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ABSTRACT
Diamond-like carbon (DLC) is well known as a preferred material for tribological
applications since it exhibits high hardness, good wear resistance and very low friction
when sliding against most engineering materials. Apart from these desirable properties,
DLC has drawbacks such as very high internal stress, low toughness, bad thermal stability
and poor oxidation resistance. These drawbacks strongly limit the coating thickness, loadbearing capability, working temperature and working environment of DLC.

Piston rings play an important role in internal combustion engines and contribute a large
part to the total friction losses. Therefore, huge benefits in reduction of friction losses
(thus fuel consumption) and increase of working life and reliability of the engines can be
achieved if DLC is utilized as the protective coating for piston rings. However, due to the
above mentioned drawbacks, pure DLC is not suitable for this application.

In this study, a DLC-based nanocomposite with TiC crystallites embedded in an
amorphous matrix of Al-doped DLC has been developed. This novel coating has low
residual stress, very high toughness, good thermal stability and excellent oxidation
resistance while the hardness is maintained at an adequate level. This nanocomposite
coating exhibits low friction (less than 0.25) under dry and extremely low friction (less
than 0.05) under boundary lubrication with engine oil.

DLC-based nanocomposite is a new generation of materials as protective coatings for
piston rings. The initial engine tests indicate that DLC-based nanocomposite is superior
I
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compared to TiN, one of the best materials for protective coatings of piston rings, in both
wear resistance and fuel consumption.
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CHAPTER ONE
INTRODUCTION

1.1. Background and objectives of the project
Diamond-like carbon (DLC) is well known as a preferred material for wear protective
coatings since it exhibits high hardness, high wear resistance and very low friction when
sliding against most engineering materials as compared to conventional hard ceramics
such as TiN, TiAlN, CrN, etc. However, the following drawbacks limit its applications in
engineering fields.

Firstly, high residual stress limits the coating thickness to less than 2 µm since residual
stress weakens the adhesion strength of DLC coatings on almost substrates [1]. Such a
thickness is not suitable for most engineering applications since it cannot ensure a long
working life. Secondly, DLC exhibits brittle behavior at applied high load [2]. Therefore
the load-bearing capability of DLC is limited. Thirdly, the thermal stability and oxidation
resistance of DLC is very poor. They do not allow this material to work at temperatures
higher than 400 oC [3]. Thus, modification of the DLC structure to overcome these
drawbacks becomes imperative for effective utilization of DLC in engineering
applications.

Piston rings play an important role in the internal combustion engine. They prevent gas
leakage from the combustion chamber to the crankcase and the invasion of lubricating oil
from the crankcase to the combustion chamber. The correct amount of oil to lubricate the
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upper cylinder is also distributed by piston rings. The piston ring set also contributes a
large part to the total friction losses of the engine. The friction losses in the piston system
are about 22 % to 33 % for gasoline engines and about 20% to 30% for diesel engines [4].
Therefore, the working circumstance of piston rings strongly influences the working
quality of the engine such as output, oil and fuel consumption, noise, emission, working
life, etc. Working life, reliability and friction of piston rings are critical topics identified
by tribologists and engine producers around the world. Surface treatment is one of the
most effective solutions. On the one hand, protective coatings should have good wear
resistance, low friction during sliding against the cylinder liner and on the other hand the
deposition process should be “clean", i.e. it does not cause adverse effects to the
environment. With environmental considerations, conventional electroplating is no longer
employed. Chromium, Molybdenum, K-ramic, nitrides, and some composites have been
developed as materials for protective coating of piston rings. So far, nitride coatings (such
as TiN, CrN) show the best wear resistance and friction behavior.

With these considerations, DLC is a potential candidate for protective coatings of piston
rings if the drawbacks of residual stress, toughness, thermal stability and oxidation
resistance are overcome. The good wear resistance and low friction of DLC bring great
benefits such as fuel saving, long working life and reliability of the engine.

This project concentrates on the design, deposition and characterization of DLC-based
coatings with low residual stress, high hardness and toughness, good thermal stability and
oxidation resistance, good wear resistance and low friction.

2
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1.2. Scope of the project
To achieve the objectives of this project, the work to be undertaken includes:
● Investigation of the influence of DLC structure (which strongly depends on the
deposition conditions) on coating hardness, residual stress, toughness, thermal stability,
and tribological properties. The mechanisms that drive these properties will be studied in
detail.
● Deposition and characterization of bias-graded DLC coatings. For pure DLC, biasgraded deposition is the most effective method to reduce the residual stress, enhance the
toughness and adhesion strength while maintaining the hardness of the coating at a high
level.
● Investigation of the effects of incorporation of Al and Ti on the microstructure,
mechanical and tribological properties of DLC and development of DLC-based
nanocomposite coatings (nc-TiC/a-C(Al)).
● Characterization and undertaking the mechanical and tribological tests as well as the
tests on thermal stability and oxidation resistance to assess the working ability of the
nanocomposite coating in different environments.
● Deposition of nc-TiC/a-C(Al) coating on piston rings; undertaking initial engine tests to
evaluate the feasibility of application of nanocomposite as protective coating for piston
rings. In the engine tests TiN coating is chosen as the control group.

1.3. Organization of this thesis
Chapter 1 introduces the background, the objectives and scope of the project.
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Chapter 2 briefly introduces carbon, diamond, graphite and diamond-like carbon as well
as the deposition methods for diamond-like carbon coatings. Reviews of mechanical and
tribological properties of DLC, properties of nanocrystalline phase, designs and properties
of nanocomposite coatings, piston rings and protective coatings for piston rings are also
included in this chapter.

Chapter 3 describes the experimental method and equipment used in this project.

Chapter 4 presents investigations on the magnetron sputtered pure DLC coatings. The
influences of deposition parameters on the coating structure and deposition rate are
analyzed. The mechanical properties, tribological behaviors, thermal stability and
oxidation resistance of the coatings are studied in detail. Design and characterization of
bias-graded DLC coatings are included in this chapter.

Chapter 5 investigates the effects of doping Al and Ti on the microstructure, mechanical
and tribological properties of DLC. Design of DLC-based nanocomposite coatings with
high hardness, toughness, low residual stress, good thermal stability and oxidation
resistance is also developed. The microstructure of the nanocomposite coatings is studied
in detail. The deposition parameters are optimized for the best performance of the
coatings.

Chapter 6 considers a case study of the application of nc-TiC/a-C(Al) as protective coating
for piston rings. The results from engine tests of nc-TiC/a-C(Al) coating are analyzed in
comparison with TiN coating.
4
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The conclusions and recommendations on future work are presented in chapter 7.
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CHAPTER TWO
LITERATURE REVIEW

2.1. Carbon and diamond-like carbon
2.1.1. Carbon
Carbon is one of the most common elements in the Universe. Many compounds contain
carbon as a principal element. This is because carbon has the ability to form various types
of covalent bonds. Commonly, carbon forms bonds with hydrogen, oxygen, sulfur and
nitrogen. The flexibility in structure is responsible for the wide varieties of complex
molecules, which are necessary for living organisms.

Carbon is the sixth element in the Mendeleyev periodic table of elements. It is in the 4A
group which consists of 5 elements: Carbon (C), Silicon (Si), Germanium (Ge), