can be harder than diamond if the CNx possess

the ideal structure of β-C3N4 [22, 23]. Table 1.3 displays a few examples of

the mechanical properties of amorphous CNx (a-CNX) films employing different

deposition methods.

Table 1.3: Mechanical properties of CNx films by different deposited method.

Film Deposition
method

H (GPa) Thickness (nm)

a-CNx [24] MS 5.6 280
a-CNx [25] FCVA 65 (high N %) 100

40 (low N %) 100
a-CNx [26] IBAD 25 1000

1.3.3 Friction mechanism of carbon coatings

The frictional behavior of carbon coatings can be influenced by intrinsic factors

and extrinsic factors. Intrinsic factors come into play when the influence of fric-

tion behavior comes from the properties of the coating material itself. These

include sp3 and sp2 content, the amount of hydrogen present, the doping material

involved, and their bonding structure. The influence of frictional behavior from

external sources such as chemical reaction and the physical and mechanical inter-

action during moving contact between two surfaces are defined as extrinsic factors.

Both factors play significant roles in the friction and wear mechanisms of carbon

coatings.

The effects of physical roughness on DLCs containing dopants like tungsten (a-

C:W) and chromium (a-C:Cr) were examined using the ball-on-disk test. The

friction coefficient rose from 0.1 to 0.7 with increasing surface roughness Rq of 7

to 390 nm respectively. The friction coefficient was closely related to the surface

roughness of the coating as higher roughness contributed to a higher friction co-

efficient. The higher friction for rougher surfaces could be due to the oxidized

particles of coating material filled the scratches. Shearing the oxidized particles
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causes a higher friction. It was found that the wear rate for the a-C:W is not de-

pendent on surface roughness. However, the a-C:Cr coating displayed a different

behavior with the surface roughness influencing the wear rate [27].

The environmental effect on friction and wear behavior of DLCs was evaluated

under four conditions. These conditions were dry air, O2, N2 and vacuum. The

results revealed that the environment has a significant influence on friction and

wear behavior. The N2 environment exhibited the lowest friction coefficient of

0.06 and a low wear rate 2.2×10−9mm3N−1m− 1. The highest friction coefficient

of 0.17 was attributed to the vacuum environment, and the lowest wear resistance

of 5.2×10−9mm3N−1m− 1 to the O2 environment [28]. The importance of hydrogen

content in DLC films was investigated in an open air and a dry N2 environment.

t was suggested that the low friction mechanism of hydrogenated DLC films is

due to the passivation of the dangling surface bonds of carbon atoms by hydrogen

[29]. Another study reported that the formation of friction layers at the topmost

contact surface of DLCs influences the friction behavior. The generation of friction

layers was affected by the testing environment [30].

DLC is hybridized structure that containing sp3 and sp2. The graphitization

occurred during friction when the sp3 structure converted into the sp2 structure due

to a friction-induced graphitization mechanism [31–33]. The transfer layer formed

on a counterface through the graphitization process provides low shear strength

between hexagonal planes in the graphite structure allowing for the possibility of

reducing friction to 0.02 [34, 35].

An investigation on the friction properties of DLC/DLC contacts in base oil using

12 different types of DLCs such as a-C:H:W, Si-DLC, ta-C and a-C:H with different

mechanical properties was carried out by Vengudusamy et al. They found that the

friction properties in this situation depended on the DLC type. The lowest friction

of 0.05 was exhibited by ta-C in a boundary lubrication condition. The low friction

mechanism in the boundary lubrication was attributed to surface graphitization

[36]. The effect of temperature on the DLC performance in base oil was studied by

Kalin et al. The lowest friction coefficient was achieved at a high temperature of

150 ◦C. The Raman analysis clearly showed that graphitization provides a slippery

surface and this condition contributes to low friction levels [37].

Nitrogenated DLC or Carbon Nitride (CNx) is widely used as a coating material
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in magnetic hard disk applications due to its excellent tribological properties [38–

40]. Intensive studies were conducted on these properties in the environments

of a vacuum, Ar, N2, CO2, O2 and air against the counter material of Si3N4. It

emerged that the N2 environment had a significant effect on friction coefficient with

a reading of below 0.01. Blowing dry N2 gas directly onto the contact interface in

an air environment effectively reduced the friction coefficient to about 0.017 [41].

The low friction mechanism was analyzed using an Auger Electron Spectroscopy

(AES) and an X-ray Photoelectron Spectroscopy (XPS) where the desorption of

N2 atoms from the top layers of coating led to the CNx structure transforming

into a graphite-like structure. This provides a slippery surface that reduces the

friction coefficient [26].
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1.4 Purpose of this study

Carbonaceous hard coatings can provide low friction either in a dry condition or

boundary lubrication in oil. After the friction test, an ex-situ observation in dry

conditions showed that the transfer layer could easily found on the counter part’s

surface. This transfer layer was believed to be responsible for the low friction, with

the transfer layer acting as a third body. The transfer layer separated the direct

contact between the two surfaces and controlled the friction’s behavior. Therefore,

in-situ observation was needed to observe the formation of a transfer layer that

influenced the friction behavior under dry conditions. However, no reports exist

about in-situ observations of the formation of a transfer layer during friction testing

under dry conditions.

Consequently, we developed a new experimental apparatus that was based on a

ball-on-disc tribometer. We used a transparent sapphire hemisphere ball (α-Al2O3)

as a counter part for friction testing against a CNx coated disc. With the help of

an optical microscope and a CCD camera, images of the formation of a transfer

layer were recorded during the friction test. Information from these images was

used to determine the thickness of the contact area and the transfer layer. It

was possible that the area of the transfer layer could have changed the contact

pressure leading to the material properties of the transfer layer. Meanwhile, an

ex-situ observation was performed to analyze the transfer layer, wear track, and

wear debris, using Raman spectroscopy, SEM, AFM and AES.

However, the transfer layer could not be found on the counter part’s surface using

ex-situ observation after friction, in the case of oil lubrication. The oil would not

allow the adhesive bonding of the transfer layer to the counterpart. However, after

ex-situ surface analysis of the carbonaceous coating worn area, using Raman anal-

ysis after the friction test, the results showed that the carbonaceous hard coating

structure had changed and was then known as the transformed layer. This change

was due to graphitization; where the structure of sp3 converted to sp2 . Sp2 rich

topmost surface could provide a low shear strength that resulted from the low fric-

tion. We believe that due to a lack of oil in boundary lubrication friction test, the

properties of the carbonaceous hard coating topmost surface (transformed layer)

could control the friction’s behavior. It is therefore very important to investigate

the mechanical properties of the topmost contact interface. Further analysis of
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the transformed layer, in terms of its thickness and hardness, could provide more

information about the mechanism of low friction in oil under boundary lubrication.

We used three different hardness’s of DLC that were coated on sliding bearings

made of steel (SUJ2) as a substrate and a S55C steel disc as a counterpart. Bound-

ary lubrication friction tests were conducted using a pin-on-disc tribometer. An

additive-free mineral based oil was used as a lubricant to avoid the influence of any

additives on both the friction and wear behaviors of DLC. After the friction tests,

the worn area on the DLC coating was examined using Raman analysis, reflectance

spectroscopy, and AFM scratch testing. Raman analysis was used during the fric-

tion tests to verify the graphitization process that generated the transformed layer

at the topmost sliding interface. The thickness of the transformed layer was mea-

sured using reflectance spectroscopy. An AFM scratch test was used to determine

the hardness of the transformed layer.

From the experimental results of the friction test in dry conditions, we attempted

to relate the significant role of the transfer layer formation at the contact sliding

interface to the friction behavior of the CNx coating under blowing dry Ar.

For the friction test in boundary oil lubrication conditions, the generation of a

thin transformed layer at the topmost sliding interface of the DLC coating could

be the main factor for low friction. We investigated the nano characteristics of

transformed layer in term of its thickness and hardness. Then, we attempted to

propose a friction model of low friction under boundary lubrication conditions in

an additive-free mineral based oil.



Chapter 1. Introduction 16

In summary, the objectives of this study were as follows:

1. To clarify the effect of the CNx transfer layer area on the mating sapphire

hemisphere on the friction properties under blowing dry Ar.

2. To clarify the effect of as-deposited hardness of DLC on friction and wear

after friction test under boundary lubrication conditions in an additive-free

mineral based oil.

3. To clarify the effect of the transformed layer’s thickness on the tribological

properties of the sliding bearing under boundary lubrication conditions in

an additive-free mineral based oil.

4. To clarify the effect of the transformed layer’s hardness on friction under

boundary lubrication conditions in an additive-free mineral based oil.

5. To propose friction map and friction model for low friction of carbonaceous

hard coatings.
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1.5 Outline of dissertation

Figure 1.6: Outline of dissertation.



Chapter 2

Effect of transfer layer on ultra

low friction of CNx coating under

blowing dry Ar

2.1 Introduction

Carbonaceous hard coatings are used because those have good tribological proper-

ties, such as low friction, high hardness, and high wear resistance. Carbon Nitride

(CNx) is expected as excellent materials with excellent tribological properties.

CNx is a hybridized material that is composed of sp3 and sp2 Carbon-Nitrogen

(C-N) bonding. CNx showed ultra low friction that is less than 0.01 of friction

coefficient in dry Nitrogen gas [41]. The authors has tried to know the ultra low

friction mechanism of CNx on the basis of surface analysis with Raman spec-

troscopy, XPS and AES because ultra low friction was observed after a number of

repeated sliding in dry Nitrogen. As a result, we proposed the ultra low friction

mechanism as the formation of thin graphite like layer that thickness is about 20

nm on the surface of CNx, the formation of transfer layer of graphite like wear

particles and smoothing of friction surface [42]. However we have done the ex-

observation after sliding test. Therefore we do not know the specific effect of the

formation of transfer layer on the mating surface. In order to overcome this issue,

we developed a friction tester with in-situ observation of transfer layer under slid-

ing against a sapphire hemisphere in different species of gas such as Argon (Ar),

Nitrogen (N2) and ambient air.

18
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In the case of ultra low friction under dry nitrogen and dry Argon, friction coeffi-

cient decreased with the increasing of the thickness of transfer layer. On the other

hand, friction coefficient did not decrease with the increasing of the thickness of

transfer layer in the case under ambient gas [43]. These results show the transfer

layer from CNx to mating surface has the essential role in the ultra low friction

mechanism of CNx.

In this chapter, we investigated the effect of the area of transfer layer on mat-

ing sapphire hemisphere on friction properties under blowing Ar gas. There is a

possibility that the area of transfer layer can change contact pressure lead to the

material properties of transfer layer. In-situ observation of transfer layer forma-

tion, and attachment at the sliding contact point, was observed using an optical

microscope. Images were captured using a CCD camera. Meanwhile, an ex-situ

observation was performed to analyze the transfer layer, wear track and wear

debris, using Raman spectroscopy, SEM, AFM, and AES.
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2.2 Experimental procedure

2.2.1 Test specimen

The Si(100) wafer disk was coated with a 100 µm thickness of CNx using Ion

Beam Assisted Deposition (IBAD) method in this study. Further details of coating

procedure can be seen in [26]. The nitrogen content in the CNx is about 10 %. A

CNx surface roughness of 0.72 nmRa was measured using AFM. The hardness of

the CNx coating was measured at approximately 25.2 GPa using nano indenter,

with a maximum indentation load of 20 µN. A transparent sapphire hemisphere,

with a radius of 4 mm, a hardness of about 35 GPa, and surface roughness of 30

nmRa, was chosen as a counter face.

2.2.2 Friction test

Figure 2.1 shows a ball-on-disk equipment with in-situ observation of contact point

during sliding under blowing Ar gas. An electric motor was used to rotate the CNx

coating, which was fixed on a rotatable disk holder, and the sapphire hemisphere

was used as a stationary counter face at the upper side. The friction test was per-

formed using the ball-on-disk tribometer, with a sliding speed of 83.8 mm/s, and a

sliding track of 6 mm. The experiment was performed under ambient conditions,

with room a temperature of 24 ◦C and a relative humidity of about 26 %. Dry Ar,

with a 99.9999 % purity, was used in this experiment. Dry Ar came directly from

the gas cylinder to the contact point between the CNx coating and the sapphire

hemisphere, with a volume rate of 5 l/min throughout the sliding test. The O2

content and humidity were measured at sliding interface using TORAY Oxygen

Analyzer (LC-750) and Thermo Recorder (TR-72U) in order to clarify the impuri-

ties of blowing Ar. A normal load of 0.1 N was applied constantly to the sapphire

hemisphere with a leaf spring. The initial mean Herztian’s contact pressure was

calculated at about 177 MPa, with a contact diameter of approximately 10 µm.

The test’s specimens were cleaned in an ultrasonic bath in acetone for 15 min-

utes before and after the friction test, in order to avoid any contamination on the

specimen surface during testing and other analysis.

Transfer layer formation phenomena during contact sliding, which was generated

by friction between the transparent sapphire hemisphere and the CNx coating,
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Figure 2.1: Test rig based on pin-on-disk method. Combination of optical
microscope and CCD camera were used to observe the in-situ frictional behavior

CNx coated disk against Sapphire hemisphere.

can be observed with optical microscope using CCD camera, through the sapphire

hemisphere. Newton’s ring can also be seen in the images and was used to estimate

transfer layer thickness during the friction test. Pictures were taken every five

cycles for 10,000 cycles.

2.2.3 Estimation of the thickness of transfer layer

The transfer layer thickness can be estimated by comparing the Newton’s ring

diameter images that were captured during the sliding test with an initial state

image. The movement of Newton’s ring can be observed during the sliding test.

Inward movements of Newton’s ring were caused by the elevation of the sapphire

hemisphere, which corresponded to the increasing transfer layer thickness. The

change of Newton’s ring diameter during sliding test can be observed and measured

from the images. The use of Newton’s ring to quantify transfer layer thickness

is given in [44, 45]. Pythagoras’ theorem was used to estimate transfer layer

thickness, as in Eqs. 2.1 and 2.2 and referring to the schematic illustration of

transfer layer formation, as shown in Figure 2.2.
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h = (X2 + Z)− (X1 + Z) (2.1)

h =
√
R2 − r22 −

√
R2 − r12 (2.2)

where h is transfer layer thickness; R is the radius of the sapphire hemisphere; Z

is the height between the measured Newton’s ring from the contact surface,y1 ,2are

the height between the top of the sapphire hemisphere and the Newton’s ring (1 :

before sliding, 2 : during sliding), r1 ,2 are the estimated radius of Newton’s ring

(1 : before sliding, 2 : during sliding).

Figure 2.2: Schematic illustration ofrelationship between transfer layer and
Newton’s ring during sliding test for estimation of transfer layer thickness. (a)

Initial state and (b) during sliding with the formation of transfer layer.

2.2.4 Raman and AES analyses

The Raman spectra was obtained using a Jasco Laser Raman spectrophotometer

NRS-1000 equipped with a second harmonic Nd:YAG laser with a maximum laser

power and wavelength of 10 mW and 532 nm, respectively. However, only 1%

of the maximum power was applicable for the measurement without burning the

surface and also to avoid the influence of the substrate underneath. The AES

(ULVAC PHI-650) was used to obtain the depth profiles of chemical composition

of test specimen with beam energy of 5 kV and a probe current of 100 nA. Before

the measurement, the test specimen surface was cleaned by ion sputtering with a

sputtering energy and a probe current of 3 kV and 25 mA, respectively.
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2.3 Results and discussion

2.3.1 Effect of the thickness of transfer layer on friction

coefficient

Figure 2.3: (a) The frictional behavior of CNx coating against Sapphire hemi-
sphere as a function of sliding cycles and (b) Transfer layer thickness as a func-

tion of sliding cycles.

Figure 2.3 shows the coefficient of CNx coating against the sapphire hemisphere

during the repeated sliding test under blowing dry Ar, as a function of the number

of cycles. At approximately 300 cycles, the friction coefficient increased from 0.1

to 0.18. Then at 1000 cycles, the friction coefficient decreased drastically from 0.18

to 0.003. After a short running-in period, the friction coefficient was consistently

ultra low until 10,000 cycles. Figure 2.4 shows images of transfer layer through a

transparent sapphire hemisphere in each sliding cycles from 0 to 10,000 cycles.

The other experimental results show that the friction coefficient increased sud-

denly, due to a detachment of the transfer layer from the contact surface, as

shown in Figure 2.5. Later, the transfer layer built-up again at the contact point,

and the friction coefficient decreased slowly until it achieved a super low friction

again. The images in Figure 2.4 show that the initial real contact point was at the

centre (zero cycle), but later it deviated to the front of the sliding direction (400



Chapter 2. Effect of transfer layer on ultra low friction of CNx coating under
blowing dry Ar 24

cycles), where it remained for the rest of the sliding test, as illustrated in Figure

2.2.

Figure 2.4 shows the microscope images of Newton’s rings that formed around

the contact point of the two surfaces (i.e., the sapphire hemisphere and the CNx

coating) with different diameters and light intensities. The Newton’s rings were

formed due to interference between the light waves reflected from the top and

bottom surfaces.

The Newton’s ring’s diameters were measured and used to estimate transfer layer

thickness using Eq. 2.2 from Pythagoras’ theorem. The Newton’s ring becomes

smaller due to the elevation of the sapphire hemisphere corresponding to the for-

mation of a transfer layer at the contact point, as illustrated in Figure 2.2. The

results show that the friction coefficient decreased whilst the transfer layer thick-

ness increased. See Figure 2.3(a). In addition, the higher rate of transfer layer

generation (about 0.092 nm/cycle) was seen from the beginning of sliding test

during the running-in period until approximately 2000 cycles. Then, the transfer

layer generation rate became lower (at about 0.046 nm/cycle) from 2000 cycles

onwards, and the friction coefficient reached a super low friction of 0.003, where

it remained until 10,000 cycles. An ultra low friction of 0.003 was achieved when

the transfer layer thickness was around 60 nm after 1000 sliding cycles. The trans-

fer layer thickness increased consistently to 550 nm at 10,000 cycles, whilst the

friction coefficient kept constant at super low. The higher rate of transfer layer

generation during the running-in period showed that more graphitization occurred

then, than the steady state period. This result indicates that more wear debris was

produced from sliding at the beginning, due to the direct surface contact between

the sapphire hemisphere and the coating disk. The wear debris accumulated at

the sliding contact and became a thin transfer layer through compaction. As the

transfer layer became thicker, the wear rate of the CNx coating decreased because

the transfer layer could act as a protective layer to reduce wear.
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Figure 2.4: Microscopic images of Newton’s ring and real contact area for
estimation of transfer layer thickness and mean Hertzian’s contact pressure re-

spectively.
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Figure 2.5: (a) Sudden increase of friction coefficient during sliding between
CNx coatings against Sapphire hemisphere as a function of sliding cycles (b)

Images of transfer layer and Newton’s ring.
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2.3.2 Effect of area of transfer layer and contact pressure

on friction coefficient

As shown in Figure 2.4, the initial image of the dark circle at zero cycles shows

the direct contact point between the sapphire hemisphere and the CNx coating.

At the beginning of friction test, the contact between the sapphire hemisphere

and the CNx coating forming the Hertzian’s contact as shown in Figure 2.4 at 0

and 200 cycles. However, from 400 cycles of sliding rotation, transfer layer was

generated, and the contact point moved from centre to the front side of the sliding

direction. At this point, there was no more Hertzian’s contact. The accumulation

of wear debris at contact interface segregated the direct contact between sapphire

hemisphere and CNx coating. The measured contact radius, decreased from 0 to

10000 cycles around 13 µm initially to 4 µm (10000 cycles). The changing contact

radii were measured carefully from the captured images using CCD to be used

later for the estimation of contact area, A. The measured radius of the Hertzian’s

contact point was 13 µm at initially state (i.e., zero cycles), which was confirmed

by calculating the contact radius of 10 µm using Hertzian’s contact mechanics; as

per Eqs. 2.3 and 2.4 [46]. The different values, between measured and calculated

Hertzian’s contact point radii, are due to inaccurate measurements of the contact

point using optical images. It is very difficult to obtain accurate value of Hertzian’s

contact radius by measurement because of the blurring of the contact edge as

shown in Figure 2.4 (0 cycles). The difference between the measured contact

point radius, r c and the calculated Hertzian’s contact radius, a was within a few

micrometers, and are also reported elsewhere [45].

a =

(
3WR

4E∗

)1/3

(2.3)

where

1

E∗
=

1− υ12

E1

− 1− υ22

E2

(2.4)



Chapter 2. Effect of transfer layer on ultra low friction of CNx coating under
blowing dry Ar 28

Here, W is the applied load, R is the sapphire hemisphere’s radius, E ∗ is the

effective elastic modulus, υ1 and υ2 are the Poisson’s ratio of the sapphire hemi-

sphere and the CNx, respectively, and E 1 and E 2 are the Young’s modulus of the

sapphire hemisphere and the CNx, respectively. A measured contact point radius,

r c was used to calculate the mean pressure Pm using Eqs. 2.5 and 2.6.

Pm =
W

A
(2.5)

where,F is the applied load, and A is the estimated contact area.

A = πrc
2 (2.6)

where, r c is the measured contact radius.

Figure 2.6: Relation between mean Hertzian’s contact pressure and friction
coefficient as a function of sliding cycles.

Figure 2.6 shows the relation between the estimated mean contact pressure and the

friction coefficient, as a function of sliding cycles. The contact pressure increased

drastically from 0.174 to 2.25 GPa, where the friction coefficient was shown to

decrease to a super-low level of 0.003 until 10,000 cycles of rotation. Then, the
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contact pressure decreased slowly from 2.25 to 1.5 GPa. The friction coefficient

achieved a steady state condition at around 0.003, when the pressure was at a

high value of around 1.5 GPa.

Another essential relation shown in this study is how the estimated mean Herz-

tian’s contact pressure affects the generation of the transfer layer as shown in

Figure 2.7. It was observed that the thickness of transfer layer increase gradually,

although the contact pressure slightly decrease after 2000 sliding cycle.

Figure 2.7: Relation between estimated mean Hertzian’s constant pressure
and transfer layer thickness as a function of sliding cycles.

2.3.3 Phase transition of CNx coating at sliding contact

interfaces

CNx is a material with a combination of sp3 and sp2 carbon bonds, which the

nitrogen substitutes into the sp2-bonded ring to a saturation level of about one

nitrogen to every three carbon atoms. This CNx structure provides good tribo-

logical properties, such as low friction, high hardness, and high wear resistance.

CNx graphitization occurred when desorption of nitrogen atoms from the CNx

matrix was caused by raising the annealing temperature. Generally, the transition

temperature of CNx is about 200 ◦C, which corresponds to a sp3-sp2 transition

temperature [47]. However, during sliding, the transition temperature can be de-

creased to a lower value, due to the high contact stress [48, 49]. The CNx transition
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temperature can be calculated according to the Clapeyron law [50], with the func-

tions of contact pressure and specific volume of low and high nitrogen contents of

carbon nitride, as per Eq. 2.7.

T = T cexp

(
−|∆υ|
L

∆p

)
(2.7)

Figure 2.8: Calculated transition temperature of CNx coating as a function
of Hertzian’s contact pressure referring to Clapeyron law.

where T c is the critical phase transition temperature of CNx (200 ◦C) [47], ∆υ is

the difference between specific volume of low nitrogen content (0.303∗10−3m3kg−3)

and high nitrogen content (0.746 ∗ 10−3m3kg−3) [21], ∆p is the difference between

Hertzian’s contact pressure and atmospheric pressure. As explained previously,

the contact area decreased throughout the sliding test, corresponding to increased

contact pressure. Figure 2.8 shows that the phase transition temperature of CNx

coatings decreased with an increase of Herztian’s contact pressure at the sliding

interface. Hence, a high contact pressure results in a lower transition temperature

sp3- sp3 to as low as 20 ◦C. This explains that the graphitization process possibly

occurred under high contact stress at room temperature, since the experiment was

performed under room temperature (about 24 ◦C).
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Figure 2.9: a) SEM observation of wear track and debris on CNx coating
disk after sliding test.(b) Microscopic image of transfer layer on the sapphire

hemisphere after sliding test.

2.3.4 Ex-observation of wear track with Optical micro-

scope (OM), Raman spectroscopy and Auger Elec-

tron Spectroscopy (AES)

After the sliding test, the CNx coating and sapphire hemisphere was observed using

SEM and an optical microscope. Figure 2.9(a) shows a picture of the compacted

wear debris along the wear track on the CNx coating after the sliding test. No

wear debris was found within the wear track because the wear debris was ejected

outside of the wear track during the sliding. The generated transfer layer was

transferred from the coating surface to the sapphire hemisphere’s surface. The

microscope image shows that the transfer layer is strongly adhered to the sapphire

hemisphere, as shown in Figure 2.9(b).

Figure 2.10(a)-(d) show the Raman spectra of the as-deposited wear track, the

transfer layer, and the wear debris, respectively. The Raman spectra shape, of the

as-deposited of CNx, is comparable to other researcher’s results [51]. The shape

of Raman spectra on the wear track, after the sliding test, was the same as the

as-deposited CNx; with the same Raman shift, G peak of 1576.5 1/cm. However,

the Raman shifts of the G peak for both the wear debris and transfer layer show a

different value of 1588.8 1/cm. This shifting G peak value, from a low to a higher

frequency, means that transition of sp3-sp2 (also known graphitization) occurred

during the sliding test [52].
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The Raman shape of the wear debris and the transfer layer is comparable with

pure graphite, as reported by other researchers [53]. This means that the graphitic

material was removed from the CNx coating’s wear track and accumulated as a

transfer layer; which then adhered to the sapphire hemisphere and partially became

wear debris.

Figure 2.11(a)-(c) show the results for Ar KLL, C KLL, N KLL, and O KLL peaks

through AES analysis, between 150 and 550 eV on as-deposited CNx, wear track

and wear debris, respectively. The kinetic energy of Ar KLL, C KLL, N KLL, and

O KLL were approximately 220, 258, 374, and 510 eV, respectively. The intensity

of the N KLL peaks on the wear debris is approximately zero. This means that

there was almost no N content in the wear debris compared to the as-deposited

CNx, and the wear track. This proves that desorption of N from the CNx coating

during sliding was responsible for the graphitization process. Under high pressure

stress, the C-N bonds tend to release their N content to become a more stable

graphite-like structure [48, 50].

AES analysis does not detect the Ar content on the wear track or the debris after

the sliding test. This means that the Ar gas, as an inert gas, was not involved in

the tribochemical reaction with the dangling bonds [54]; which probably influenced

the tribological performance. Oxygen molecules were not found on the coating

surface, both before and after the sliding test. No oxidation process occurred on

the coating surface before, during, or after the friction test, that influenced the

results of the sliding test and the analysis.
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Figure 2.10: Raman spectra of (a) as-deposited (b) wear track on CNx coating
(c) transfer layer on sapphire hemisphere and (d) wear debris on CNx coating.

Figure 2.11: AES analysis for Ar, C, N and O content on CNx coating (a)
as-deposited, (b) wear track and (c) wear debris.
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2.3.5 Effect of transfer layer on ultra low friction of CNx

coating

An ultra low friction level of 0.003 was observed during the sliding test, between

the CNx coatings against the sapphire hemisphere, under blowing dry Ar gas

directly onto the contact interface. In-situ observation confirmed that the genera-

tion of transfer layer at the contact point was responsible for reducing the friction

coefficient to a super low level. It was also observed that the friction coefficient

increased at the beginning of the friction test (up to 300 cycles), then the friction

coefficient dropped to an ultra-low level of 0.18 to 0.003 at 1000 cycles. Sharp

asperities that broke-off at the CNx coating’s surface interface, which contributed

to the nano particles, caused the increasing friction coefficient at the beginning of

the sliding test.

Figure 2.12: Relation between the thickness of transfer layer and contact
pressure to friciton coefficient.

It is believed that the formation of the transfer layer began after 200 cycles (see

Figure 2.4), by the compaction of nano wear particles between the CNx coating

and the sapphire hemisphere. Accumulation of the transfer layer at the contact

surface completely separated the contact between the CNx coating and the sap-

phire hemisphere. This provided a steady state value of super low friction between

1000 to 10,000 cycles. The transfer layer thickness was calculated and a significant

relation between the friction coefficient and the transfer layer was found, which

with a constantly increasing transfer layer, drops the friction coefficient to a lower
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level. Super low friction can be achieved at a steady state through a sufficiently

thick transfer layer at the contact interface, where it will remain throughout the

sliding test. Figure 2.3 shows that a steady state of super low friction of 0.003 was

achieved at 1000 cycles, with a sufficient transfer layer thickness of 60 nm. Fur-

ther consistent increments of the transfer layer do not affect the friction coefficient

anymore.

Figure 2.12 shows the relation between the thickness of transfer layer and contact

pressure to friction coefficient. It was observed that the thickness of transfer layer

below 50 nm, the value of friction coefficient is high in the range of 0.02-0.13. The

super low friction achieved in the range 0.003-0.004 when the thickness of trans-

formed layer above than 100 nm. A high contact pressure enhanced the generation

of transfer layer at sliding contact interface. The accumulation of transfer layer at

sliding interface increased the thickness of transfer layer.

Figure 2.13: Microscopic and AFM images of transfer layer on sapphire hemi-
sphere.

Figure 2.13 shows the ex-situ observation of the transfer layer on the sapphire

hemisphere using AFM, after the sliding test. The thickness of the transfer layer

was measured at approximately 550 nm. This value is comparable with that

calculated at the end of the sliding test of 10,000 cycles, as discussed in Section

2.3.1. The transfer layer thickness is much higher than the RMS value of of 30

nm for the CNx coating and the sapphire hemisphere. It is believed that a steady

state of super low friction was not influenced further by surface properties, such

as the surface roughness of the CNx coatings and the sapphire hemisphere after

1000 cycles, but was fully controlled by the transfer layer; as long as the transfer

layer was attached to the contact interface [55]. The Raman spectra of the transfer

layer and the wear debris, as shown in Figure 2.10, proved that the transfer layer

had graphite-like structures, which contributed to the super low friction during

the friction test [56, 57]. AES analysis showed that no Ar molecule was found on

the test specimen after the sliding test. As an inert gas, the function of Ar is to
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Figure 2.14: In-situ observation of relative humidity and oxygen content at
sliding contact interface under blowing Ar.

protect accessibility of water and oxygen molecules from the environment to the

sliding interface, which subsequently prevents chemical reaction that can cause

an increment of friction coefficient [54]. Figure 2.14 shows the in-situ observation

of relative humidity and O2 content at the sliding interface during the sliding

test. The relative humidity reduces significantly from 25 to 6 % after 1 minute.

In addition, the O2 content reduced drastically from 20 to 0.2 % after the Ar

gas blew directly to the sliding contact interface. The very low value of relative

humidity and O2 was consistent throughout the sliding test. The influence of

relative humidity and O2 on friction coefficient is considered to be small in this

experiment. High humidity and oxygen can cause high friction during friction

test, as reported elsewhere [43, 54, 57]. As an inert gas, dry Ar gas flowed into

the disorderly graphite structure without involving chemical interaction which

attributed to the passivation of dangling covalent bonds [54]. This caused the

atomic displacements from disorder into inter-lamellar layer of the lattice, which

provided a highly slippery layer for super low friction, as reported elsewhere [57].

Since, no transfer layer was attached to the wear track of the CNx coating and

the strongly adherent surface of the transfer layer on the sapphire hemisphere, it

is suggested that a super low friction mechanism on the CNx coating against the

sapphire hemisphere was provided by a low shear strength between the graphite-

like transfer layer and the CNx coating.
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2.4 Conclusions

In-situ observation successfully identified the transfer layer generation, which con-

tributed to the friction behaviour of the CNx coating against the sapphire hemi-

sphere. From this study, the following conclusions are as follows:

1. The transformation of CNx to graphite-like transfer layer is a consequence

of high contact pressure 1.5 GPa at the contact interface.

2. The desorption of N content from the CNx coating during sliding was re-

sponsible for graphitization.

3. The shape of Raman spectra of the transfer layer is comparable with pure

graphite.

4. Existing of a graphite-like transfer layer with the thickness of 60 nm between

the CNx coating and the sapphire hemisphere, will significantly reduce the

friction coefficient to an ultra low of 0.003.

The permanent attachment of a transfer layer at the contact interface is very

important to maintain an ultra low friction during the friction test.



Chapter 3

Hardness effect of DLC on

tribological properties for sliding

bearing under boundary

lubrication condition in

additive-free mineral-based oil

3.1 Introduction

Many methods have been introduced in order to reduce friction and wear or as

to increase the life span of mechanical components, and the efficiency of fuel con-

sumption for engines. Surface topography, surface texturing, and the introduction

of a lubricant at the contact of moving components have a significant influence on

friction and the wear behaviour of engine components [58]. It has been reported

that about 17% of energy is used to overcome friction in the engine and transmis-

sion system of passenger cars [5]. Thus, a new technology for engine systems is

needed to increase fuel economy by introducing low friction materials, coatings,

and lubricants [59–61].

Surface coating technology for engine components has been used in recent years

under lubrication conditions in order to achieve ultra-low friction and low wear

rates. One of the promising coating materials is diamond-like carbon (DLC) which

38
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mainly provides high hardness, chemically inert, low friction and high wear resis-

tance [62]. The tribological behaviour of DLCs depends on their structure, test

environment and temperature [63]. High friction and wear occur mainly in a

boundary lubrication regime. Although a DLC coating provides low friction and

wear in these conditions, however what causes this good performance has not been

fully clarified. It is important to understand the behaviour of DLC in terms of

the structure changes that take the place in of DLC under these conditions in oil

lubricants that have no additives.

In this chapter, we focus on the tribological behaviour of DLC with different

hardness as a surface coating against steel as a mating surface under a boundary

lubrication regime in an additive-free mineral-based oil lubrication.

3.2 Experimental details

DLC coatings with different hardness were deposited using plasma vapor deposi-

tion (PVD) and chemical vapor deposition (CVD) equipment on the same sliding

roller of high carbon chrome steel (SUJ2) as the substrate. All the specimens

were obtained from outside sources. Hydrogen-free DLC coating (DLC1) with a

thickness of 1 µm was produced by an arc-PVD process. The detailed informa-

tion of the arc-PVD process can be found elsewhere [64]. The Hydrogenated DLC

coatings (DLC2 and DLC3) with the thickness of 4 and 10 µm respectively, were

produced by a plasma enhanced CVD process . Different hardness was obtained

by introducing different RF biases. S55C disks were used as counterpart for the

friction test. Table 3.1 shows the mechanical properties of the as-deposited DLC

coated sliding bearing and S55C disk.

Table 3.1: Properties of as-deposited DLC coated sliding bearing and disk.

Name Roughness
(Ra, nm)

Deposition method Thickness
(µm)

DLC1 50 PVD (FCVA) 1
DLC2 50 CVD (Plasma assisted CVD) 4
DLC3 50 CVD (Plasma assisted CVD) 10
S55C Disk 20 - -
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Figure 3.1: Schematic illustration of the pin-on-disk type tribometer.

Figure 3.2: Schematic diagram of roller on disk friction test.

Pin on disk friction tests were carried out in order to investigate the effect of the

hardness of DLC on the friction and wear behaviors under a constant load, W

of 10 N (Hertzian’s contact pressure of 208 MPa) at different oil temperatures

of 25, 80, 120 and 160 ◦C. Figure 3.1 shows the schematic illustration of the

pin-on-disk type tribometer of the friction test. The DLC-coated roller as the

stationary part, is loaded in boundary lubrication conditions against a rotating

disk of S55C immersed in an additive-free mineral-based oil as shown in Figure

3.2. The additive-free mineral-based oil had a kinetic viscosity of 95.2 mm2/s (at

40 ◦C) and 10.8 mm2/s (at 100 ◦C). The use of an additive-free mineral-based oil

in this experiment enables the observation of the performance on the friction and

wear of the DLC coating itself without any influence from the additive in lubricant.

A contact load of 10 N was applied to the sliding bearing with a diameter of 4

mm and length of 5 mm during the sliding test with a sliding speed of 65 mm/s.

The wear loss of the DLC films was investigated after 100 m sliding distance. The
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worn surfaces of the films were observed by using an optical microscope and atomic

force microscopy. Before sliding tests, the specimens were cleaned carefully in an

ultrasonic bath with acetone solvent for 15 minutes. After the sliding tests, the

tested specimens were cleaned in an ultrasonic bath with benzene for 15 minutes

in order to remove all oil from the surface.

All the experiments were performed under a boundary lubrication regime where

the calculated Λ value was less than unity. The Λ value, which was calculated using

the EHL (elastohydrodynamic lubrication) theory, was controlled in the range of

0.07-0.1. The minimum film thickness of the oil and the dimensionless Λ value

were calculated using Eqs. 3.1-3.6 [65].

hmin = 3.63RU0.68G0.49W−0.073(1− e−0.68k) (3.1)

where R is the radius of the roller,

U is the dimensionless speed parameter,

U =
V η

E∗Rx

(3.2)

where

V =
(
ũ2 + ṽ2

)1/2
(3.3)

G is the dimensionless materials parameter,

G = ξE∗ (3.4)

W is the dimensionless load parameter,

W =
wz
E∗R2

x

(3.5)

Λ = hmin√
R2
q,a+R

2
q,b

(3.6)
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where η is the absolute viscosity at p=0 and constant temperature, E∗ is the

effective modulus of elasticity, Rx is the effective radius in x direction, ũ is the

mean surface velocity in x direction, ṽ is the mean surface velocity in y direction,

ξ is the pressure-viscosity coefficient of the lubricant dependent on temperature

and wz is the normal load component.

The nanoidentation measurement system from Elionix (ENT-1100a) was used to

measure the hardness of the as-deposited DLC. All measurements were carried

out at a maximum indentation load of 1000 µN. The indentation depth was less

than 10% of the thickness of the DLC coating in order to avoid the influence of

the substrate material [66]. The structures of DLC coating surfaces were obtained

before and after the friction test by using Raman spectroscopy in order to identify

the structural changes in the topmost layer of DLC. The Raman spectra were

obtained using a Jasco Laser Raman spectrophotometer NRS-1000 equipped with

a second harmonic Nd:YAG laser with a maximum laser power and wavelength

of 10 mW and 532 nm, respectively. However, only 1% of the maximum power

was suitable for the measurement without burning the surface and also to avoid

the influence of the steel substrate underneath. Three measurements were taken

in order to reduce the uncertainty of the results from fitting the Raman peaks.

Spectroscopy ellipsometry from Photal Otsuka Eletronics (FE-3000) was used to

measure the thickness of transformed layer after the sliding test. Experimetal

details about the measurement of the thickness of transformed layer is explained

in the Chapter 4.
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3.3 Results and discussion

3.3.1 Correlation between results with Raman spectroscopy

and spectroscopic ellipsometry

The low friction coefficient obtained during the friction test is caused by structure

changes in the surface of the DLC coating, which corresponds to graphitization.

Graphitization during the rubbing was reported in many papers either under oil

lubrication conditions [37, 67, 68] or dry conditions [52, 69]. Graphitization can

be confirmed from the Raman spectra when the D and G peaks shifted to higher

frequencies than the as-deposited DLC, and the intensity of the D peaks increased

[37, 67]. The other indicator for graphitization from the Raman spectra is the

ratio of ID/IG, in which the higher values of the ID/IG ratio of the DLC after

rubbing compared to the as-deposited DLC mean the transformation of sp3 to sp2

[70].

Figure 3.3 shows the Raman shift of the D and G peaks, as well as the ID/IG

ratios of all the DLCs at the various test temperatures before and afterthe sliding.

Figure 3.4 and 3.5 show clearly, the shifting of the D and G peaks to higher

frequencies as well as the increasing ID/IG values for all kinds of DLCs with

increasing test temperatures, which correlate to graphitization. This means that

the DLC structure at the topmost of the contact surface transforms from sp3 to

sp2 and it is dependent on the oil temperature. Consequently, the topmost DLC

coating becomes softer due to graphitization compared to the original surface,

which results in more mechanical damage and wear [71, 72]. The wear results,

indicate that the wear loss increases with increasing oil temperature. This means

that the contact surface during rubbing becomes softer at higher temperatures

under boundary lubrication conditions than at lower oil temperatures.

Spectroscopic ellipsometry was used to measure the transformed layer on the top-

most DLC surfaces after the friction test. Figure 3.6 shows the thickness of trans-

formed layer of all the DLCs at all the test temperatures. All the DLCs showed a

significant increment in term of transformed layer thickness, where the thickness

increases with increasing oil temperature. DLC1 shows the highest thickness 195

nm in the transformed layer at oil temperature of 120 ◦C. The thickness of trans-

formed layer of DLC2 and DLC3 at oil temperature of 160 ◦C are 146 and 104 nm,

respectively. The correlation between the D peaks from the Raman spectra and
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transformed layer thickness from spectroscopic ellipsometry are shown in Figure

3.7. All the DLCs show the same trend, where the thickness of transformed layer

increases with an increase in the intensity of the D peak.
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Figure 3.3: Raman spectroscopy of as-deposited DLC coatings before and
after friction tests under different temperatures for (a) DLC1, (b) DLC2 and

(c) DLC3.
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Figure 3.4: Intensity of D peak of DLC obtained by Raman spectroscopy as
a function of oil temperature.

Figure 3.5: ID/IG ratio of DLC obtained by Raman spectroscopy as a function
of oil temperature.



Chapter 3. Hardness effect of DLC on tribological properties for sliding bearing
under boundary lubrication condition in additive-free mineral-based oil 47

Figure 3.6: Thickness of the transformed layer after sliding in oil detected on
wear track using spectroscopic ellipsometry as a function of oil temperature.

Figure 3.7: Correlation between intensity of D peaks and the thickness of
transformed layer .
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3.3.2 Hardness

The hardness was measured using a nanoindenter. An average of ten measurements

was used to determine the hardness of the DLC coating in order to obtain a good

statistical representation. The hardness of the DLC coatings DLC1, DLC2 and

DLC3 were 47.1, 11.8 and 6.05 GPa, respectively as shown in Figure 3.8. Figure

3.9 shows the results of the indentation depths, where the depths of DLC1, DLC2

and DLC3 were 26.5, 70.04 and 90.2 nm at maximum indentation load of 1000

µN, respectively. This order is in agreement with the hardness of DLC coatings.

Figure 3.8: The hardness of DLC1, DLC2 and DLC3.
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Figure 3.9: Load-displacement curves of different DLC by nanoindenter.
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3.4 Friction and wear behaviors

Figure 3.10 shows the results of the friction coefficient of DLC1, DLC2 and DLC3

at different oil temperatures. All the DLCs showed the same friction behaviour

where after the running-in, the friction coefficient reached a relatively steady and

low value. It can be observed that DLC1 with the highest hardness showed a

reduction of friction coefficient from 0.05 to 0.03 with increasing oil temperatures

of 25, 80 and 120 ◦C. But DLC2 and DLC3 showed an increase in the friction

coefficient at all oil temperatures. Figure 3.11 shows the relation between hardness

and the average friction coefficient, where DLC1 with the highest hardness shows

the lowest friction coefficient. Since, all the DLCs have the same initial surface

roughness and have been coated on the same substrate, the friction behaviors

depend strongly on the hardness of the DLC.

Figure 3.10: Friction coefficient of DLC as a function of oil temperature.

The wear loss of the DLC coatings can be obtained by observing the wear scar

on the surface of the DLC coated roller. The wear volume,V (mm3) of the DLC

coating was measured by using the worn width and length of the DLC coated

roller in an optical microscope and was calculated by using Eq. 3.7.

V =

R2(
π

2
− Cos−1 b

2R
)− b

2

√
R2 −

(
b

2

)2
L (3.7)
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Figure 3.11: Correlation between friction coefficient and hardness of DLC.

where R is the radius of the roller (mm); b is the wear width (mm) and L is the

wear length (mm).

The specific wear rate, W s (mm3/Nm) has been calculated using Archard wear

equation as represented by Eq. 3.8.

Ws =
V

WL
(3.8)

The effect of temperature on the wear behaviour of DLCs is shown in Figure

3.12. All the DLC showed the same trend with an increase in the specific wear

rate as the oil temperature increased. The wear of the surface coatings increased

with increasing oil temperature for all the DLCs mainly because of changes in the

mechanical properties of the DLC coatings. The transformed layers at the contact

interface were softer than the original DLC, and thus caused more wear [37]. The

hardest DLC1 showed the lowest wear rate, followed by DLC2, and DLC3, which

suffered the most wear. The specific wear rate of DLC1 was in the order of 10−11

mm3/Nm, and DLC2 and DLC3 were at the order of 10−9 mm3/Nm.

The relationship between the inverse hardness of DLC and the specific wear rate is

shown in Figure 3.13. The specific wear rate decreases significantly with increases

in the hardness of DLC.
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Figure 3.12: Specific wear rate of DLC as a function of oil temperature.

Figure 3.13: Relation between specific wear rate and inverse hardness of DLC.

It is suggested that the graphite-like transformed layer with low shear strength

at contact interface could be responsible for the low friction coefficient. This is

the most reasonable explanation for the low friction coefficient in this experiment

for two reasons. Firstly, the influence of the lubricant is considered to be small

because the oil film is very thin under the boundary lubrication conditions. The

second reason is the absence of a low friction additive agent in the oil. On the other

hand, we believed that the graphite-like transformed layer has some character such
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as thickness and hardness that probably influence the friction behaviour. These

nano characteristics is reported in the Chapter 4 and 5.
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3.5 Conclusions

The tribological properties of different hardness of DLCs sliding against steel under

boundary lubrication condition in additive-free mineral-based oil were investigated

in order to determine the influence of the as-deposited DLC hardness on friction

behaviour. The following conclusions were reached as follows:

1. The friction coefficient decreased with an increasing of the hardness of as-

deposited DLC.

2. The specific wear rate decreases significantly with an increasing in the hard-

ness of as-deposited DLC.

3. The formation of graphite-like transformed layer is due to graphitization

process during friction test.

Further analysis on graphite-like transformed layer is needed in order to get the

information about the nano character in term of its thickness and hardness.



Chapter 4

Effect of thickness of transformed

layer on friction behaviour

4.1 Introduction

Diamond-like carbon (DLC) coatings are well known for their excellent low-friction

and wear-resistance properties [11, 73]. Currently, these coatings are widely used

in various mechanical systems. However, there are no clear systematic guidelines

concerning for the use of DLC coatings in lubricated mechanical systems. This lack

of guidelines in the use of DLC coatings is believed to be because the mechanism for

the low friction of the DLC coating is unclear and because there are few models of

DLC friction. Of course, there has been a report on the superlubricity mechanism

for the ultra-low friction of glycerol-lubricated ta-coatings [74]. Furthermore, this

report demonstrates that the adsorbed molecules from the oil additives play a

critical role in obtaining ultra low friction. However, it is unclear what mechanism

is valid for oil that does not contain any additives or mineral oil. Additionally, it

has been reported that the transformed layer, which is a structure of a DLC surface

enriched with sp2 carbon, can reduce the friction of DLC under dry conditions [75].

However, it is only a qualitative factor, and this transformed layer cannot be easily

observed under oil lubrication. Therefore, there is a need for quantitative methods

to measure the thickness of the transformed layer of DLC under oil lubrication.

A model for the friction of DLC under oil boundary lubrication is required to

describe how the transformed layer of DLC functions. Several methods have been

55
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developed for measuring the structure of DLC. For example, typical methods for

this purpose include Raman spectroscopy, EELS, NEXAFS, NMR, PBS-ERDA

and ESR. However, these methods are complex measurement techniques, and ex-

cessive amounts of time and costs are required to measure the DLC. Therefore,

reflectance spectroscopy is considered to be a simple, rapid and low-cost method

because once the optical models are defined, the thickness of the target film can

be easily calculated. Spectroscopic reflectometry is a measurement technique that

is based on an interferometric measurement. This method is a new method for

the control of the thickness and the quality of the DLC. Reflectance spectrometry

can measure the optical constant and film thickness of thin films from 1 to 5 nm

in thickness based on the spectroscopic analysis of reflected light [76]. Further-

more, this system can measure the thickness with high resolution and accuracy.

Therefore, spectroscopic reflectometry is expected to be an effective method for

measuring the DLC film.

DLC films are thought to be predominantly amorphous, in which small clusters

of microcrystalline structures with sp3 and sp2 bonding and an amorphous matrix

coexist [77]. Therefore,the DLC can change its own structure from sp3 to sp2

with mechanochemical reaction under friction. Sanchez-Lopez et al. reported

that friction-induced structural transformations of diamond-like carbon affect its

friction coefficient under various atmospheres, such as in ambient air (RH 30-40

%),dry air (RH 1 %) and dry nitrogen (0-1 %) [74] . Mabuchi et al. observed that

the DLC transformed its rich sp2 carbon layer after sliding, which was obtained

from friction under oil lubrication. They used transmission electron microscopy

(TEM) and determined that the thickness of the transformed layer was a few

nanometers [78] . This transformed layer had a π∗ plasmon peak, which indicating

that the transformed layer included a high content of sp2 carbon. Therefore, it

is believed that this transformed layer also had optical properties which were

different than those of the original DLC. Consequently, the transformed layer

could affect the friction coefficient of the DLC layer under oil boundary conditions.

Therefore, the transformed layer of the DLC coating could be observed using

reflective spectroscopy, and its thickness could also be quantitatively measured.

The transformed layer of the DLC on the original DLC surface can be considered

to be a bi-layer [79] . However, there are no experimental examinations concern-

ing this model because of the lack of quantitative measurement systems for the
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transformed layer of DLC. Therefore, the purpose of this study is to develop are

reflective spectroscopy method to quantitatively measure the transformed layer.

This chapter is composed of three parts. The first part details the optical model

to explain the reflectance intensity spectrum of the DLC wear scar after sliding

in oil. The second part reports on the influence of the oil temperature, contact

pressure and sliding distance on the thickness of the transformed layer. In the

third part, the relationship between the thickness of the transformed layer and

the friction coefficient is clarified from the viewpoint of the friction model of DLC

under oil boundary lubrication.
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4.2 Experimental method and procedure

4.2.1 Test specimens and friction test

All materials and friction tests are same as in the Section 3.2.

Additional, the transformed layer thickness was measured using spectroscopic re-

flectometry measurement system ( FE3000 made by Otsuka Electronics) as shown

in Figure 4.1.

Figure 4.1: Schematic illustration of the reflectance spectrometry measure-
ment for analysing the wear track on pin.
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4.3 Spectroscopic reflectometry

A proper optical model for the material is needed in order to analyse the thickness

and optical constant of the material using spectroscopic reflectometry. In this

study, the materials, including DLC1, DLC2 and DLC3, were considered to have

transformed layers on their topmost surfaces after the sliding test in additive-

free mineral-based oil. Therefore, it was hypothesized that the specimens had

two different layers on the SUJ2 substrate in the model. Figure 4.2 presents the

cross-sectional image of the DLC1 coating cut using the FIB (Focused Ion Beam)

and its elemental analysis by EDS (Energy Dispersive Spectroscopy). Figure 4.2

shows the DLC1 coating after sliding under an oil temperature of 80 ◦C within

the region of the wear scar. The image was obtained by EDS/SEM with a tilting

stage angle of 60 ◦. The SEM image showed different colour intensities with regard

to different kinds of materials. The topmost surface showed that the transformed

layer formatted during the friction test. The EDS analysis confirmed that the

transformed layer consisted of the element carbon.

Figure 4.2: The cross-sectional image of the DLC1 coating cut by FIB and
elemental analysis using EDS/SEM.

In this image, the bulk DLC, which is located between the transformed layer and

the SUJ2 substrate., has a thickness of 580 nm. After recording an image, the

real coating thickness (bulk DLC and transformed layer) was calculated to be 667

nm for DLC1. From this thickness, the optical properties of the original DLC1

film and the thickness and optical properties of the transformed layer could be

estimated.
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Figure 4.3: Reflectance intensity spectrum of the friction scar on the DLC1
coating after sliding.

Figure 4.3 presents the result of the reflectance intensity in the spectrum of a

friction scar of DLC1 after sliding in oil. Figure 4.3 exhibits a fringe pattern along

with the wavelength, which clearly indicates that the specimen contained a bi-

layer. By fitting the spectrum with a theoretical curve, it was possible to estimate

the thickness of the transformed layer on DLC1 after sliding in oil. The spectrum

was fitted with the theoretical curve within the wavelength range of 300-550 nm.

This wavelength range was selected because the penetration depth of 550-800 nm

light was too deep to measure the optical properties of the transformed layer.

Therefore, the penetration depth was calculated from the extinction index of the

original DLC1 layer. Subsequently, the wavelength range was selected, for which

the penetration depth of light was less than tens of nanometres, as shown in Figure

4.4.

Therefore, the optical model for DLC1 could be obtained as a bi-layer with a 10

nm transformed layer on the DLC1 films over the SUJ2 substrates. The optical

models for DLC2 and DLC3. were also considered. It was determined that these

two coatings had quite different models from that of the DLC1 coating, as a single-

layer model. The reason for this difference was that the extinction index was too

high to transmit the those films to the substrates.
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Figure 4.4: Penetration depth for each wavelength of light and the corre-
sponding thickness of the DLC coating.

Figure 4.5: Reflectance intensity spectrum of the friction scar on the DLC2
coating after sliding.

Figure 4.5 shows the typical result of the reflectance intensity of a friction scar in

the DLC coating (DLC2 and DLC3) after sliding in oil under different wavelengths.

Figure 4.4 shows that no long wavelengths could penetrate those films, which

is why there are no obvious fringe images in Figure 4.5. Figure 4.6 shows the

penetration depth of each wavelength of light through the coating.
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However, the penetration depths of light at 600-800 nm were sufficient to transmit

the transformed layers of those DLCs. There, the optical model for the DLC2 and

DLC3 coatings were obtained after sliding as a single model of transformed layers

on the DLC2 and DLC3 substrates.

Figure 4.6: Penetration depth of each wavelength of light through the coating.
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4.4 Results

4.4.1 The effect of oil temperature on the reflectance in-

tensity

Figures 4.7-4.9 show the influence of the oil temperature on the intensity of the

reflectance spectra of the wear scar in the DLC1, DLC2 and DLC3 films after

sliding.

Figure 4.7: Reflectance intensity spectrum of the friction scar in the DLC1
coating after sliding under various contact pressures.

Figure 4.7 reveals that the reflectance intensity of DLC1 decreased with increasing

oil temperature and phase (fringe pattern starting point) shifts to larger wave-

lengths with increasing oil temperature. In contrast, Figures 4.8 and 4.9 show a

fringe image at wavelengths greater than 750-800 nm for DLC2 and DLC3. The

fringe image in the wavelength range of 750-800 nm disappeared with increasing

oil temperature.
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Figure 4.8: Reflectance intensity spectrum of the friction scar in the DLC2
coating after sliding under various contact pressures.

Figure 4.9: Reflectance intensity spectrum of the friction scar in the DLC3
coating after sliding under various contact pressures.
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4.4.2 The effects of contact pressure and sliding distance

on the reflectance intensity

After several friction tests with different contact pressures, Figure 4.10 shows the

influence of contact pressure on the reflectance intensity of the friction scar in

the DLC1 coating. The reflectance intensity decreased with increasing contact

pressure and phase shifting was observed.

Figure 4.10: Reflectance intensity spectrum of the friction scar in the DLC1
coating after sliding under various contact pressures.
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Figure 4.11 shows the influence of the sliding distance on the reflectance intensity

of the friction scar in the DLC1 coating. The reflectance intensity decreased with

increasing sliding distance, and phase shifting was observed.

Figure 4.11: Reflectance intensity spectrum of the friction scar in the DLC1
coating after sliding under various sliding distances.
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4.4.3 The effects of friction conditions on the thickness

of the transformed DLC layer using spectroscopic

reflectometry

After several friction tests, the relationships between the thickness of the trans-

formed layer and the friction coefficient under various oil temperatures, contact

pressures and sliding distances, were summarized. Figures 4.12-4.14 show the ef-

fects of the friction conditions on the thickness of the transformed layers, which

were obtained from the results of Figures 4.7-4.11 with the theoretical curve fit-

tings.

4.4.3.1 The effect of oil temperature on the thickness of the trans-

formed DLC layer using spectroscopic reflectometry

Figure 4.12 shows the relationship between the thickness of the transformed layer

and oil temperature. It can be seen that the thickness of the transformed layer in-

creased with increasing oil temperature for all the DLC coatings. The hydrogen-

free DLC coating (DLC1) exhibited a thick transformed layer at each oil tem-

perature. When the friction coefficient of DLC1 decreased, the thickness of the

transformed layer of DLC1 simultaneously increased. However, the friction coeffi-

cients of the DLC2 and DLC3 coatings increased with increasing thickness of the

transformed layers on these films.

Figure 4.12: Effect of oil temperature on the thickness of the transformed
layer and friction coefficient of various DLC coatings after sliding in the based

oil.
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4.4.3.2 The effects of contact pressure on the thickness of the trans-

formed DLC layer using spectroscopic reflectometry

Figure 4.13 shows the effect of contact pressure on the thickness of the transformed

layer and the friction coefficient of DLC1 after sliding in based oil at room temper-

ature. The effects of the contact pressures on the thicknesses of the transformed

layers were substantially less than the influence of the oil temperature. Subse-

quently, there was no obvious correlation between the friction coefficient and the

thickness of the transformed layer.

Figure 4.13: Effect of contact pressure on the thickness of the transformed
layer, t, and friction coefficient, µ, of the DLC1 coating after sliding in the based

oil at a temperature of 25 ◦C.
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4.4.3.3 The effects of sliding distance on the transformed layer thick-

ness of DLC with spectroscopic reflectometry

Figure 4.14 shows the effects of the sliding distance on the thickness of the trans-

formed layer and the friction coefficient of DLC1 after sliding in the based oil with

a temperature of 80 ◦C and approximately under 104 MPa of contact pressure.

The thickness of the transformed layer increased with increasing sliding distance.

In contrast, the friction coefficient decreased with increasing sliding distance. At

the beginning of the friction test, there was no generation of the transformed layer.

After several meters of sliding distance, the transformed layer was generated and

increased with an increase in the sliding distance. The thickness of the trans-

formed layer on the DLC coating outside the scar surface was measured at oil

temperatures of 80 and 160 ◦C. The result showed that no transformed layer was

generated under annealing temperatures at 80 and 160 ◦C. Since, the experimen-

tal oil temperature is below the transition temperature of 300 ◦C for DLC, the

sliding distance is also one of the factors for the graphitization process which leads

to pressure-induced graphitization [48, 49].

Figure 4.14: Effect of sliding distance on the thickness of the transformed
layer, t, and the friction coefficient, µ, of the DLC1 coating after sliding in the

mineral-based oil at a temperature of 80 ◦C.
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4.4.4 The effects of the friction condition on the surface

roughness of the DLC coatings using spectroscopic

reflectometry

From the viewpoint of the friction coefficient, the surface roughness was assumed

to have a significant effect. Dayson reported on the possibility of breaking of

the solid lubricant film from this compound surface model [80]. Therefore, the

deviation of roughness height, σ∗ was measured on the wear track of DLC1, DLC2

and DLC3 using AFM, and these results are shown in Figures 4.15-4.17.

4.4.4.1 The effects of oil temperature on the surface roughness of the

DLC coatings using spectroscopic reflectometry

Figure 4.15 shows the relationship between σ∗ and the oil temperature. The DLC1

exhibited a remarkable change in σ∗ with increasing oil temperature. However, it

was difficult to correlate the σ∗ of all the DLCs with oil temperature.

Figure 4.15: Effect of oil temperature on the deviation of the roughness
height, σ∗ and friction coefficient, µ, of various DLC coatings after sliding in

the mineral-based oil.
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4.4.4.2 The effects of the contact pressure on the surface roughness of

the DLC coatings using spectroscopic reflectometry

Figure 4.16 shows the effects of the contact pressures on the σ∗and the friction

coefficient of DLC1 after sliding in additive-free mineral-based oil. at room tem-

perature. The σ∗ decreased as the contact pressure increased from 200 to 300

MPa, and remained constant with further increases of contact pressure. It was

clear that the contact pressure did not have a significant effect on either σ∗.

Figure 4.16: Effect of contact pressure on the deviation of the roughness
height,σ∗ and the friction coefficient, µ, of the DLC1 coating after sliding in the

mineral-based oil with a temperature of 25 ◦C.
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4.4.4.3 The effects of sliding distance on the surface roughness of the

DLC coatings using spectroscopic reflectometry

Figure 4.17 shows the effect of the sliding distance on the σ∗ and the friction

coefficient of DLC1 after sliding in mineral-based oil with a temperature of 80 ◦C

and approximately under 104 MPa of contact pressure. The σ∗ first increased to

50 nm with increasing sliding distance and then σ∗ decreased to 10 nm after 50 m

of sliding distance. In contrast, the friction coefficient decreased with increasing

sliding distance. Therefore, there was no clear correlation between the sliding

distance and σ∗.

Figure 4.17: Effect of sliding distance on the deviation of the roughness height,
σ∗ and friction coefficient, µ,of the DLC1 coatings after sliding in the mineral-

based oil with a temperature of 80 ◦C.
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4.5 Discussion

Figure 4.18 shows the friction coefficient, µ as a function of the transformed layer

thickness, t. In case of increasing of oil temperature, the friction coefficient of

DLC1 decreases with an increasing of the thickness of transformed layer. The

effect of sliding distance of DLC1 shows that the friction coefficient decreases with

an increasing of the thickness of transformed layer. However, the effect of pressure,

the thickness of transformed layer was not increased with an increasing of contact

pressure. DLC2 and DLC3 shows the friction coefficient increase with an increasing

of the thickness of transformed layer. From this result, it is difficult to find concrete

relation between the friction coefficient and the thickness of transformed layer.

Figure 4.18: Relation between transformed layer thickness, t and friction
coefficient, µ.

Figure 4.19 shows the friction coefficient, µ as a function of the deviation of the

roughness height, σ∗. The friction coefficient increases drastically with an increas-

ing of the deviation of roughness height in the range of 10-20 nm. Then, the σ∗

don’t have significant influence on friction coefficient when the σ∗ value higher

than 20 nm.
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Figure 4.19: Relation between the deviation of the roughness height, σ∗ and
friction coefficient, µ.

Figure 4.20 shows the effect of t/σ∗ on the friction coefficient of various DLC

coatings after sliding in the mineral-based oil. The friction coefficient did not

change when the value of t/σ∗ below than 1. The friction coefficient decreases

significantly with an increasing of t/σ∗ value above 1. This figure showed that

the low friction coefficient can achieve if the thickness of transformed layer much

higher than the the σ∗ value.
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Figure 4.20: The effect of t/σ∗ on the friction coefficient of various DLC
coatings after sliding in the mineral-based oil.
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4.6 Conclusions

The thickness of transformed layer of DLC sliding against steel under boundary

lubrication condition in additive-free mineral-based oil were successfully measured

by using reflectance spectroscopy. From the experimental results, following con-

clusions are as follows:

1. The thickness of the transformed layer has an effect to reduce friction coef-

ficient in the case of DLC1.

2. It was observed that the temperature and the sliding distance has a signifi-

cant effect on DLC1 for generating transformed layer during sliding test.

3. The significant decrement of friction coefficient when the t/σ∗ value is higher

than 1, where t is the thickness of transformed layer of DLC and σ∗ is the

effective root mean square roughness.
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Characteristics of transformed

layer of DLC after friction test

under boundary lubrication in

additive-free mineral-based oil

5.1 Introduction

Diamond-like carbon (DLC) provide very excellence performance in term of fric-

tion coefficient and wear resistance under boundary lubrication in mineral based

oil with or without additives [81–84]. DLC became more interesting as a coating

material in tribological applications especially in the automotive industry in order

to reduce the fuel consumption [5], because of their significant tribological prop-

erties such as low friction, high hardness, and high wear resistance. Improvements

in coating technology have made the DLC coating suitable for various machine

components that operate under severe conditions i.e under boundary lubrication.

The low friction mechanism in the DLC coating under friction tests in either dry or

boundary-lubricated conditions is due to the formation of a graphite-like layer in

the non- lubricated [37, 52, 69, 85] or transformed layer [37, 86] which provides low

shear strength at the contact interface. The transition phase of the as-deposited

DLC to graphite-like structure at the topmost sliding interface is due to graphi-

tization by conversion of sp3 to sp2. This transition phase has been reported in

77



Chapter 5. Characteristics of transformed layer of DLC after friction test under
boundary lubrication in additive-free mineral-based oil 78

other studies as a friction-induced transformation of the topmost sliding interface

of the DLC coating [87, 88].

However, the nano characteristic of the transformed layer has not been studied

in-terms of its hardness which is believed to have a significant effect in the tribo-

logical performance, such as a low friction coefficient under boundary lubrication

conditions. The most important finding in this study is the scratch hardness of

the transformed layer at the topmost of the sliding interface of the DLC from the

AFM scratch test under different oil temperatures.
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5.2 Experimental details

5.2.1 Friction test and Raman analysis

The detailed explanation about materials, friction test and Raman analysis are

same as in the Section 3.2.

5.2.2 Scratch test

A scratch hardness test was performed to find the hardness of the transformed

layer that is believed to have been formed at the topmost worn surface during

the friction test. The scratch test was carried out using a commercial AFM (SII,

SPA-400) in ambient temperature and humidity of 25 ◦C and 40 %, respectively.

The poly-crystal diamond (PCD) tip cantilever from the Nano World AG, which

has a tip radius of 150 nm and a spring constant of 42 Nm−1, was used to perform

the scratch test. Figure 5.1 shows the scanning and the scratch area when the

scanning process was done before and after the scratch hardness test in order to

obtain different surface profiles of the worn area. The load was applied to the

cantilever for the scanning and hardness scratch of 50 and 1000 nN, respectively.

The AFM stage speed of 1 µms−1 was set for both the scanning and scratch

hardness test. The scratch movement of the PDC tip was programmed to be the

same in all the tests. As shown in Figure 5.1, the initial position of the scratch

hardness was at the bottom-left corner of the scratch area and then moved in a

straight line by 500 nm along the y axis with a constant normal load and scratch

speed. Then the PCD tip detached from the surface, and moved to the bottom

position and was translated by 4 nm of x axis. These movements were repeated

for 125 times for 1 cycle in order to create a scratch area of 500×500 nm2.

The advantage of the scratch method compared to the nano-indentation in terms of

the determination of the thin layer hardness is that the influence of the substrate

hardness can be minimized [89]. The hardness of the transformed layer can be

directly calculated using the depth of the scratch area (h ′) that is measured after 1

cycle of the scratch test as shown in Figure 5.2. The scratch hardness is commonly

defined as a normal load per one half of the projected contact area by a single line

scratch [90, 91]. In this experiment, the scratch test was done in area, a. So, the

effective contact was defined as only one quarter of the vertically projected area.
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Figure 5.1: Schematic diagram of scan and nanoscratch test area at worn
surface of DLC coating after friction test.
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Figure 5.2 shows the schematic diagram of the nano-scratch test. The appropri-

ate scratch hardness H formula that was used to calculate the hardness of the

transformed layer is as follows [92].

Figure 5.2: Schematic diagram of nano-scratch area a) top-view b) side-view.

H = 4W
πa2

= 4W
π(2kRh′−k2h′2) (5.1)

k =
R−

√
R2− (4W )

πH

h′
(5.2)

where W is the scratch test applied load, a is the radius of the projected area of

contact, R is the tip radius, k is the correction factor, h′ is the scratch depth and

H is the hardness of the known material.

The AFM scratch hardness is depend on the stiffness of the PCD tip cantilever that

used for scratch test. The correction factor, k can be determine by scratching the

known material. This k value is used for calculating the hardness of transformed

layer.
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5.3 Results and discussion

5.3.1 Raman spectroscopy results

Figure 5.3: ID/IG ratios by Raman spectroscopy on wear track for each DLC
as a function of oil temperature.

Raman analysis is used commonly used to investigate the changes in the DLC

structure. The DLC structure can be indicated using Raman spectra by the height

of disordered (D) peak near a wavelength of 1380 cm−1 and the graphite (G) peak

near a wavelength of 1580 cm−1 [15]. Figure 5.3 shows the ID/IG values of each

coating as a function of the oil temperature. Soft DLCs showed higher intensities

of ID/IG ratios compared to harder DLCs. These results are similar to the data

reported by other researchers [15]. In addition, all DLCs showed the same trend

where the ID/IG value tended to increase after the friction test by elevated temper-

atures. These shows that the phase transition of sp3 - sp2 occurred at the topmost

sliding interface during the friction test. The higher value of ID/IG indicated that

more sp3 transformed into sp2 through graphitization. Generally, the transition

temperatures for DLC coatings are in the range of 300-500 ◦C. However, according

to the Clayperon law, the phase transition temperature of DLC coatings decreases

with an increase in the Hertzian’s contact stress. The phase transition of DLC

could be reduced to a lower value of 100 ◦C during the sliding test [50]. This shows

that the DLC coating surface can be transformed from sp3 into sp2 at lower than

phase transition temperatures due to increased contact stress during sliding. It

suggests that the friction-induced graphitization was responsible for the structural
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changes. These surface modifications created a graphite-like transformed layer at

the sliding interface.

5.3.2 Dependence of scratch depth on oil test temperature

A scratch test was carried out to investigate the hardness properties of transformed

layer of all DLCs after the friction test in different oil test temperatures from 25

to 160 ◦C. Figure 5.4(a) shows the surface topography after the scratch hardness

test on DLC1, DLC2 and DLC3 with different oil temperatures of the friction

test. These AFM images showed that an apparent worn area was created after

the scratch test. Figure 5.4(b) shows the cross-sectional profile of the worn area.

All types of DLCs showed the same behaviour in that the scratch depth increased

with increases in oil temperature. The deepest scratch depth for all the DLCs

showed at a high oil test temperature with the value of 5.5, 12.7 and 29.2 nm for

DLC1, DLC2 and DLC3, respectively. This scratch depth was used later for the

determination of the hardness of the transformed layer.

Figure 5.4: a) Surface topography after scratch hardness test b) cross-section
profile of A-A and wear depth at different oil test temperatures.

In Figure 5.5, the scratch depth values of all the DLCs have been plotted as a

function of the oil temperature. The increase in the scratch depth by increas-

ing the oil temperature showed that the DLC coating became softer during the
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friction test and was influenced by the oil temperature [37]. As explained in the

previous subsection, the structure of the coating at the sliding contact interfaces

has transformed the DLC into a graphite-like layer due to the friction-induced

graphitization process [50]. The graphite-like transformed layer has a more sp2

structure compared to the as- deposited DLC. The friction-induced graphitization

process softened the contact interface during sliding.
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5.3.3 Scratch hardness of transformed layer

The scratch hardness was calculated by Eqs. 5.1 and 5.2 using the applied normal

load and the scratch depth. The scratch depth was measured from the cross-

sectional profile of the scratch area from AFM as shown in Figure 5.4(b). The

scratch hardness results were plotted as a function of oil temperature as shown in

Figure 5.6.

Figure 5.5: Scratch depth as a function of oil temperature for DLC1, DLC2
and DLC3.

The result showed a significant decrease in the scratch hardness of the transformed

layer compared to the as-deposited DLC by the elevated oil temperature for all

types of DLCs. The hardness of the transformed layers was lower than the hardness

of the S55C mating material. In addition, the scratch hardness of the transformed

layer decreased by increasing the oil temperature. The hardness of the transformed

layer of DLC1 showed drastic reduction from the as-deposited coating hardness

of 47 GPa to 4.3 GPa at 80 ◦C. The low hardness of the transformed layer with

the sp2-rich structure provided a low shear strength at the contact interface that

influenced the friction behaviour. The lowest scratch hardness of 0.5 GPa was

shown by the softest coating (DLC3) at an oil temperature of 160 ◦C, and the

hardest coating (DLC1) showed the lowest scratch hardness of 2.5 GPa at an oil

temperature of 160 ◦C.
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Figure 5.6: Scratch hardness as a function of oil temperature for DCL1, DLC2
and DLC3.

5.3.4 Dependence of friction coefficient on the scratch hard-

ness of the transformed layer

The relation between friction coefficient and oil temperatures is discussed in sec-

tion 3.4. The friction coefficient of DLC1 decreased from 0.05 to 0.03 with an

increase in oil temperature. However, the friction coefficient of DLC1 increased

from 0.03 to 0.04 when the oil temperature increased from 120 to 160 ◦C. DLC2

and DLC3 showed the opposite behaviour, where the friction coefficient increased

with elevated oil temperatures, and the value was higher than DLC1. From these

results, it is difficult to explain why the different hardness of as-deposited DLC

showed different friction behaviour.

In order to understand the situation, the friction coefficient was plotted as a func-

tion of the hardness of the transformed layer. Figure 5.7 shows the relation between

the friction coefficient and the hardness of the transformed layer. This figure can

be divided into 3 regions. The first region is the soft transformed layer, where the

friction coefficient is high and the value is around 0.08. Then the friction coefficient

decreased as the hardness of the transformed layer increased. The lowest friction

coefficient of 0.03 was achieved at a moderate hardness of the transformed layer
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within the range of 2.8-4.3 GPa. However, any further increment of the hardness

of the transformed layer results an increasing in the friction coefficient.

Figure 5.7: Friction coefficient as a function of hardness of transformed layer
for DLC1, DLC2 and DLC3.

Figure 5.8: Friction coefficient as a function of transformed layer thickness.

Figure 5.8 shows the friciton coefficient as a function of transformed layer thickness

as reported in Chapter 4. The friction coefficient of DLC1 decreased with an

increasing oil temperature. In contrast, DLC2 and DLC3 showed an increasing in

the friction coefficient as the oil temperature increased.
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Further investigation is needed in order to understand the influence of the thick-

ness and hardness of the transformed layer on the friction behaviour. Therefore,

the friction coefficient map as a function of the thickness and hardness of the

transformed layer is developed as shown in Figure 5.9. A high friction coefficient

in the range of 0.07 - 0.08 is given by the combination LH-TnTL and LH-TkTL.

The thickness of the transformed layer did not play a significant role in these

combinations because the transformed layer was too soft. It was thought that the

high friction coefficient in the soft region was because the asperities of the mat-

ing surface could penetrate easily into the transformed layer, and subsequently

the mating surface had full contact with hard bulk DLC as shown in 5.10(a).

The graphite-like transformed layer did not function as a slippery surface because

the direct contact between the mating surface and the bulk DLC controlled the

behaviour.

The combination of LH, MH, HH, and Tn gives the friction coefficient in the

range of 0.05 - 0.07. In this case, the hardness of the transformed layer did not

influence the friction coefficient. Because of the thickness of the transformed layer,

the asperities of the mating surface could touch the hard bulk DLC as shown in

Figure 5.10(c). The friction between the hard bulk DLC surfaces with the mating

surface still provided a high friction coefficient.

The lowest friction coefficient of 0.03 was given by the MH-TkTL combination.

Because of its moderate hardness, the transformed layer, could avoid direct contact

between the asperities of the mating surface and the hard bulk DLC. Subsequently,

the mating surface could smoothly slide on the transformed layer because the

graphite-like transformed layer provided a slippery surface.
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Figure 5.9: Friction coefficient map as a function of the thickness and hardness
of the transformed layer.

Figure 5.10: Friction model regarding the combination of thickness and hard-
ness of the transformed layer. (a) LH-TkTL and LH-TnTL. (b) MH-TnTL and

MH-TnTL. (c) MH-TkTL.
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5.4 Conclusion

DLC is well known as a coating material that has essential properties for tri-

bological applications due to its low friction coefficient, high hardness and wear

resistance. The low friction coefficient that achieved during the friction test was

due to the phase transformation of the hard DLC coating into a soft graphite-like

transformed layer. This study presented the scratch hardness of the transformed

layer was obtained from the AFM scratch test that governs the friction behaviour

of DLC. A friction map was also developed as a function of the thickness and

hardness of the transformed layer. The following conclusions were reached as

follows:

1. The hardness of the transformed layer depends on the oil temperature, where

the sliding interface of DLC softened during the friction test due to graphi-

tization.

2. It is suggested that the combination of moderate hardness and thick trans-

formed layer leads to a low friction.



Chapter 6

Conclusion

Carbonaceous hard coatings attract more attention for coating technology espe-

cially for tribological components, because of their high hardness, low friction and

high wear resistance. Carbonaceous hard coatings can also provide low friction

either under dry conditions or boundary lubrication in oil. After the friction test,

an ex-situ observation in dry conditions showed that the transfer layer could easily

be found on the surface. of the counterpart. This transfer layer is believed to be

responsible for the low friction, with the transfer layer acting as a third body and

providing a slippery interlayer between the carbonaceous and mating surface. The

transfer layer separated the direct contact between the two surfaces and controlled

the friction behaviour. Therefore, an in-situ observation was needed to observe

the formation of a transfer layer that influenced the friction behaviour under dry

conditions. However, no reports exist about in-situ observations of the formation

of a transfer layer during friction testing under dry conditions.

However, the transfer layer could not be found on the surface of the counterpart

using ex-situ observation after friction, in the case of oil lubrication. The oil would

not allow the adhesive bonding of the transfer layer to the counterpart. However,

after the ex-situ surface analysis of the carbonaceous coating worn area, the results

of a Raman analysis after the friction test, showed that the carbonaceous hard

coating structure had changed and was then known as the transformed layer.

This change was due to graphitization, where the structure of sp3 was converted

to sp2 . The sp2 rich topmost surface could provide a low shear strength that

resulted the low friction. It is believed that due to a lack of oil in the boundary

lubrication friction test, the properties of the carbonaceous hard coating topmost

91



Chapter 6. Conclusion 92

surface (transformed layer) could control the friction behaviour. It is therefore

very important to investigate the mechanical properties of the topmost contact

interface.

The findings in this work can be summarized as follows:

1. In-situ observation successfully identified the transfer layer generation, which

contributed to the friction behaviour of the CNx coating against the sapphire

hemisphere. From this study, the following conclusions are as follows:

(a) The transformation of CNx to graphite-like transfer layer is a conse-

quence of high contact pressure 1.5 GPa at the contact interface.

(b) The desorption of N content from the CNx coating during sliding was

responsible for graphitization.

(c) The shape of Raman spectra of the transfer layer is comparable with

pure graphite.

(d) Existing of a graphite-like transfer layer with the thickness of 60 nm

between the CNx coating and the sapphire hemisphere, will significantly

reduce the friction coefficient to an ultra low of 0.003.

The permanent attachment of a transfer layer at the contact interface is very

important to maintain an ultra low friction during the friction test.

2. The tribological properties of different hardness of DLCs sliding against steel

under boundary lubrication condition in additive-free mineral-based oil were

investigated in order to determine the influence of the as-deposited DLC

hardness on friction behaviour. The following conclusions were reached as

follows:

(a) The friction coefficient decreased with an increasing of the hardness of

as-deposited DLC.

(b) The specific wear rate decreases significantly with an increasing in the

hardness of as-deposited DLC.

(c) The formation of graphite-like transformed layer is due to graphitization

process during friction test.
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3. The thickness of transformed layer of DLC sliding against steel under bound-

ary lubrication condition in additive-free mineral-based oil were successfully

measured by using reflectance spectroscopy. From the experimental results,

following conclusions are as follows:

(a) The thickness of the transformed layer has an effect to reduce friction

coefficient in the case of DLC1.

(b) It was observed that the temperature and the sliding distance has a sig-

nificant effect on DLC1 for generating transformed layer during sliding

test.

(c) The significant decrement of friction coefficient when the t/σ∗ value is

higher than 1, where t is the thickness of transformed layer of DLC and

σ∗ is the effective root mean square roughness.

4. DLC is well known as a coating material that has essential properties for

tribological applications due to its low friction coefficient, high hardness and

wear resistance. The low friction coefficient that achieved during the friction

test was due to the phase transformation of the hard DLC coating into a

soft graphite-like transformed layer. This study presented the scratch hard-

ness of the transformed layer was obtained from the AFM scratch test that

governs the friction behaviour of DLC. A friction map was also developed

as a function of the thickness and hardness of the transformed layer. The

following conclusions were reached as follows:

(a) The hardness of the transformed layer depends on the oil temperature,

where the sliding interface of DLC softened during the friction test due

to graphitization.

(b) It is suggested that the combination of moderate hardness and thick

transformed layer leads to a low friction.
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we investigated the effect of the transfer layer on the ultra-low friction of CNx

coating under blowing dry Ar. Meanwhile, the second experiment investigated the

effect of the transformed layer, in terms of their thickness and hardness on friction

under boundary lubrication, in additive-free mineral-based oil.
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In a dry condition, CNx coating can provide a low friction coefficient of 0.003

under blowing Ar, in an ambient environment, with help from the formation of

a transfer layer at the sliding interface. Following the friction test, an ex-situ

observation showed that the transfer layer could be found easily on the counter

part’s surface. Therefore, we think that an in-situ observation is needed to observe

the formation of the transfer layer that influences the friction behaviour under

a dry condition. However, no reports exist about an in-situ observation of the

formation of a transfer layer during friction testing in a dry condition. We have

developed a new experimental apparatus, based on a ball-on-disc tribometer. We

used a transparent sapphire hemisphere ball (α-Al2O3) as a counterpart against

a CNx coated disc for friction testing. With help of an optical microscope and a

CCD camera, images of the formation of a transfer layer can be recorded through

the transparent sapphire hemisphere ball during the friction test.

The friction test’s results show that the friction coefficient under blowing Ar, de-

creases from 0.18 to a steady state value of 0.003. An in-situ observation showed

that the friction coefficient decreased rapidly, as the transfer layer started to gen-

erate at the contact interface. As the thickness of the transfer layer increased

to 500 nm, the friction coefficient had a constant value at 0.003. Meanwhile, an

ex-situ observation was performed using Raman analysis of the transfer layer, and

found the transfer layer structure to be similar to graphite. The results showed

that the formation of a graphite-like transfer layer from the CNx coating played

an essential role in the low friction mechanism of CNx.

In the other experiment, we performed a friction test of a DLC coated sliding

bearing (SUJ2) against an S55C disc under boundary lubrication conditions, in

an additive-free mineral-based oil. Since the low friction mechanism under this

condition was still unclear, we tried to investigate the low friction mechanism from

a different point of view i.e., through the thickness and hardness of the transformed

layer through an ex-situ observation. The thickness of the transformed layer was

measured on wear track of DLC’s coating using reflectance spectroscopy, and the

hardness of the transformed layer was calculated using the depth of a scratch test,

using Atomic Force Spectroscopy (AFM).

We prepared three types of DLC, which we named DLC1, DLC2, and DLC3,

with different hardness’s of 47.1, 11.8, and 6 GPa, respectively. The tribological

properties of DLCs were investigated using a pin-on-disc tribometer, and friction

tests were performed under boundary lubrication conditions, in an additive-free



iii

mineral-based oil, at different oil temperatures of 24, 80, 120 and 160 ◦C. The

experiment’s results showed that DLC1 provided the lowest friction coefficient and

wear rate of 0.03 and in the order of 10−11mm3/Nm,respectively. The transformed

layer was found at the topmost surface of DLC coating after the friction test. The

pressure-induced graphitization was responsible for the DLCs structure changing

from sp3 into sp2. The pressure-induced graphitization, which was confirmed by

Raman analysis, showed that the value of ID/IG increased with increasing oil

temperatures.

Reflectance spectroscopy was used to measured the thickness of transformed layer

after friction test. In this work, we did find that the friction decreased by increasing

the ratio of the thickness of the transformed layer, t and the deviation of roughness,

σ∗. It was found that, the friction coefficient decreased significantly when the t/σ∗

value higher than 1.

We performed an AFM scratch test to determine the nano characteristics of the

transformed layer in terms of its hardness. We found that the hardness of the

transformed layer decreased significantly at oil temperatures above 80 ◦C, com-

pared to the hardness of the as-deposited DLC.

The empirical-based friction model map, which presents the thickness and hard-

ness of the transformed layer, correlated to friction coefficient data in a graphical

manner, was able to provide us with information of how the thickness and hard-

ness of the transformed layer influenced the friction’s behaviour. The combination

of a thick transformed layer (more than 100 nm) and a moderate hardness of the

transformed layer (2.8-4.3 GPa) can provide low friction. This combination avoids

direct contact between the mating surfaces and the hard bulk DLC. Therefore, the

mating surface can slide smoothly on the low shear strength of the transformed

layer, without touching the hard bulk DLC.
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Chapter 1

Introduction

1.1 Introduction to tribology

The word tribology is combination between tribo, “rub” in classic Greek, and

−logy , “knowledge of ”. Widely used as an engineering term since 1966, it is a new

discipline in the field of mechanical engineering and materials science correlating

to the study of friction, lubrication, and wear [1]. The problem posed by friction

when moving heavy objects using the sliding method has challenged mankind for a

thousand years. During early tribology history, the Egyptians first used water, and

later natural oils as lubricants to reduce friction at the sliding interface in order

to move massive stones over great distances for the construction of pyramids. A

breakthrough in tribology technology occurred with the introduction of a rolling

part such as a wheel and bearing to further reduce friction.

Friction and wear are basic problems in the tribology system due to abrasion on

the contact surface of two moving parts leading to a reduction in the lifespan of the

tribology component. Friction is defined as a tangential force against the sliding

motion of a body in an opposite direction. Wear is the result from the friction

process where the greater the friction, the higher the wear. Therefore, in the

tribology system, it is essential to separate two relative moving contact surfaces

in order to minimize friction and wear. The focus of this study is the application

of a liquid as a lubricant at the contact interface.

The demand for tribological technology increased in tandem with industrial growth

and this led to the need for a better understanding of its aspects in various areas.

1
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The role of tribology became more significant of late when researches acknowledged

the looming problem of an energy crisis in the not too distant future. As such,

the onus is on tribologists to increase knowledge in this area and come up with an

efficient system that does not lose too much energy to the forces of friction.

1.2 Industrial needs of hard coating

It has been reported that friction, lubrication, and wear have a significant influence

on the efficiency and lifespan of mechanical components employed in industries.

In the long run, this influence plays a deciding role in the economic development

of a nation. The report emphasized that viewing tribology from a scientific and

technological perspective is crucial in order to avoid major economic losses [2]. The

concern here is not only related to the economy, but also to the environment, as

machinery and vehicles with high efficiency will significantly reduce CO2 emission.

It has been acknowledged that the major source of rising CO2 emission can be

traced to cars and trucks [3]. This environmental problem continues to escalate

with the increasing demand for transportation which leads to a heightening of

the greenhouse effect. Studies revealed that when it comes to transportation,

passenger cars are responsible for 45% of total energy use and emissions [4]. The

most fundamental part of a car system is the internal combustion engine which

converts chemical energy into mechanical energy. The potential energy is generated

by the internal combustion engine during the process of fuel burning. This energy

is then converted into mechanical power which moves the car. However, part of

the energy is diverted towards overcoming the adherent friction in the car system.

Friction in the engine and transmission system contributes to about 17% of total

energy losses in areas such as the piston assembly, the valve train, and the bearings

and seals as reported in [5].

Friction behavior is dependent on whether the lubrication involved is boundary

lubrication, mixed lubrication or hydrodynamic lubrication as illustrated by the

recognized “Stribeck-curve” shown in Figure 1.1 [6]. However, tribological engine

components will experience all three kinds of lubrication conditions because the

speed of the engine is constantly changing during driving. Of the three, the one

that matters most in the “Stribeck-curve” is boundary lubrication because of its

potential for high friction and wear. Boundary lubrication occurs during starts,

stops, shock-loads, direction changes, and when the vehicle is moving at a slow
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Figure 1.1: Possible improvements based on Stribeck diagram by DLC coating
application.[6]

to intermediate speed. This can be attributed to the almost complete absence of

an oil film between two contact surfaces. The topmost surfaces fully contact each

other and the sliding or rolling motion results in high friction. High friction leads

to high fuel consumption because the system needs more power to overcome the

resistance. At the same time, high friction also causes the component to undergo

more wear which culminates in a reduction of its lifespan.

Figure 1.2 shows the number of cycles to failure for material combinations em-

ployed for a friction test under boundary lubrication conditions [7]. The com-

bination of DLC-steel displays a significantly longer lifespan of the component

compared to a steel-steel and DLC-DLC combination. This result indicates that

hard coating can improve the tribological properties of a component in terms of

friction coefficient and wear as depicted in Figure 1.1. Tribologists are challenged

to come up with a suitable coating material that can improve tribological behavior

in terms of low friction and high wear resistance under specific conditions.

Industrial applications that involve tribological components include internal com-

bustion engines for automobiles, material processing, gas turbine engines, rail

transportation etc. The coating material selected for a particular application de-

pends on the device and its operating conditions as well as the required perfor-

mance and lifespan of the component [8]. Some examples on the use of coating
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Figure 1.2: Cycles to failure for combination of steel-steel, DLC-DLC and
DLC-steel under boundary lubrication condition.[7]

technology for increasing the tribological performance of internal combustion en-

gines for automotive applications are shown in Figure 1.3 [9]. Tribological compo-

nents will experience different contact conditions depending on their application.

These conditions include contact stress at normal load, sliding abrasion, impact,

surface fatigue, fretting and chemical dissolution. Table 1.1 shows the guideline

for coating selection which depends on dominating contact conditions [10].
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Figure 1.3: Components that can be coated with DLC for use in an automotive
engine.[9]
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Table 1.1: Guideline for coating selection.[10]

Contact type Dominating con-
tact condition

Required surface
properties

Recomended
coatings

Sliding Low friction slid-
ing

Low shear strength at
surface to layer

DLC, MoS2, dia-
mond

Mild wear Good load support
Abrasion (a) Third-particle

indentations
(a)Good-
microtoughness
and load support

TiN, TiAlN, TiC,
Al2O3, CrN

(b) Two-body
ploughing

(b) High hardness to
resist plastic deforma-
tion

Impact Concentrated
impacting stress
wave

Good macrotoughness
Good elasticity

Multilayer

Abrasive wear

Fatique Continuous large
stress waves

Good macrotough-
ness, Good load
support

TiN, DLC Multi-
layer

Fretting High-frequency
large stress wave,
Wear debris in
contact continu-
ously

Good elasticity, Low
shear strength surface
layer, Not producing
hard wear debris

MoS2, Cu-Ni-In,
Multilayer

Chemical dissolution High temperature Non-soluble, Ther-
mally conductive

TiN, TiAlN, TiC,
WC, CrAlN,
DLC, diamond

Lubricated sliding Coating giving
load support for
lubricant film
and acting as
emergency layer

Interaction with lubri-
cant additives, Tex-
turing to support lu-
bricant prevalence

DLC, TiN,
TiC,CrN
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1.3 Carbon coatings

Carbon is a unique material which can provide high hardness and good thermal

conductivity in the form of a diamond, as well as softness and high lubricity in the

form of graphite. Carbon exists in many forms in carbon-based allotropes. These

forms include white carbon (ceraphite), nanotubes, buckyballs, other fullerenes,

carbon-carbon composites, glassy carbons, and carbon nanofibres. Diamond-like

carbon (DLC), carbon nitride, and boron nitride are a few examples of thin coating

technology in which carbon, widely used in engineering technology, is the key ele-

ment. Carbon is the preferred choice due to its outstanding tribological properties

which contribute towards the reduction of friction and wear.

Carbon coatings can have different mechanical properties because they consist of

sp3, sp2 and sp1 as shown in Figure 1.4 [11]. These combinations can provide

a great variety of crystalline and disordered structures. A diamond consists of

a sp3 configuration where four carbon atoms bond with each other to build a

tetrahedral structure which in turn makes a strong σ bond to an adjacent atom.

These structures provide high mechanical hardness, chemical and electrochemical

inertness, and a wide band gap. In the sp2 configuration, as in graphite, the three

of four valence electrons enter trigonally directed sp2 orbitals. These form σ bond

in a plane. The fourth electron of the sp2 atom enters a pπ orbital which lies

normal to the σ bonding plane [11]. Graphite has a strong intra-layer σ bonding

and a weak Van der Waals bonding between its layers [12]. As these layers can

be separated and slide easily, the resulting friction is low [13, 14]. In the sp1

configuration, two of the four valence electrons enter σ, each forming an σ bond

directed along the ±x -axis, and the other two electrons enter pπ orbitals in the y

and z directions [11].

Figure 1.4: sp3, sp2 and sp1 hybridised bonding.[11]
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1.3.1 Diamond-like carbon (DLC)

DLCs are commonly used as a hard coating in many industrial applications due

to their excellent tribological properties of low friction, high wear resistance, and

chemical inertness.

Figure 1.5: Ternary phase diagram for various DLC films with respect to their
sp2, sp3 and hydrogen contents.[15]

Ferrari and Robertson studied the different types of DLCs using spectroscopic

techniques to define their structure and chemical content. Figure 1.5 shows the

ternary phase diagram by dividing various DLCs into different regions based on

the fraction of sp3 or sp2 and hydrogen content [15].

Generally, the mechanical and tribological properties of DLCs depend on the

sp3/sp2 ratio. However, the additional dopant material such as silicon, hydro-

gen, and metal/carbide, can also contribute different tribological properties to

the DLC coating. Examples of diamond-like carbon are hydrogen-free amorphous

carbon (a-C), hydrogenated GLC (a-C: H), tetrahedral amorphous carbon (ta-C)

and hydrogenated tetrahedral amorphous carbon (ta-C: H). The other types of

DLC which contain the dopant elements silicon and metal/carbide will be termed

Si-DLC and Me-DLC respectively. Hydrogenated DLC coatings are generally soft

with low internal stress. Thus, with good adhesion, it is possible to apply thicker

film on the substrate [16]. However, hydrogen-free DLC coatings have a high de-

gree of hardness and consequently high internal stress. As such, it is difficult to
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deposit thicker hydrogen-free DLC. Generally, the thickness of hydrogen-free DLC

is limited to 1 µm [11].

There are two types of deposition techniques commonly used for deposition of DLC

coatings and these are Plasma Vapour Deposition (PVD) and Chemical Vapour

Deposition (CVD). The PVD procedure involves atomistic deposition processes,

in which material is vaporized from a solid or liquid state in the form of atoms or

molecules, and then transported in the form of a vapour through a vacuum or a

low pressure gaseous (or plasma) environment to the substrate where it condenses.

Typically, PVD processes are used to deposit films with thickness in the range of a

few nanometres to thousands of nanometres. Typical PVD deposition rates are 10-

100Å (1-10 nanometers) per second [17]. There are several types of PVD coating

techniques such as vacuum evaporation, sputter deposition (in a plasma environ-

ment or in a vacuum), ion plating and Ion Beam Assisted Deposition (IBAD).

Thermal Chemical Vapour Deposition (CVD) is the deposition of atoms or molecules

by substantial temperature reduction or decomposition of a chemical vapour pre-

cursor which contains the material to be deposited. Deposition at a low tempera-

ture is facilitated by the introduction of plasmas into CVD reactors. The plasmas

are typically generated by radio-frequency (rf) techniques and the process is called

plasma-enhanced CVD (PE-CVD) [17].
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The tribological behavior of DLC films differ according to their individual prop-

erties. Other factors that can significantly influence the tribological performance

of DLC films are test conditions and the environment. The result from a previous

study showed that the friction coefficient for various DLCs and test conditions

vary widely in a range of 0.001-0.7 [18]. With regard to hardness, the hydro-

genated DLCs are generally softer than hydrogen-free DLCs. Table 1.2 displays

a few examples of the mechanical properties of various carbon films employing

different deposition methods. Soft DLCs scratch easily while DLCs with high

hardness possess high wear resistance properties with generally low wear rates of

10−11mm3N−1m−1.

Table 1.2: Mechanical properties of various carbon films employing different
deposition methods.

Film Deposition
method

H (GPa) Thickness (nm)

a-c:H [19] PECVD 14 1140
18 550

ta-C [20] FCVA 80 76
ta-C [15] PLD 27 120
a-C [21] Sputtering 39 29

42 46
85 38
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1.3.2 Carbon nitride (CNx)

CNx is also carbon coating material that has very good tribological properties like

DLC. It is expected if the CNx can be harder than diamond if the CNx possess

the ideal structure of β-C3N4 [22, 23]. Table 1.3 displays a few examples of

the mechanical properties of amorphous CNx (a-CNX) films employing different

deposition methods.

Table 1.3: Mechanical properties of CNx films by different deposited method.

Film Deposition
method

H (GPa) Thickness (nm)

a-CNx [24] MS 5.6 280
a-CNx [25] FCVA 65 (high N %) 100

40 (low N %) 100
a-CNx [26] IBAD 25 1000

1.3.3 Friction mechanism of carbon coatings

The frictional behavior of carbon coatings can be influenced by intrinsic factors

and extrinsic factors. Intrinsic factors come into play when the influence of fric-

tion behavior comes from the properties of the coating material itself. These

include sp3 and sp2 content, the amount of hydrogen present, the doping material

involved, and their bonding structure. The influence of frictional behavior from

external sources such as chemical reaction and the physical and mechanical inter-

action during moving contact between two surfaces are defined as extrinsic factors.

Both factors play significant roles in the friction and wear mechanisms of carbon

coatings.

The effects of physical roughness on DLCs containing dopants like tungsten (a-

C:W) and chromium (a-C:Cr) were examined using the ball-on-disk test. The

friction coefficient rose from 0.1 to 0.7 with increasing surface roughness Rq of 7

to 390 nm respectively. The friction coefficient was closely related to the surface

roughness of the coating as higher roughness contributed to a higher friction co-

efficient. The higher friction for rougher surfaces could be due to the oxidized

particles of coating material filled the scratches. Shearing the oxidized particles
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causes a higher friction. It was found that the wear rate for the a-C:W is not de-

pendent on surface roughness. However, the a-C:Cr coating displayed a different

behavior with the surface roughness influencing the wear rate [27].

The environmental effect on friction and wear behavior of DLCs was evaluated

under four conditions. These conditions were dry air, O2, N2 and vacuum. The

results revealed that the environment has a significant influence on friction and

wear behavior. The N2 environment exhibited the lowest friction coefficient of

0.06 and a low wear rate 2.2×10−9mm3N−1m− 1. The highest friction coefficient

of 0.17 was attributed to the vacuum environment, and the lowest wear resistance

of 5.2×10−9mm3N−1m− 1 to the O2 environment [28]. The importance of hydrogen

content in DLC films was investigated in an open air and a dry N2 environment.

t was suggested that the low friction mechanism of hydrogenated DLC films is

due to the passivation of the dangling surface bonds of carbon atoms by hydrogen

[29]. Another study reported that the formation of friction layers at the topmost

contact surface of DLCs influences the friction behavior. The generation of friction

layers was affected by the testing environment [30].

DLC is hybridized structure that containing sp3 and sp2. The graphitization

occurred during friction when the sp3 structure converted into the sp2 structure due

to a friction-induced graphitization mechanism [31–33]. The transfer layer formed

on a counterface through the graphitization process provides low shear strength

between hexagonal planes in the graphite structure allowing for the possibility of

reducing friction to 0.02 [34, 35].

An investigation on the friction properties of DLC/DLC contacts in base oil using

12 different types of DLCs such as a-C:H:W, Si-DLC, ta-C and a-C:H with different

mechanical properties was carried out by Vengudusamy et al. They found that the

friction properties in this situation depended on the DLC type. The lowest friction

of 0.05 was exhibited by ta-C in a boundary lubrication condition. The low friction

mechanism in the boundary lubrication was attributed to surface graphitization

[36]. The effect of temperature on the DLC performance in base oil was studied by

Kalin et al. The lowest friction coefficient was achieved at a high temperature of

150 ◦C. The Raman analysis clearly showed that graphitization provides a slippery

surface and this condition contributes to low friction levels [37].

Nitrogenated DLC or Carbon Nitride (CNx) is widely used as a coating material
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in magnetic hard disk applications due to its excellent tribological properties [38–

40]. Intensive studies were conducted on these properties in the environments

of a vacuum, Ar, N2, CO2, O2 and air against the counter material of Si3N4. It

emerged that the N2 environment had a significant effect on friction coefficient with

a reading of below 0.01. Blowing dry N2 gas directly onto the contact interface in

an air environment effectively reduced the friction coefficient to about 0.017 [41].

The low friction mechanism was analyzed using an Auger Electron Spectroscopy

(AES) and an X-ray Photoelectron Spectroscopy (XPS) where the desorption of

N2 atoms from the top layers of coating led to the CNx structure transforming

into a graphite-like structure. This provides a slippery surface that reduces the

friction coefficient [26].
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1.4 Purpose of this study

Carbonaceous hard coatings can provide low friction either in a dry condition or

boundary lubrication in oil. After the friction test, an ex-situ observation in dry

conditions showed that the transfer layer could easily found on the counter part’s

surface. This transfer layer was believed to be responsible for the low friction, with

the transfer layer acting as a third body. The transfer layer separated the direct

contact between the two surfaces and controlled the friction’s behavior. Therefore,

in-situ observation was needed to observe the formation of a transfer layer that

influenced the friction behavior under dry conditions. However, no reports exist

about in-situ observations of the formation of a transfer layer during friction testing

under dry conditions.

Consequently, we developed a new experimental apparatus that was based on a

ball-on-disc tribometer. We used a transparent sapphire hemisphere ball (α-Al2O3)

as a counter part for friction testing against a CNx coated disc. With the help of

an optical microscope and a CCD camera, images of the formation of a transfer

layer were recorded during the friction test. Information from these images was

used to determine the thickness of the contact area and the transfer layer. It

was possible that the area of the transfer layer could have changed the contact

pressure leading to the material properties of the transfer layer. Meanwhile, an

ex-situ observation was performed to analyze the transfer layer, wear track, and

wear debris, using Raman spectroscopy, SEM, AFM and AES.

However, the transfer layer could not be found on the counter part’s surface using

ex-situ observation after friction, in the case of oil lubrication. The oil would not

allow the adhesive bonding of the transfer layer to the counterpart. However, after

ex-situ surface analysis of the carbonaceous coating worn area, using Raman anal-

ysis after the friction test, the results showed that the carbonaceous hard coating

structure had changed and was then known as the transformed layer. This change

was due to graphitization; where the structure of sp3 converted to sp2 . Sp2 rich

topmost surface could provide a low shear strength that resulted from the low fric-

tion. We believe that due to a lack of oil in boundary lubrication friction test, the

properties of the carbonaceous hard coating topmost surface (transformed layer)

could control the friction’s behavior. It is therefore very important to investigate

the mechanical properties of the topmost contact interface. Further analysis of



Chapter 1. Introduction 15

the transformed layer, in terms of its thickness and hardness, could provide more

information about the mechanism of low friction in oil under boundary lubrication.

We used three different hardness’s of DLC that were coated on sliding bearings

made of steel (SUJ2) as a substrate and a S55C steel disc as a counterpart. Bound-

ary lubrication friction tests were conducted using a pin-on-disc tribometer. An

additive-free mineral based oil was used as a lubricant to avoid the influence of any

additives on both the friction and wear behaviors of DLC. After the friction tests,

the worn area on the DLC coating was examined using Raman analysis, reflectance

spectroscopy, and AFM scratch testing. Raman analysis was used during the fric-

tion tests to verify the graphitization process that generated the transformed layer

at the topmost sliding interface. The thickness of the transformed layer was mea-

sured using reflectance spectroscopy. An AFM scratch test was used to determine

the hardness of the transformed layer.

From the experimental results of the friction test in dry conditions, we attempted

to relate the significant role of the transfer layer formation at the contact sliding

interface to the friction behavior of the CNx coating under blowing dry Ar.

For the friction test in boundary oil lubrication conditions, the generation of a

thin transformed layer at the topmost sliding interface of the DLC coating could

be the main factor for low friction. We investigated the nano characteristics of

transformed layer in term of its thickness and hardness. Then, we attempted to

propose a friction model of low friction under boundary lubrication conditions in

an additive-free mineral based oil.
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In summary, the objectives of this study were as follows:

1. To clarify the effect of the CNx transfer layer area on the mating sapphire

hemisphere on the friction properties under blowing dry Ar.

2. To clarify the effect of as-deposited hardness of DLC on friction and wear

after friction test under boundary lubrication conditions in an additive-free

mineral based oil.

3. To clarify the effect of the transformed layer’s thickness on the tribological

properties of the sliding bearing under boundary lubrication conditions in

an additive-free mineral based oil.

4. To clarify the effect of the transformed layer’s hardness on friction under

boundary lubrication conditions in an additive-free mineral based oil.

5. To propose friction map and friction model for low friction of carbonaceous

hard coatings.
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1.5 Outline of dissertation

Figure 1.6: Outline of dissertation.



Chapter 2

Effect of transfer layer on ultra

low friction of CNx coating under

blowing dry Ar

2.1 Introduction

Carbonaceous hard coatings are used because those have good tribological proper-

ties, such as low friction, high hardness, and high wear resistance. Carbon Nitride

(CNx) is expected as excellent materials with excellent tribological properties.

CNx is a hybridized material that is composed of sp3 and sp2 Carbon-Nitrogen

(C-N) bonding. CNx showed ultra low friction that is less than 0.01 of friction

coefficient in dry Nitrogen gas [41]. The authors has tried to know the ultra low

friction mechanism of CNx on the basis of surface analysis with Raman spec-

troscopy, XPS and AES because ultra low friction was observed after a number of

repeated sliding in dry Nitrogen. As a result, we proposed the ultra low friction

mechanism as the formation of thin graphite like layer that thickness is about 20

nm on the surface of CNx, the formation of transfer layer of graphite like wear

particles and smoothing of friction surface [42]. However we have done the ex-

observation after sliding test. Therefore we do not know the specific effect of the

formation of transfer layer on the mating surface. In order to overcome this issue,

we developed a friction tester with in-situ observation of transfer layer under slid-

ing against a sapphire hemisphere in different species of gas such as Argon (Ar),

Nitrogen (N2) and ambient air.

18
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In the case of ultra low friction under dry nitrogen and dry Argon, friction coeffi-

cient decreased with the increasing of the thickness of transfer layer. On the other

hand, friction coefficient did not decrease with the increasing of the thickness of

transfer layer in the case under ambient gas [43]. These results show the transfer

layer from CNx to mating surface has the essential role in the ultra low friction

mechanism of CNx.

In this chapter, we investigated the effect of the area of transfer layer on mat-

ing sapphire hemisphere on friction properties under blowing Ar gas. There is a

possibility that the area of transfer layer can change contact pressure lead to the

material properties of transfer layer. In-situ observation of transfer layer forma-

tion, and attachment at the sliding contact point, was observed using an optical

microscope. Images were captured using a CCD camera. Meanwhile, an ex-situ

observation was performed to analyze the transfer layer, wear track and wear

debris, using Raman spectroscopy, SEM, AFM, and AES.
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2.2 Experimental procedure

2.2.1 Test specimen

The Si(100) wafer disk was coated with a 100 µm thickness of CNx using Ion

Beam Assisted Deposition (IBAD) method in this study. Further details of coating

procedure can be seen in [26]. The nitrogen content in the CNx is about 10 %. A

CNx surface roughness of 0.72 nmRa was measured using AFM. The hardness of

the CNx coating was measured at approximately 25.2 GPa using nano indenter,

with a maximum indentation load of 20 µN. A transparent sapphire hemisphere,

with a radius of 4 mm, a hardness of about 35 GPa, and surface roughness of 30

nmRa, was chosen as a counter face.

2.2.2 Friction test

Figure 2.1 shows a ball-on-disk equipment with in-situ observation of contact point

during sliding under blowing Ar gas. An electric motor was used to rotate the CNx

coating, which was fixed on a rotatable disk holder, and the sapphire hemisphere

was used as a stationary counter face at the upper side. The friction test was per-

formed using the ball-on-disk tribometer, with a sliding speed of 83.8 mm/s, and a

sliding track of 6 mm. The experiment was performed under ambient conditions,

with room a temperature of 24 ◦C and a relative humidity of about 26 %. Dry Ar,

with a 99.9999 % purity, was used in this experiment. Dry Ar came directly from

the gas cylinder to the contact point between the CNx coating and the sapphire

hemisphere, with a volume rate of 5 l/min throughout the sliding test. The O2

content and humidity were measured at sliding interface using TORAY Oxygen

Analyzer (LC-750) and Thermo Recorder (TR-72U) in order to clarify the impuri-

ties of blowing Ar. A normal load of 0.1 N was applied constantly to the sapphire

hemisphere with a leaf spring. The initial mean Herztian’s contact pressure was

calculated at about 177 MPa, with a contact diameter of approximately 10 µm.

The test’s specimens were cleaned in an ultrasonic bath in acetone for 15 min-

utes before and after the friction test, in order to avoid any contamination on the

specimen surface during testing and other analysis.

Transfer layer formation phenomena during contact sliding, which was generated

by friction between the transparent sapphire hemisphere and the CNx coating,
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Figure 2.1: Test rig based on pin-on-disk method. Combination of optical
microscope and CCD camera were used to observe the in-situ frictional behavior

CNx coated disk against Sapphire hemisphere.

can be observed with optical microscope using CCD camera, through the sapphire

hemisphere. Newton’s ring can also be seen in the images and was used to estimate

transfer layer thickness during the friction test. Pictures were taken every five

cycles for 10,000 cycles.

2.2.3 Estimation of the thickness of transfer layer

The transfer layer thickness can be estimated by comparing the Newton’s ring

diameter images that were captured during the sliding test with an initial state

image. The movement of Newton’s ring can be observed during the sliding test.

Inward movements of Newton’s ring were caused by the elevation of the sapphire

hemisphere, which corresponded to the increasing transfer layer thickness. The

change of Newton’s ring diameter during sliding test can be observed and measured

from the images. The use of Newton’s ring to quantify transfer layer thickness

is given in [44, 45]. Pythagoras’ theorem was used to estimate transfer layer

thickness, as in Eqs. 2.1 and 2.2 and referring to the schematic illustration of

transfer layer formation, as shown in Figure 2.2.
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h = (X2 + Z)− (X1 + Z) (2.1)

h =
√
R2 − r22 −

√
R2 − r12 (2.2)

where h is transfer layer thickness; R is the radius of the sapphire hemisphere; Z

is the height between the measured Newton’s ring from the contact surface,y1 ,2are

the height between the top of the sapphire hemisphere and the Newton’s ring (1 :

before sliding, 2 : during sliding), r1 ,2 are the estimated radius of Newton’s ring

(1 : before sliding, 2 : during sliding).

Figure 2.2: Schematic illustration ofrelationship between transfer layer and
Newton’s ring during sliding test for estimation of transfer layer thickness. (a)

Initial state and (b) during sliding with the formation of transfer layer.

2.2.4 Raman and AES analyses

The Raman spectra was obtained using a Jasco Laser Raman spectrophotometer

NRS-1000 equipped with a second harmonic Nd:YAG laser with a maximum laser

power and wavelength of 10 mW and 532 nm, respectively. However, only 1%

of the maximum power was applicable for the measurement without burning the

surface and also to avoid the influence of the substrate underneath. The AES

(ULVAC PHI-650) was used to obtain the depth profiles of chemical composition

of test specimen with beam energy of 5 kV and a probe current of 100 nA. Before

the measurement, the test specimen surface was cleaned by ion sputtering with a

sputtering energy and a probe current of 3 kV and 25 mA, respectively.
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2.3 Results and discussion

2.3.1 Effect of the thickness of transfer layer on friction

coefficient

Figure 2.3: (a) The frictional behavior of CNx coating against Sapphire hemi-
sphere as a function of sliding cycles and (b) Transfer layer thickness as a func-

tion of sliding cycles.

Figure 2.3 shows the coefficient of CNx coating against the sapphire hemisphere

during the repeated sliding test under blowing dry Ar, as a function of the number

of cycles. At approximately 300 cycles, the friction coefficient increased from 0.1

to 0.18. Then at 1000 cycles, the friction coefficient decreased drastically from 0.18

to 0.003. After a short running-in period, the friction coefficient was consistently

ultra low until 10,000 cycles. Figure 2.4 shows images of transfer layer through a

transparent sapphire hemisphere in each sliding cycles from 0 to 10,000 cycles.

The other experimental results show that the friction coefficient increased sud-

denly, due to a detachment of the transfer layer from the contact surface, as

shown in Figure 2.5. Later, the transfer layer built-up again at the contact point,

and the friction coefficient decreased slowly until it achieved a super low friction

again. The images in Figure 2.4 show that the initial real contact point was at the

centre (zero cycle), but later it deviated to the front of the sliding direction (400
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cycles), where it remained for the rest of the sliding test, as illustrated in Figure

2.2.

Figure 2.4 shows the microscope images of Newton’s rings that formed around

the contact point of the two surfaces (i.e., the sapphire hemisphere and the CNx

coating) with different diameters and light intensities. The Newton’s rings were

formed due to interference between the light waves reflected from the top and

bottom surfaces.

The Newton’s ring’s diameters were measured and used to estimate transfer layer

thickness using Eq. 2.2 from Pythagoras’ theorem. The Newton’s ring becomes

smaller due to the elevation of the sapphire hemisphere corresponding to the for-

mation of a transfer layer at the contact point, as illustrated in Figure 2.2. The

results show that the friction coefficient decreased whilst the transfer layer thick-

ness increased. See Figure 2.3(a). In addition, the higher rate of transfer layer

generation (about 0.092 nm/cycle) was seen from the beginning of sliding test

during the running-in period until approximately 2000 cycles. Then, the transfer

layer generation rate became lower (at about 0.046 nm/cycle) from 2000 cycles

onwards, and the friction coefficient reached a super low friction of 0.003, where

it remained until 10,000 cycles. An ultra low friction of 0.003 was achieved when

the transfer layer thickness was around 60 nm after 1000 sliding cycles. The trans-

fer layer thickness increased consistently to 550 nm at 10,000 cycles, whilst the

friction coefficient kept constant at super low. The higher rate of transfer layer

generation during the running-in period showed that more graphitization occurred

then, than the steady state period. This result indicates that more wear debris was

produced from sliding at the beginning, due to the direct surface contact between

the sapphire hemisphere and the coating disk. The wear debris accumulated at

the sliding contact and became a thin transfer layer through compaction. As the

transfer layer became thicker, the wear rate of the CNx coating decreased because

the transfer layer could act as a protective layer to reduce wear.



Chapter 2. Effect of transfer layer on ultra low friction of CNx coating under
blowing dry Ar 25

Figure 2.4: Microscopic images of Newton’s ring and real contact area for
estimation of transfer layer thickness and mean Hertzian’s contact pressure re-

spectively.



Chapter 2. Effect of transfer layer on ultra low friction of CNx coating under
blowing dry Ar 26

Figure 2.5: (a) Sudden increase of friction coefficient during sliding between
CNx coatings against Sapphire hemisphere as a function of sliding cycles (b)

Images of transfer layer and Newton’s ring.



Chapter 2. Effect of transfer layer on ultra low friction of CNx coating under
blowing dry Ar 27

2.3.2 Effect of area of transfer layer and contact pressure

on friction coefficient

As shown in Figure 2.4, the initial image of the dark circle at zero cycles shows

the direct contact point between the sapphire hemisphere and the CNx coating.

At the beginning of friction test, the contact between the sapphire hemisphere

and the CNx coating forming the Hertzian’s contact as shown in Figure 2.4 at 0

and 200 cycles. However, from 400 cycles of sliding rotation, transfer layer was

generated, and the contact point moved from centre to the front side of the sliding

direction. At this point, there was no more Hertzian’s contact. The accumulation

of wear debris at contact interface segregated the direct contact between sapphire

hemisphere and CNx coating. The measured contact radius, decreased from 0 to

10000 cycles around 13 µm initially to 4 µm (10000 cycles). The changing contact

radii were measured carefully from the captured images using CCD to be used

later for the estimation of contact area, A. The measured radius of the Hertzian’s

contact point was 13 µm at initially state (i.e., zero cycles), which was confirmed

by calculating the contact radius of 10 µm using Hertzian’s contact mechanics; as

per Eqs. 2.3 and 2.4 [46]. The different values, between measured and calculated

Hertzian’s contact point radii, are due to inaccurate measurements of the contact

point using optical images. It is very difficult to obtain accurate value of Hertzian’s

contact radius by measurement because of the blurring of the contact edge as

shown in Figure 2.4 (0 cycles). The difference between the measured contact

point radius, r c and the calculated Hertzian’s contact radius, a was within a few

micrometers, and are also reported elsewhere [45].

a =

(
3WR

4E∗

)1/3

(2.3)

where

1

E∗
=

1− υ12

E1

− 1− υ22

E2

(2.4)
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Here, W is the applied load, R is the sapphire hemisphere’s radius, E ∗ is the

effective elastic modulus, υ1 and υ2 are the Poisson’s ratio of the sapphire hemi-

sphere and the CNx, respectively, and E 1 and E 2 are the Young’s modulus of the

sapphire hemisphere and the CNx, respectively. A measured contact point radius,

r c was used to calculate the mean pressure Pm using Eqs. 2.5 and 2.6.

Pm =
W

A
(2.5)

where,F is the applied load, and A is the estimated contact area.

A = πrc
2 (2.6)

where, r c is the measured contact radius.

Figure 2.6: Relation between mean Hertzian’s contact pressure and friction
coefficient as a function of sliding cycles.

Figure 2.6 shows the relation between the estimated mean contact pressure and the

friction coefficient, as a function of sliding cycles. The contact pressure increased

drastically from 0.174 to 2.25 GPa, where the friction coefficient was shown to

decrease to a super-low level of 0.003 until 10,000 cycles of rotation. Then, the
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contact pressure decreased slowly from 2.25 to 1.5 GPa. The friction coefficient

achieved a steady state condition at around 0.003, when the pressure was at a

high value of around 1.5 GPa.

Another essential relation shown in this study is how the estimated mean Herz-

tian’s contact pressure affects the generation of the transfer layer as shown in

Figure 2.7. It was observed that the thickness of transfer layer increase gradually,

although the contact pressure slightly decrease after 2000 sliding cycle.

Figure 2.7: Relation between estimated mean Hertzian’s constant pressure
and transfer layer thickness as a function of sliding cycles.

2.3.3 Phase transition of CNx coating at sliding contact

interfaces

CNx is a material with a combination of sp3 and sp2 carbon bonds, which the

nitrogen substitutes into the sp2-bonded ring to a saturation level of about one

nitrogen to every three carbon atoms. This CNx structure provides good tribo-

logical properties, such as low friction, high hardness, and high wear resistance.

CNx graphitization occurred when desorption of nitrogen atoms from the CNx

matrix was caused by raising the annealing temperature. Generally, the transition

temperature of CNx is about 200 ◦C, which corresponds to a sp3-sp2 transition

temperature [47]. However, during sliding, the transition temperature can be de-

creased to a lower value, due to the high contact stress [48, 49]. The CNx transition
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temperature can be calculated according to the Clapeyron law [50], with the func-

tions of contact pressure and specific volume of low and high nitrogen contents of

carbon nitride, as per Eq. 2.7.

T = T cexp

(
−|∆υ|
L

∆p

)
(2.7)

Figure 2.8: Calculated transition temperature of CNx coating as a function
of Hertzian’s contact pressure referring to Clapeyron law.

where T c is the critical phase transition temperature of CNx (200 ◦C) [47], ∆υ is

the difference between specific volume of low nitrogen content (0.303∗10−3m3kg−3)

and high nitrogen content (0.746 ∗ 10−3m3kg−3) [21], ∆p is the difference between

Hertzian’s contact pressure and atmospheric pressure. As explained previously,

the contact area decreased throughout the sliding test, corresponding to increased

contact pressure. Figure 2.8 shows that the phase transition temperature of CNx

coatings decreased with an increase of Herztian’s contact pressure at the sliding

interface. Hence, a high contact pressure results in a lower transition temperature

sp3- sp3 to as low as 20 ◦C. This explains that the graphitization process possibly

occurred under high contact stress at room temperature, since the experiment was

performed under room temperature (about 24 ◦C).
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Figure 2.9: a) SEM observation of wear track and debris on CNx coating
disk after sliding test.(b) Microscopic image of transfer layer on the sapphire

hemisphere after sliding test.

2.3.4 Ex-observation of wear track with Optical micro-

scope (OM), Raman spectroscopy and Auger Elec-

tron Spectroscopy (AES)

After the sliding test, the CNx coating and sapphire hemisphere was observed using

SEM and an optical microscope. Figure 2.9(a) shows a picture of the compacted

wear debris along the wear track on the CNx coating after the sliding test. No

wear debris was found within the wear track because the wear debris was ejected

outside of the wear track during the sliding. The generated transfer layer was

transferred from the coating surface to the sapphire hemisphere’s surface. The

microscope image shows that the transfer layer is strongly adhered to the sapphire

hemisphere, as shown in Figure 2.9(b).

Figure 2.10(a)-(d) show the Raman spectra of the as-deposited wear track, the

transfer layer, and the wear debris, respectively. The Raman spectra shape, of the

as-deposited of CNx, is comparable to other researcher’s results [51]. The shape

of Raman spectra on the wear track, after the sliding test, was the same as the

as-deposited CNx; with the same Raman shift, G peak of 1576.5 1/cm. However,

the Raman shifts of the G peak for both the wear debris and transfer layer show a

different value of 1588.8 1/cm. This shifting G peak value, from a low to a higher

frequency, means that transition of sp3-sp2 (also known graphitization) occurred

during the sliding test [52].
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The Raman shape of the wear debris and the transfer layer is comparable with

pure graphite, as reported by other researchers [53]. This means that the graphitic

material was removed from the CNx coating’s wear track and accumulated as a

transfer layer; which then adhered to the sapphire hemisphere and partially became

wear debris.

Figure 2.11(a)-(c) show the results for Ar KLL, C KLL, N KLL, and O KLL peaks

through AES analysis, between 150 and 550 eV on as-deposited CNx, wear track

and wear debris, respectively. The kinetic energy of Ar KLL, C KLL, N KLL, and

O KLL were approximately 220, 258, 374, and 510 eV, respectively. The intensity

of the N KLL peaks on the wear debris is approximately zero. This means that

there was almost no N content in the wear debris compared to the as-deposited

CNx, and the wear track. This proves that desorption of N from the CNx coating

during sliding was responsible for the graphitization process. Under high pressure

stress, the C-N bonds tend to release their N content to become a more stable

graphite-like structure [48, 50].

AES analysis does not detect the Ar content on the wear track or the debris after

the sliding test. This means that the Ar gas, as an inert gas, was not involved in

the tribochemical reaction with the dangling bonds [54]; which probably influenced

the tribological performance. Oxygen molecules were not found on the coating

surface, both before and after the sliding test. No oxidation process occurred on

the coating surface before, during, or after the friction test, that influenced the

results of the sliding test and the analysis.
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Figure 2.10: Raman spectra of (a) as-deposited (b) wear track on CNx coating
(c) transfer layer on sapphire hemisphere and (d) wear debris on CNx coating.

Figure 2.11: AES analysis for Ar, C, N and O content on CNx coating (a)
as-deposited, (b) wear track and (c) wear debris.
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2.3.5 Effect of transfer layer on ultra low friction of CNx

coating

An ultra low friction level of 0.003 was observed during the sliding test, between

the CNx coatings against the sapphire hemisphere, under blowing dry Ar gas

directly onto the contact interface. In-situ observation confirmed that the genera-

tion of transfer layer at the contact point was responsible for reducing the friction

coefficient to a super low level. It was also observed that the friction coefficient

increased at the beginning of the friction test (up to 300 cycles), then the friction

coefficient dropped to an ultra-low level of 0.18 to 0.003 at 1000 cycles. Sharp

asperities that broke-off at the CNx coating’s surface interface, which contributed

to the nano particles, caused the increasing friction coefficient at the beginning of

the sliding test.

Figure 2.12: Relation between the thickness of transfer layer and contact
pressure to friciton coefficient.

It is believed that the formation of the transfer layer began after 200 cycles (see

Figure 2.4), by the compaction of nano wear particles between the CNx coating

and the sapphire hemisphere. Accumulation of the transfer layer at the contact

surface completely separated the contact between the CNx coating and the sap-

phire hemisphere. This provided a steady state value of super low friction between

1000 to 10,000 cycles. The transfer layer thickness was calculated and a significant

relation between the friction coefficient and the transfer layer was found, which

with a constantly increasing transfer layer, drops the friction coefficient to a lower
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level. Super low friction can be achieved at a steady state through a sufficiently

thick transfer layer at the contact interface, where it will remain throughout the

sliding test. Figure 2.3 shows that a steady state of super low friction of 0.003 was

achieved at 1000 cycles, with a sufficient transfer layer thickness of 60 nm. Fur-

ther consistent increments of the transfer layer do not affect the friction coefficient

anymore.

Figure 2.12 shows the relation between the thickness of transfer layer and contact

pressure to friction coefficient. It was observed that the thickness of transfer layer

below 50 nm, the value of friction coefficient is high in the range of 0.02-0.13. The

super low friction achieved in the range 0.003-0.004 when the thickness of trans-

formed layer above than 100 nm. A high contact pressure enhanced the generation

of transfer layer at sliding contact interface. The accumulation of transfer layer at

sliding interface increased the thickness of transfer layer.

Figure 2.13: Microscopic and AFM images of transfer layer on sapphire hemi-
sphere.

Figure 2.13 shows the ex-situ observation of the transfer layer on the sapphire

hemisphere using AFM, after the sliding test. The thickness of the transfer layer

was measured at approximately 550 nm. This value is comparable with that

calculated at the end of the sliding test of 10,000 cycles, as discussed in Section

2.3.1. The transfer layer thickness is much higher than the RMS value of of 30

nm for the CNx coating and the sapphire hemisphere. It is believed that a steady

state of super low friction was not influenced further by surface properties, such

as the surface roughness of the CNx coatings and the sapphire hemisphere after

1000 cycles, but was fully controlled by the transfer layer; as long as the transfer

layer was attached to the contact interface [55]. The Raman spectra of the transfer

layer and the wear debris, as shown in Figure 2.10, proved that the transfer layer

had graphite-like structures, which contributed to the super low friction during

the friction test [56, 57]. AES analysis showed that no Ar molecule was found on

the test specimen after the sliding test. As an inert gas, the function of Ar is to
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Figure 2.14: In-situ observation of relative humidity and oxygen content at
sliding contact interface under blowing Ar.

protect accessibility of water and oxygen molecules from the environment to the

sliding interface, which subsequently prevents chemical reaction that can cause

an increment of friction coefficient [54]. Figure 2.14 shows the in-situ observation

of relative humidity and O2 content at the sliding interface during the sliding

test. The relative humidity reduces significantly from 25 to 6 % after 1 minute.

In addition, the O2 content reduced drastically from 20 to 0.2 % after the Ar

gas blew directly to the sliding contact interface. The very low value of relative

humidity and O2 was consistent throughout the sliding test. The influence of

relative humidity and O2 on friction coefficient is considered to be small in this

experiment. High humidity and oxygen can cause high friction during friction

test, as reported elsewhere [43, 54, 57]. As an inert gas, dry Ar gas flowed into

the disorderly graphite structure without involving chemical interaction which

attributed to the passivation of dangling covalent bonds [54]. This caused the

atomic displacements from disorder into inter-lamellar layer of the lattice, which

provided a highly slippery layer for super low friction, as reported elsewhere [57].

Since, no transfer layer was attached to the wear track of the CNx coating and

the strongly adherent surface of the transfer layer on the sapphire hemisphere, it

is suggested that a super low friction mechanism on the CNx coating against the

sapphire hemisphere was provided by a low shear strength between the graphite-

like transfer layer and the CNx coating.
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2.4 Conclusions

In-situ observation successfully identified the transfer layer generation, which con-

tributed to the friction behaviour of the CNx coating against the sapphire hemi-

sphere. From this study, the following conclusions are as follows:

1. The transformation of CNx to graphite-like transfer layer is a consequence

of high contact pressure 1.5 GPa at the contact interface.

2. The desorption of N content from the CNx coating during sliding was re-

sponsible for graphitization.

3. The shape of Raman spectra of the transfer layer is comparable with pure

graphite.

4. Existing of a graphite-like transfer layer with the thickness of 60 nm between

the CNx coating and the sapphire hemisphere, will significantly reduce the

friction coefficient to an ultra low of 0.003.

The permanent attachment of a transfer layer at the contact interface is very

important to maintain an ultra low friction during the friction test.
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Hardness effect of DLC on

tribological properties for sliding

bearing under boundary

lubrication condition in

additive-free mineral-based oil

3.1 Introduction

Many methods have been introduced in order to reduce friction and wear or as

to increase the life span of mechanical components, and the efficiency of fuel con-

sumption for engines. Surface topography, surface texturing, and the introduction

of a lubricant at the contact of moving components have a significant influence on

friction and the wear behaviour of engine components [58]. It has been reported

that about 17% of energy is used to overcome friction in the engine and transmis-

sion system of passenger cars [5]. Thus, a new technology for engine systems is

needed to increase fuel economy by introducing low friction materials, coatings,

and lubricants [59–61].

Surface coating technology for engine components has been used in recent years

under lubrication conditions in order to achieve ultra-low friction and low wear

rates. One of the promising coating materials is diamond-like carbon (DLC) which

38
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mainly provides high hardness, chemically inert, low friction and high wear resis-

tance [62]. The tribological behaviour of DLCs depends on their structure, test

environment and temperature [63]. High friction and wear occur mainly in a

boundary lubrication regime. Although a DLC coating provides low friction and

wear in these conditions, however what causes this good performance has not been

fully clarified. It is important to understand the behaviour of DLC in terms of

the structure changes that take the place in of DLC under these conditions in oil

lubricants that have no additives.

In this chapter, we focus on the tribological behaviour of DLC with different

hardness as a surface coating against steel as a mating surface under a boundary

lubrication regime in an additive-free mineral-based oil lubrication.

3.2 Experimental details

DLC coatings with different hardness were deposited using plasma vapor deposi-

tion (PVD) and chemical vapor deposition (CVD) equipment on the same sliding

roller of high carbon chrome steel (SUJ2) as the substrate. All the specimens

were obtained from outside sources. Hydrogen-free DLC coating (DLC1) with a

thickness of 1 µm was produced by an arc-PVD process. The detailed informa-

tion of the arc-PVD process can be found elsewhere [64]. The Hydrogenated DLC

coatings (DLC2 and DLC3) with the thickness of 4 and 10 µm respectively, were

produced by a plasma enhanced CVD process . Different hardness was obtained

by introducing different RF biases. S55C disks were used as counterpart for the

friction test. Table 3.1 shows the mechanical properties of the as-deposited DLC

coated sliding bearing and S55C disk.

Table 3.1: Properties of as-deposited DLC coated sliding bearing and disk.

Name Roughness
(Ra, nm)

Deposition method Thickness
(µm)

DLC1 50 PVD (FCVA) 1
DLC2 50 CVD (Plasma assisted CVD) 4
DLC3 50 CVD (Plasma assisted CVD) 10
S55C Disk 20 - -
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Figure 3.1: Schematic illustration of the pin-on-disk type tribometer.

Figure 3.2: Schematic diagram of roller on disk friction test.

Pin on disk friction tests were carried out in order to investigate the effect of the

hardness of DLC on the friction and wear behaviors under a constant load, W

of 10 N (Hertzian’s contact pressure of 208 MPa) at different oil temperatures

of 25, 80, 120 and 160 ◦C. Figure 3.1 shows the schematic illustration of the

pin-on-disk type tribometer of the friction test. The DLC-coated roller as the

stationary part, is loaded in boundary lubrication conditions against a rotating

disk of S55C immersed in an additive-free mineral-based oil as shown in Figure

3.2. The additive-free mineral-based oil had a kinetic viscosity of 95.2 mm2/s (at

40 ◦C) and 10.8 mm2/s (at 100 ◦C). The use of an additive-free mineral-based oil

in this experiment enables the observation of the performance on the friction and

wear of the DLC coating itself without any influence from the additive in lubricant.

A contact load of 10 N was applied to the sliding bearing with a diameter of 4

mm and length of 5 mm during the sliding test with a sliding speed of 65 mm/s.

The wear loss of the DLC films was investigated after 100 m sliding distance. The
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worn surfaces of the films were observed by using an optical microscope and atomic

force microscopy. Before sliding tests, the specimens were cleaned carefully in an

ultrasonic bath with acetone solvent for 15 minutes. After the sliding tests, the

tested specimens were cleaned in an ultrasonic bath with benzene for 15 minutes

in order to remove all oil from the surface.

All the experiments were performed under a boundary lubrication regime where

the calculated Λ value was less than unity. The Λ value, which was calculated using

the EHL (elastohydrodynamic lubrication) theory, was controlled in the range of

0.07-0.1. The minimum film thickness of the oil and the dimensionless Λ value

were calculated using Eqs. 3.1-3.6 [65].

hmin = 3.63RU0.68G0.49W−0.073(1− e−0.68k) (3.1)

where R is the radius of the roller,

U is the dimensionless speed parameter,

U =
V η

E∗Rx

(3.2)

where

V =
(
ũ2 + ṽ2

)1/2
(3.3)

G is the dimensionless materials parameter,

G = ξE∗ (3.4)

W is the dimensionless load parameter,

W =
wz
E∗R2

x

(3.5)

Λ = hmin√
R2
q,a+R

2
q,b

(3.6)
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where η is the absolute viscosity at p=0 and constant temperature, E∗ is the

effective modulus of elasticity, Rx is the effective radius in x direction, ũ is the

mean surface velocity in x direction, ṽ is the mean surface velocity in y direction,

ξ is the pressure-viscosity coefficient of the lubricant dependent on temperature

and wz is the normal load component.

The nanoidentation measurement system from Elionix (ENT-1100a) was used to

measure the hardness of the as-deposited DLC. All measurements were carried

out at a maximum indentation load of 1000 µN. The indentation depth was less

than 10% of the thickness of the DLC coating in order to avoid the influence of

the substrate material [66]. The structures of DLC coating surfaces were obtained

before and after the friction test by using Raman spectroscopy in order to identify

the structural changes in the topmost layer of DLC. The Raman spectra were

obtained using a Jasco Laser Raman spectrophotometer NRS-1000 equipped with

a second harmonic Nd:YAG laser with a maximum laser power and wavelength

of 10 mW and 532 nm, respectively. However, only 1% of the maximum power

was suitable for the measurement without burning the surface and also to avoid

the influence of the steel substrate underneath. Three measurements were taken

in order to reduce the uncertainty of the results from fitting the Raman peaks.

Spectroscopy ellipsometry from Photal Otsuka Eletronics (FE-3000) was used to

measure the thickness of transformed layer after the sliding test. Experimetal

details about the measurement of the thickness of transformed layer is explained

in the Chapter 4.
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3.3 Results and discussion

3.3.1 Correlation between results with Raman spectroscopy

and spectroscopic ellipsometry

The low friction coefficient obtained during the friction test is caused by structure

changes in the surface of the DLC coating, which corresponds to graphitization.

Graphitization during the rubbing was reported in many papers either under oil

lubrication conditions [37, 67, 68] or dry conditions [52, 69]. Graphitization can

be confirmed from the Raman spectra when the D and G peaks shifted to higher

frequencies than the as-deposited DLC, and the intensity of the D peaks increased

[37, 67]. The other indicator for graphitization from the Raman spectra is the

ratio of ID/IG, in which the higher values of the ID/IG ratio of the DLC after

rubbing compared to the as-deposited DLC mean the transformation of sp3 to sp2

[70].

Figure 3.3 shows the Raman shift of the D and G peaks, as well as the ID/IG

ratios of all the DLCs at the various test temperatures before and afterthe sliding.

Figure 3.4 and 3.5 show clearly, the shifting of the D and G peaks to higher

frequencies as well as the increasing ID/IG values for all kinds of DLCs with

increasing test temperatures, which correlate to graphitization. This means that

the DLC structure at the topmost of the contact surface transforms from sp3 to

sp2 and it is dependent on the oil temperature. Consequently, the topmost DLC

coating becomes softer due to graphitization compared to the original surface,

which results in more mechanical damage and wear [71, 72]. The wear results,

indicate that the wear loss increases with increasing oil temperature. This means

that the contact surface during rubbing becomes softer at higher temperatures

under boundary lubrication conditions than at lower oil temperatures.

Spectroscopic ellipsometry was used to measure the transformed layer on the top-

most DLC surfaces after the friction test. Figure 3.6 shows the thickness of trans-

formed layer of all the DLCs at all the test temperatures. All the DLCs showed a

significant increment in term of transformed layer thickness, where the thickness

increases with increasing oil temperature. DLC1 shows the highest thickness 195

nm in the transformed layer at oil temperature of 120 ◦C. The thickness of trans-

formed layer of DLC2 and DLC3 at oil temperature of 160 ◦C are 146 and 104 nm,

respectively. The correlation between the D peaks from the Raman spectra and
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transformed layer thickness from spectroscopic ellipsometry are shown in Figure

3.7. All the DLCs show the same trend, where the thickness of transformed layer

increases with an increase in the intensity of the D peak.
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Figure 3.3: Raman spectroscopy of as-deposited DLC coatings before and
after friction tests under different temperatures for (a) DLC1, (b) DLC2 and

(c) DLC3.
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Figure 3.4: Intensity of D peak of DLC obtained by Raman spectroscopy as
a function of oil temperature.

Figure 3.5: ID/IG ratio of DLC obtained by Raman spectroscopy as a function
of oil temperature.
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Figure 3.6: Thickness of the transformed layer after sliding in oil detected on
wear track using spectroscopic ellipsometry as a function of oil temperature.

Figure 3.7: Correlation between intensity of D peaks and the thickness of
transformed layer .
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3.3.2 Hardness

The hardness was measured using a nanoindenter. An average of ten measurements

was used to determine the hardness of the DLC coating in order to obtain a good

statistical representation. The hardness of the DLC coatings DLC1, DLC2 and

DLC3 were 47.1, 11.8 and 6.05 GPa, respectively as shown in Figure 3.8. Figure

3.9 shows the results of the indentation depths, where the depths of DLC1, DLC2

and DLC3 were 26.5, 70.04 and 90.2 nm at maximum indentation load of 1000

µN, respectively. This order is in agreement with the hardness of DLC coatings.

Figure 3.8: The hardness of DLC1, DLC2 and DLC3.
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Figure 3.9: Load-displacement curves of different DLC by nanoindenter.
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3.4 Friction and wear behaviors

Figure 3.10 shows the results of the friction coefficient of DLC1, DLC2 and DLC3

at different oil temperatures. All the DLCs showed the same friction behaviour

where after the running-in, the friction coefficient reached a relatively steady and

low value. It can be observed that DLC1 with the highest hardness showed a

reduction of friction coefficient from 0.05 to 0.03 with increasing oil temperatures

of 25, 80 and 120 ◦C. But DLC2 and DLC3 showed an increase in the friction

coefficient at all oil temperatures. Figure 3.11 shows the relation between hardness

and the average friction coefficient, where DLC1 with the highest hardness shows

the lowest friction coefficient. Since, all the DLCs have the same initial surface

roughness and have been coated on the same substrate, the friction behaviors

depend strongly on the hardness of the DLC.

Figure 3.10: Friction coefficient of DLC as a function of oil temperature.

The wear loss of the DLC coatings can be obtained by observing the wear scar

on the surface of the DLC coated roller. The wear volume,V (mm3) of the DLC

coating was measured by using the worn width and length of the DLC coated

roller in an optical microscope and was calculated by using Eq. 3.7.

V =

R2(
π

2
− Cos−1 b

2R
)− b

2

√
R2 −

(
b

2

)2
L (3.7)
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Figure 3.11: Correlation between friction coefficient and hardness of DLC.

where R is the radius of the roller (mm); b is the wear width (mm) and L is the

wear length (mm).

The specific wear rate, W s (mm3/Nm) has been calculated using Archard wear

equation as represented by Eq. 3.8.

Ws =
V

WL
(3.8)

The effect of temperature on the wear behaviour of DLCs is shown in Figure

3.12. All the DLC showed the same trend with an increase in the specific wear

rate as the oil temperature increased. The wear of the surface coatings increased

with increasing oil temperature for all the DLCs mainly because of changes in the

mechanical properties of the DLC coatings. The transformed layers at the contact

interface were softer than the original DLC, and thus caused more wear [37]. The

hardest DLC1 showed the lowest wear rate, followed by DLC2, and DLC3, which

suffered the most wear. The specific wear rate of DLC1 was in the order of 10−11

mm3/Nm, and DLC2 and DLC3 were at the order of 10−9 mm3/Nm.

The relationship between the inverse hardness of DLC and the specific wear rate is

shown in Figure 3.13. The specific wear rate decreases significantly with increases

in the hardness of DLC.
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Figure 3.12: Specific wear rate of DLC as a function of oil temperature.

Figure 3.13: Relation between specific wear rate and inverse hardness of DLC.

It is suggested that the graphite-like transformed layer with low shear strength

at contact interface could be responsible for the low friction coefficient. This is

the most reasonable explanation for the low friction coefficient in this experiment

for two reasons. Firstly, the influence of the lubricant is considered to be small

because the oil film is very thin under the boundary lubrication conditions. The

second reason is the absence of a low friction additive agent in the oil. On the other

hand, we believed that the graphite-like transformed layer has some character such
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as thickness and hardness that probably influence the friction behaviour. These

nano characteristics is reported in the Chapter 4 and 5.
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3.5 Conclusions

The tribological properties of different hardness of DLCs sliding against steel under

boundary lubrication condition in additive-free mineral-based oil were investigated

in order to determine the influence of the as-deposited DLC hardness on friction

behaviour. The following conclusions were reached as follows:

1. The friction coefficient decreased with an increasing of the hardness of as-

deposited DLC.

2. The specific wear rate decreases significantly with an increasing in the hard-

ness of as-deposited DLC.

3. The formation of graphite-like transformed layer is due to graphitization

process during friction test.

Further analysis on graphite-like transformed layer is needed in order to get the

information about the nano character in term of its thickness and hardness.



Chapter 4

Effect of thickness of transformed

layer on friction behaviour

4.1 Introduction

Diamond-like carbon (DLC) coatings are well known for their excellent low-friction

and wear-resistance properties [11, 73]. Currently, these coatings are widely used

in various mechanical systems. However, there are no clear systematic guidelines

concerning for the use of DLC coatings in lubricated mechanical systems. This lack

of guidelines in the use of DLC coatings is believed to be because the mechanism for

the low friction of the DLC coating is unclear and because there are few models of

DLC friction. Of course, there has been a report on the superlubricity mechanism

for the ultra-low friction of glycerol-lubricated ta-coatings [74]. Furthermore, this

report demonstrates that the adsorbed molecules from the oil additives play a

critical role in obtaining ultra low friction. However, it is unclear what mechanism

is valid for oil that does not contain any additives or mineral oil. Additionally, it

has been reported that the transformed layer, which is a structure of a DLC surface

enriched with sp2 carbon, can reduce the friction of DLC under dry conditions [75].

However, it is only a qualitative factor, and this transformed layer cannot be easily

observed under oil lubrication. Therefore, there is a need for quantitative methods

to measure the thickness of the transformed layer of DLC under oil lubrication.

A model for the friction of DLC under oil boundary lubrication is required to

describe how the transformed layer of DLC functions. Several methods have been

55
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developed for measuring the structure of DLC. For example, typical methods for

this purpose include Raman spectroscopy, EELS, NEXAFS, NMR, PBS-ERDA

and ESR. However, these methods are complex measurement techniques, and ex-

cessive amounts of time and costs are required to measure the DLC. Therefore,

reflectance spectroscopy is considered to be a simple, rapid and low-cost method

because once the optical models are defined, the thickness of the target film can

be easily calculated. Spectroscopic reflectometry is a measurement technique that

is based on an interferometric measurement. This method is a new method for

the control of the thickness and the quality of the DLC. Reflectance spectrometry

can measure the optical constant and film thickness of thin films from 1 to 5 nm

in thickness based on the spectroscopic analysis of reflected light [76]. Further-

more, this system can measure the thickness with high resolution and accuracy.

Therefore, spectroscopic reflectometry is expected to be an effective method for

measuring the DLC film.

DLC films are thought to be predominantly amorphous, in which small clusters

of microcrystalline structures with sp3 and sp2 bonding and an amorphous matrix

coexist [77]. Therefore,the DLC can change its own structure from sp3 to sp2

with mechanochemical reaction under friction. Sanchez-Lopez et al. reported

that friction-induced structural transformations of diamond-like carbon affect its

friction coefficient under various atmospheres, such as in ambient air (RH 30-40

%),dry air (RH 1 %) and dry nitrogen (0-1 %) [74] . Mabuchi et al. observed that

the DLC transformed its rich sp2 carbon layer after sliding, which was obtained

from friction under oil lubrication. They used transmission electron microscopy

(TEM) and determined that the thickness of the transformed layer was a few

nanometers [78] . This transformed layer had a π∗ plasmon peak, which indicating

that the transformed layer included a high content of sp2 carbon. Therefore, it

is believed that this transformed layer also had optical properties which were

different than those of the original DLC. Consequently, the transformed layer

could affect the friction coefficient of the DLC layer under oil boundary conditions.

Therefore, the transformed layer of the DLC coating could be observed using

reflective spectroscopy, and its thickness could also be quantitatively measured.

The transformed layer of the DLC on the original DLC surface can be considered

to be a bi-layer [79] . However, there are no experimental examinations concern-

ing this model because of the lack of quantitative measurement systems for the
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transformed layer of DLC. Therefore, the purpose of this study is to develop are

reflective spectroscopy method to quantitatively measure the transformed layer.

This chapter is composed of three parts. The first part details the optical model

to explain the reflectance intensity spectrum of the DLC wear scar after sliding

in oil. The second part reports on the influence of the oil temperature, contact

pressure and sliding distance on the thickness of the transformed layer. In the

third part, the relationship between the thickness of the transformed layer and

the friction coefficient is clarified from the viewpoint of the friction model of DLC

under oil boundary lubrication.
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4.2 Experimental method and procedure

4.2.1 Test specimens and friction test

All materials and friction tests are same as in the Section 3.2.

Additional, the transformed layer thickness was measured using spectroscopic re-

flectometry measurement system ( FE3000 made by Otsuka Electronics) as shown

in Figure 4.1.

Figure 4.1: Schematic illustration of the reflectance spectrometry measure-
ment for analysing the wear track on pin.
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4.3 Spectroscopic reflectometry

A proper optical model for the material is needed in order to analyse the thickness

and optical constant of the material using spectroscopic reflectometry. In this

study, the materials, including DLC1, DLC2 and DLC3, were considered to have

transformed layers on their topmost surfaces after the sliding test in additive-

free mineral-based oil. Therefore, it was hypothesized that the specimens had

two different layers on the SUJ2 substrate in the model. Figure 4.2 presents the

cross-sectional image of the DLC1 coating cut using the FIB (Focused Ion Beam)

and its elemental analysis by EDS (Energy Dispersive Spectroscopy). Figure 4.2

shows the DLC1 coating after sliding under an oil temperature of 80 ◦C within

the region of the wear scar. The image was obtained by EDS/SEM with a tilting

stage angle of 60 ◦. The SEM image showed different colour intensities with regard

to different kinds of materials. The topmost surface showed that the transformed

layer formatted during the friction test. The EDS analysis confirmed that the

transformed layer consisted of the element carbon.

Figure 4.2: The cross-sectional image of the DLC1 coating cut by FIB and
elemental analysis using EDS/SEM.

In this image, the bulk DLC, which is located between the transformed layer and

the SUJ2 substrate., has a thickness of 580 nm. After recording an image, the

real coating thickness (bulk DLC and transformed layer) was calculated to be 667

nm for DLC1. From this thickness, the optical properties of the original DLC1

film and the thickness and optical properties of the transformed layer could be

estimated.
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Figure 4.3: Reflectance intensity spectrum of the friction scar on the DLC1
coating after sliding.

Figure 4.3 presents the result of the reflectance intensity in the spectrum of a

friction scar of DLC1 after sliding in oil. Figure 4.3 exhibits a fringe pattern along

with the wavelength, which clearly indicates that the specimen contained a bi-

layer. By fitting the spectrum with a theoretical curve, it was possible to estimate

the thickness of the transformed layer on DLC1 after sliding in oil. The spectrum

was fitted with the theoretical curve within the wavelength range of 300-550 nm.

This wavelength range was selected because the penetration depth of 550-800 nm

light was too deep to measure the optical properties of the transformed layer.

Therefore, the penetration depth was calculated from the extinction index of the

original DLC1 layer. Subsequently, the wavelength range was selected, for which

the penetration depth of light was less than tens of nanometres, as shown in Figure

4.4.

Therefore, the optical model for DLC1 could be obtained as a bi-layer with a 10

nm transformed layer on the DLC1 films over the SUJ2 substrates. The optical

models for DLC2 and DLC3. were also considered. It was determined that these

two coatings had quite different models from that of the DLC1 coating, as a single-

layer model. The reason for this difference was that the extinction index was too

high to transmit the those films to the substrates.
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Figure 4.4: Penetration depth for each wavelength of light and the corre-
sponding thickness of the DLC coating.

Figure 4.5: Reflectance intensity spectrum of the friction scar on the DLC2
coating after sliding.

Figure 4.5 shows the typical result of the reflectance intensity of a friction scar in

the DLC coating (DLC2 and DLC3) after sliding in oil under different wavelengths.

Figure 4.4 shows that no long wavelengths could penetrate those films, which

is why there are no obvious fringe images in Figure 4.5. Figure 4.6 shows the

penetration depth of each wavelength of light through the coating.
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However, the penetration depths of light at 600-800 nm were sufficient to transmit

the transformed layers of those DLCs. There, the optical model for the DLC2 and

DLC3 coatings were obtained after sliding as a single model of transformed layers

on the DLC2 and DLC3 substrates.

Figure 4.6: Penetration depth of each wavelength of light through the coating.
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4.4 Results

4.4.1 The effect of oil temperature on the reflectance in-

tensity

Figures 4.7-4.9 show the influence of the oil temperature on the intensity of the

reflectance spectra of the wear scar in the DLC1, DLC2 and DLC3 films after

sliding.

Figure 4.7: Reflectance intensity spectrum of the friction scar in the DLC1
coating after sliding under various contact pressures.

Figure 4.7 reveals that the reflectance intensity of DLC1 decreased with increasing

oil temperature and phase (fringe pattern starting point) shifts to larger wave-

lengths with increasing oil temperature. In contrast, Figures 4.8 and 4.9 show a

fringe image at wavelengths greater than 750-800 nm for DLC2 and DLC3. The

fringe image in the wavelength range of 750-800 nm disappeared with increasing

oil temperature.
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Figure 4.8: Reflectance intensity spectrum of the friction scar in the DLC2
coating after sliding under various contact pressures.

Figure 4.9: Reflectance intensity spectrum of the friction scar in the DLC3
coating after sliding under various contact pressures.
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4.4.2 The effects of contact pressure and sliding distance

on the reflectance intensity

After several friction tests with different contact pressures, Figure 4.10 shows the

influence of contact pressure on the reflectance intensity of the friction scar in

the DLC1 coating. The reflectance intensity decreased with increasing contact

pressure and phase shifting was observed.

Figure 4.10: Reflectance intensity spectrum of the friction scar in the DLC1
coating after sliding under various contact pressures.
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Figure 4.11 shows the influence of the sliding distance on the reflectance intensity

of the friction scar in the DLC1 coating. The reflectance intensity decreased with

increasing sliding distance, and phase shifting was observed.

Figure 4.11: Reflectance intensity spectrum of the friction scar in the DLC1
coating after sliding under various sliding distances.
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4.4.3 The effects of friction conditions on the thickness

of the transformed DLC layer using spectroscopic

reflectometry

After several friction tests, the relationships between the thickness of the trans-

formed layer and the friction coefficient under various oil temperatures, contact

pressures and sliding distances, were summarized. Figures 4.12-4.14 show the ef-

fects of the friction conditions on the thickness of the transformed layers, which

were obtained from the results of Figures 4.7-4.11 with the theoretical curve fit-

tings.

4.4.3.1 The effect of oil temperature on the thickness of the trans-

formed DLC layer using spectroscopic reflectometry

Figure 4.12 shows the relationship between the thickness of the transformed layer

and oil temperature. It can be seen that the thickness of the transformed layer in-

creased with increasing oil temperature for all the DLC coatings. The hydrogen-

free DLC coating (DLC1) exhibited a thick transformed layer at each oil tem-

perature. When the friction coefficient of DLC1 decreased, the thickness of the

transformed layer of DLC1 simultaneously increased. However, the friction coeffi-

cients of the DLC2 and DLC3 coatings increased with increasing thickness of the

transformed layers on these films.

Figure 4.12: Effect of oil temperature on the thickness of the transformed
layer and friction coefficient of various DLC coatings after sliding in the based

oil.
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4.4.3.2 The effects of contact pressure on the thickness of the trans-

formed DLC layer using spectroscopic reflectometry

Figure 4.13 shows the effect of contact pressure on the thickness of the transformed

layer and the friction coefficient of DLC1 after sliding in based oil at room temper-

ature. The effects of the contact pressures on the thicknesses of the transformed

layers were substantially less than the influence of the oil temperature. Subse-

quently, there was no obvious correlation between the friction coefficient and the

thickness of the transformed layer.

Figure 4.13: Effect of contact pressure on the thickness of the transformed
layer, t, and friction coefficient, µ, of the DLC1 coating after sliding in the based

oil at a temperature of 25 ◦C.
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4.4.3.3 The effects of sliding distance on the transformed layer thick-

ness of DLC with spectroscopic reflectometry

Figure 4.14 shows the effects of the sliding distance on the thickness of the trans-

formed layer and the friction coefficient of DLC1 after sliding in the based oil with

a temperature of 80 ◦C and approximately under 104 MPa of contact pressure.

The thickness of the transformed layer increased with increasing sliding distance.

In contrast, the friction coefficient decreased with increasing sliding distance. At

the beginning of the friction test, there was no generation of the transformed layer.

After several meters of sliding distance, the transformed layer was generated and

increased with an increase in the sliding distance. The thickness of the trans-

formed layer on the DLC coating outside the scar surface was measured at oil

temperatures of 80 and 160 ◦C. The result showed that no transformed layer was

generated under annealing temperatures at 80 and 160 ◦C. Since, the experimen-

tal oil temperature is below the transition temperature of 300 ◦C for DLC, the

sliding distance is also one of the factors for the graphitization process which leads

to pressure-induced graphitization [48, 49].

Figure 4.14: Effect of sliding distance on the thickness of the transformed
layer, t, and the friction coefficient, µ, of the DLC1 coating after sliding in the

mineral-based oil at a temperature of 80 ◦C.
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4.4.4 The effects of the friction condition on the surface

roughness of the DLC coatings using spectroscopic

reflectometry

From the viewpoint of the friction coefficient, the surface roughness was assumed

to have a significant effect. Dayson reported on the possibility of breaking of

the solid lubricant film from this compound surface model [80]. Therefore, the

deviation of roughness height, σ∗ was measured on the wear track of DLC1, DLC2

and DLC3 using AFM, and these results are shown in Figures 4.15-4.17.

4.4.4.1 The effects of oil temperature on the surface roughness of the

DLC coatings using spectroscopic reflectometry

Figure 4.15 shows the relationship between σ∗ and the oil temperature. The DLC1

exhibited a remarkable change in σ∗ with increasing oil temperature. However, it

was difficult to correlate the σ∗ of all the DLCs with oil temperature.

Figure 4.15: Effect of oil temperature on the deviation of the roughness
height, σ∗ and friction coefficient, µ, of various DLC coatings after sliding in

the mineral-based oil.
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4.4.4.2 The effects of the contact pressure on the surface roughness of

the DLC coatings using spectroscopic reflectometry

Figure 4.16 shows the effects of the contact pressures on the σ∗and the friction

coefficient of DLC1 after sliding in additive-free mineral-based oil. at room tem-

perature. The σ∗ decreased as the contact pressure increased from 200 to 300

MPa, and remained constant with further increases of contact pressure. It was

clear that the contact pressure did not have a significant effect on either σ∗.

Figure 4.16: Effect of contact pressure on the deviation of the roughness
height,σ∗ and the friction coefficient, µ, of the DLC1 coating after sliding in the

mineral-based oil with a temperature of 25 ◦C.
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4.4.4.3 The effects of sliding distance on the surface roughness of the

DLC coatings using spectroscopic reflectometry

Figure 4.17 shows the effect of the sliding distance on the σ∗ and the friction

coefficient of DLC1 after sliding in mineral-based oil with a temperature of 80 ◦C

and approximately under 104 MPa of contact pressure. The σ∗ first increased to

50 nm with increasing sliding distance and then σ∗ decreased to 10 nm after 50 m

of sliding distance. In contrast, the friction coefficient decreased with increasing

sliding distance. Therefore, there was no clear correlation between the sliding

distance and σ∗.

Figure 4.17: Effect of sliding distance on the deviation of the roughness height,
σ∗ and friction coefficient, µ,of the DLC1 coatings after sliding in the mineral-

based oil with a temperature of 80 ◦C.
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4.5 Discussion

Figure 4.18 shows the friction coefficient, µ as a function of the transformed layer

thickness, t. In case of increasing of oil temperature, the friction coefficient of

DLC1 decreases with an increasing of the thickness of transformed layer. The

effect of sliding distance of DLC1 shows that the friction coefficient decreases with

an increasing of the thickness of transformed layer. However, the effect of pressure,

the thickness of transformed layer was not increased with an increasing of contact

pressure. DLC2 and DLC3 shows the friction coefficient increase with an increasing

of the thickness of transformed layer. From this result, it is difficult to find concrete

relation between the friction coefficient and the thickness of transformed layer.

Figure 4.18: Relation between transformed layer thickness, t and friction
coefficient, µ.

Figure 4.19 shows the friction coefficient, µ as a function of the deviation of the

roughness height, σ∗. The friction coefficient increases drastically with an increas-

ing of the deviation of roughness height in the range of 10-20 nm. Then, the σ∗

don’t have significant influence on friction coefficient when the σ∗ value higher

than 20 nm.
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Figure 4.19: Relation between the deviation of the roughness height, σ∗ and
friction coefficient, µ.

Figure 4.20 shows the effect of t/σ∗ on the friction coefficient of various DLC

coatings after sliding in the mineral-based oil. The friction coefficient did not

change when the value of t/σ∗ below than 1. The friction coefficient decreases

significantly with an increasing of t/σ∗ value above 1. This figure showed that

the low friction coefficient can achieve if the thickness of transformed layer much

higher than the the σ∗ value.
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Figure 4.20: The effect of t/σ∗ on the friction coefficient of various DLC
coatings after sliding in the mineral-based oil.
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4.6 Conclusions

The thickness of transformed layer of DLC sliding against steel under boundary

lubrication condition in additive-free mineral-based oil were successfully measured

by using reflectance spectroscopy. From the experimental results, following con-

clusions are as follows:

1. The thickness of the transformed layer has an effect to reduce friction coef-

ficient in the case of DLC1.

2. It was observed that the temperature and the sliding distance has a signifi-

cant effect on DLC1 for generating transformed layer during sliding test.

3. The significant decrement of friction coefficient when the t/σ∗ value is higher

than 1, where t is the thickness of transformed layer of DLC and σ∗ is the

effective root mean square roughness.



Chapter 5

Characteristics of transformed

layer of DLC after friction test

under boundary lubrication in

additive-free mineral-based oil

5.1 Introduction

Diamond-like carbon (DLC) provide very excellence performance in term of fric-

tion coefficient and wear resistance under boundary lubrication in mineral based

oil with or without additives [81–84]. DLC became more interesting as a coating

material in tribological applications especially in the automotive industry in order

to reduce the fuel consumption [5], because of their significant tribological prop-

erties such as low friction, high hardness, and high wear resistance. Improvements

in coating technology have made the DLC coating suitable for various machine

components that operate under severe conditions i.e under boundary lubrication.

The low friction mechanism in the DLC coating under friction tests in either dry or

boundary-lubricated conditions is due to the formation of a graphite-like layer in

the non- lubricated [37, 52, 69, 85] or transformed layer [37, 86] which provides low

shear strength at the contact interface. The transition phase of the as-deposited

DLC to graphite-like structure at the topmost sliding interface is due to graphi-

tization by conversion of sp3 to sp2. This transition phase has been reported in
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other studies as a friction-induced transformation of the topmost sliding interface

of the DLC coating [87, 88].

However, the nano characteristic of the transformed layer has not been studied

in-terms of its hardness which is believed to have a significant effect in the tribo-

logical performance, such as a low friction coefficient under boundary lubrication

conditions. The most important finding in this study is the scratch hardness of

the transformed layer at the topmost of the sliding interface of the DLC from the

AFM scratch test under different oil temperatures.
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5.2 Experimental details

5.2.1 Friction test and Raman analysis

The detailed explanation about materials, friction test and Raman analysis are

same as in the Section 3.2.

5.2.2 Scratch test

A scratch hardness test was performed to find the hardness of the transformed

layer that is believed to have been formed at the topmost worn surface during

the friction test. The scratch test was carried out using a commercial AFM (SII,

SPA-400) in ambient temperature and humidity of 25 ◦C and 40 %, respectively.

The poly-crystal diamond (PCD) tip cantilever from the Nano World AG, which

has a tip radius of 150 nm and a spring constant of 42 Nm−1, was used to perform

the scratch test. Figure 5.1 shows the scanning and the scratch area when the

scanning process was done before and after the scratch hardness test in order to

obtain different surface profiles of the worn area. The load was applied to the

cantilever for the scanning and hardness scratch of 50 and 1000 nN, respectively.

The AFM stage speed of 1 µms−1 was set for both the scanning and scratch

hardness test. The scratch movement of the PDC tip was programmed to be the

same in all the tests. As shown in Figure 5.1, the initial position of the scratch

hardness was at the bottom-left corner of the scratch area and then moved in a

straight line by 500 nm along the y axis with a constant normal load and scratch

speed. Then the PCD tip detached from the surface, and moved to the bottom

position and was translated by 4 nm of x axis. These movements were repeated

for 125 times for 1 cycle in order to create a scratch area of 500×500 nm2.

The advantage of the scratch method compared to the nano-indentation in terms of

the determination of the thin layer hardness is that the influence of the substrate

hardness can be minimized [89]. The hardness of the transformed layer can be

directly calculated using the depth of the scratch area (h ′) that is measured after 1

cycle of the scratch test as shown in Figure 5.2. The scratch hardness is commonly

defined as a normal load per one half of the projected contact area by a single line

scratch [90, 91]. In this experiment, the scratch test was done in area, a. So, the

effective contact was defined as only one quarter of the vertically projected area.
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Figure 5.1: Schematic diagram of scan and nanoscratch test area at worn
surface of DLC coating after friction test.



Chapter 5. Characteristics of transformed layer of DLC after friction test under
boundary lubrication in additive-free mineral-based oil 81

Figure 5.2 shows the schematic diagram of the nano-scratch test. The appropri-

ate scratch hardness H formula that was used to calculate the hardness of the

transformed layer is as follows [92].

Figure 5.2: Schematic diagram of nano-scratch area a) top-view b) side-view.

H = 4W
πa2

= 4W
π(2kRh′−k2h′2) (5.1)

k =
R−

√
R2− (4W )

πH

h′
(5.2)

where W is the scratch test applied load, a is the radius of the projected area of

contact, R is the tip radius, k is the correction factor, h′ is the scratch depth and

H is the hardness of the known material.

The AFM scratch hardness is depend on the stiffness of the PCD tip cantilever that

used for scratch test. The correction factor, k can be determine by scratching the

known material. This k value is used for calculating the hardness of transformed

layer.
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5.3 Results and discussion

5.3.1 Raman spectroscopy results

Figure 5.3: ID/IG ratios by Raman spectroscopy on wear track for each DLC
as a function of oil temperature.

Raman analysis is used commonly used to investigate the changes in the DLC

structure. The DLC structure can be indicated using Raman spectra by the height

of disordered (D) peak near a wavelength of 1380 cm−1 and the graphite (G) peak

near a wavelength of 1580 cm−1 [15]. Figure 5.3 shows the ID/IG values of each

coating as a function of the oil temperature. Soft DLCs showed higher intensities

of ID/IG ratios compared to harder DLCs. These results are similar to the data

reported by other researchers [15]. In addition, all DLCs showed the same trend

where the ID/IG value tended to increase after the friction test by elevated temper-

atures. These shows that the phase transition of sp3 - sp2 occurred at the topmost

sliding interface during the friction test. The higher value of ID/IG indicated that

more sp3 transformed into sp2 through graphitization. Generally, the transition

temperatures for DLC coatings are in the range of 300-500 ◦C. However, according

to the Clayperon law, the phase transition temperature of DLC coatings decreases

with an increase in the Hertzian’s contact stress. The phase transition of DLC

could be reduced to a lower value of 100 ◦C during the sliding test [50]. This shows

that the DLC coating surface can be transformed from sp3 into sp2 at lower than

phase transition temperatures due to increased contact stress during sliding. It

suggests that the friction-induced graphitization was responsible for the structural
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changes. These surface modifications created a graphite-like transformed layer at

the sliding interface.

5.3.2 Dependence of scratch depth on oil test temperature

A scratch test was carried out to investigate the hardness properties of transformed

layer of all DLCs after the friction test in different oil test temperatures from 25

to 160 ◦C. Figure 5.4(a) shows the surface topography after the scratch hardness

test on DLC1, DLC2 and DLC3 with different oil temperatures of the friction

test. These AFM images showed that an apparent worn area was created after

the scratch test. Figure 5.4(b) shows the cross-sectional profile of the worn area.

All types of DLCs showed the same behaviour in that the scratch depth increased

with increases in oil temperature. The deepest scratch depth for all the DLCs

showed at a high oil test temperature with the value of 5.5, 12.7 and 29.2 nm for

DLC1, DLC2 and DLC3, respectively. This scratch depth was used later for the

determination of the hardness of the transformed layer.

Figure 5.4: a) Surface topography after scratch hardness test b) cross-section
profile of A-A and wear depth at different oil test temperatures.

In Figure 5.5, the scratch depth values of all the DLCs have been plotted as a

function of the oil temperature. The increase in the scratch depth by increas-

ing the oil temperature showed that the DLC coating became softer during the
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friction test and was influenced by the oil temperature [37]. As explained in the

previous subsection, the structure of the coating at the sliding contact interfaces

has transformed the DLC into a graphite-like layer due to the friction-induced

graphitization process [50]. The graphite-like transformed layer has a more sp2

structure compared to the as- deposited DLC. The friction-induced graphitization

process softened the contact interface during sliding.
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5.3.3 Scratch hardness of transformed layer

The scratch hardness was calculated by Eqs. 5.1 and 5.2 using the applied normal

load and the scratch depth. The scratch depth was measured from the cross-

sectional profile of the scratch area from AFM as shown in Figure 5.4(b). The

scratch hardness results were plotted as a function of oil temperature as shown in

Figure 5.6.

Figure 5.5: Scratch depth as a function of oil temperature for DLC1, DLC2
and DLC3.

The result showed a significant decrease in the scratch hardness of the transformed

layer compared to the as-deposited DLC by the elevated oil temperature for all

types of DLCs. The hardness of the transformed layers was lower than the hardness

of the S55C mating material. In addition, the scratch hardness of the transformed

layer decreased by increasing the oil temperature. The hardness of the transformed

layer of DLC1 showed drastic reduction from the as-deposited coating hardness

of 47 GPa to 4.3 GPa at 80 ◦C. The low hardness of the transformed layer with

the sp2-rich structure provided a low shear strength at the contact interface that

influenced the friction behaviour. The lowest scratch hardness of 0.5 GPa was

shown by the softest coating (DLC3) at an oil temperature of 160 ◦C, and the

hardest coating (DLC1) showed the lowest scratch hardness of 2.5 GPa at an oil

temperature of 160 ◦C.



Chapter 5. Characteristics of transformed layer of DLC after friction test under
boundary lubrication in additive-free mineral-based oil 86

Figure 5.6: Scratch hardness as a function of oil temperature for DCL1, DLC2
and DLC3.

5.3.4 Dependence of friction coefficient on the scratch hard-

ness of the transformed layer

The relation between friction coefficient and oil temperatures is discussed in sec-

tion 3.4. The friction coefficient of DLC1 decreased from 0.05 to 0.03 with an

increase in oil temperature. However, the friction coefficient of DLC1 increased

from 0.03 to 0.04 when the oil temperature increased from 120 to 160 ◦C. DLC2

and DLC3 showed the opposite behaviour, where the friction coefficient increased

with elevated oil temperatures, and the value was higher than DLC1. From these

results, it is difficult to explain why the different hardness of as-deposited DLC

showed different friction behaviour.

In order to understand the situation, the friction coefficient was plotted as a func-

tion of the hardness of the transformed layer. Figure 5.7 shows the relation between

the friction coefficient and the hardness of the transformed layer. This figure can

be divided into 3 regions. The first region is the soft transformed layer, where the

friction coefficient is high and the value is around 0.08. Then the friction coefficient

decreased as the hardness of the transformed layer increased. The lowest friction

coefficient of 0.03 was achieved at a moderate hardness of the transformed layer
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within the range of 2.8-4.3 GPa. However, any further increment of the hardness

of the transformed layer results an increasing in the friction coefficient.

Figure 5.7: Friction coefficient as a function of hardness of transformed layer
for DLC1, DLC2 and DLC3.

Figure 5.8: Friction coefficient as a function of transformed layer thickness.

Figure 5.8 shows the friciton coefficient as a function of transformed layer thickness

as reported in Chapter 4. The friction coefficient of DLC1 decreased with an

increasing oil temperature. In contrast, DLC2 and DLC3 showed an increasing in

the friction coefficient as the oil temperature increased.
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Further investigation is needed in order to understand the influence of the thick-

ness and hardness of the transformed layer on the friction behaviour. Therefore,

the friction coefficient map as a function of the thickness and hardness of the

transformed layer is developed as shown in Figure 5.9. A high friction coefficient

in the range of 0.07 - 0.08 is given by the combination LH-TnTL and LH-TkTL.

The thickness of the transformed layer did not play a significant role in these

combinations because the transformed layer was too soft. It was thought that the

high friction coefficient in the soft region was because the asperities of the mat-

ing surface could penetrate easily into the transformed layer, and subsequently

the mating surface had full contact with hard bulk DLC as shown in 5.10(a).

The graphite-like transformed layer did not function as a slippery surface because

the direct contact between the mating surface and the bulk DLC controlled the

behaviour.

The combination of LH, MH, HH, and Tn gives the friction coefficient in the

range of 0.05 - 0.07. In this case, the hardness of the transformed layer did not

influence the friction coefficient. Because of the thickness of the transformed layer,

the asperities of the mating surface could touch the hard bulk DLC as shown in

Figure 5.10(c). The friction between the hard bulk DLC surfaces with the mating

surface still provided a high friction coefficient.

The lowest friction coefficient of 0.03 was given by the MH-TkTL combination.

Because of its moderate hardness, the transformed layer, could avoid direct contact

between the asperities of the mating surface and the hard bulk DLC. Subsequently,

the mating surface could smoothly slide on the transformed layer because the

graphite-like transformed layer provided a slippery surface.
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Figure 5.9: Friction coefficient map as a function of the thickness and hardness
of the transformed layer.

Figure 5.10: Friction model regarding the combination of thickness and hard-
ness of the transformed layer. (a) LH-TkTL and LH-TnTL. (b) MH-TnTL and

MH-TnTL. (c) MH-TkTL.
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5.4 Conclusion

DLC is well known as a coating material that has essential properties for tri-

bological applications due to its low friction coefficient, high hardness and wear

resistance. The low friction coefficient that achieved during the friction test was

due to the phase transformation of the hard DLC coating into a soft graphite-like

transformed layer. This study presented the scratch hardness of the transformed

layer was obtained from the AFM scratch test that governs the friction behaviour

of DLC. A friction map was also developed as a function of the thickness and

hardness of the transformed layer. The following conclusions were reached as

follows:

1. The hardness of the transformed layer depends on the oil temperature, where

the sliding interface of DLC softened during the friction test due to graphi-

tization.

2. It is suggested that the combination of moderate hardness and thick trans-

formed layer leads to a low friction.
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Conclusion

Carbonaceous hard coatings attract more attention for coating technology espe-

cially for tribological components, because of their high hardness, low friction and

high wear resistance. Carbonaceous hard coatings can also provide low friction

either under dry conditions or boundary lubrication in oil. After the friction test,

an ex-situ observation in dry conditions showed that the transfer layer could easily

be found on the surface. of the counterpart. This transfer layer is believed to be

responsible for the low friction, with the transfer layer acting as a third body and

providing a slippery interlayer between the carbonaceous and mating surface. The

transfer layer separated the direct contact between the two surfaces and controlled

the friction behaviour. Therefore, an in-situ observation was needed to observe

the formation of a transfer layer that influenced the friction behaviour under dry

conditions. However, no reports exist about in-situ observations of the formation

of a transfer layer during friction testing under dry conditions.

However, the transfer layer could not be found on the surface of the counterpart

using ex-situ observation after friction, in the case of oil lubrication. The oil would

not allow the adhesive bonding of the transfer layer to the counterpart. However,

after the ex-situ surface analysis of the carbonaceous coating worn area, the results

of a Raman analysis after the friction test, showed that the carbonaceous hard

coating structure had changed and was then known as the transformed layer.

This change was due to graphitization, where the structure of sp3 was converted

to sp2 . The sp2 rich topmost surface could provide a low shear strength that

resulted the low friction. It is believed that due to a lack of oil in the boundary

lubrication friction test, the properties of the carbonaceous hard coating topmost
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surface (transformed layer) could control the friction behaviour. It is therefore

very important to investigate the mechanical properties of the topmost contact

interface.

The findings in this work can be summarized as follows:

1. In-situ observation successfully identified the transfer layer generation, which

contributed to the friction behaviour of the CNx coating against the sapphire

hemisphere. From this study, the following conclusions are as follows:

(a) The transformation of CNx to graphite-like transfer layer is a conse-

quence of high contact pressure 1.5 GPa at the contact interface.

(b) The desorption of N content from the CNx coating during sliding was

responsible for graphitization.

(c) The shape of Raman spectra of the transfer layer is comparable with

pure graphite.

(d) Existing of a graphite-like transfer layer with the thickness of 60 nm

between the CNx coating and the sapphire hemisphere, will significantly

reduce the friction coefficient to an ultra low of 0.003.

The permanent attachment of a transfer layer at the contact interface is very

important to maintain an ultra low friction during the friction test.

2. The tribological properties of different hardness of DLCs sliding against steel

under boundary lubrication condition in additive-free mineral-based oil were

investigated in order to determine the influence of the as-deposited DLC

hardness on friction behaviour. The following conclusions were reached as

follows:

(a) The friction coefficient decreased with an increasing of the hardness of

as-deposited DLC.

(b) The specific wear rate decreases significantly with an increasing in the

hardness of as-deposited DLC.

(c) The formation of graphite-like transformed layer is due to graphitization

process during friction test.



Chapter 6. Conclusion 93

3. The thickness of transformed layer of DLC sliding against steel under bound-

ary lubrication condition in additive-free mineral-based oil were successfully

measured by using reflectance spectroscopy. From the experimental results,

following conclusions are as follows:

(a) The thickness of the transformed layer has an effect to reduce friction

coefficient in the case of DLC1.

(b) It was observed that the temperature and the sliding distance has a sig-

nificant effect on DLC1 for generating transformed layer during sliding

test.

(c) The significant decrement of friction coefficient when the t/σ∗ value is

higher than 1, where t is the thickness of transformed layer of DLC and

σ∗ is the effective root mean square roughness.

4. DLC is well known as a coating material that has essential properties for

tribological applications due to its low friction coefficient, high hardness and

wear resistance. The low friction coefficient that achieved during the friction

test was due to the phase transformation of the hard DLC coating into a

soft graphite-like transformed layer. This study presented the scratch hard-

ness of the transformed layer was obtained from the AFM scratch test that

governs the friction behaviour of DLC. A friction map was also developed

as a function of the thickness and hardness of the transformed layer. The

following conclusions were reached as follows:

(a) The hardness of the transformed layer depends on the oil temperature,

where the sliding interface of DLC softened during the friction test due

to graphitization.

(b) It is suggested that the combination of moderate hardness and thick

transformed layer leads to a low friction.
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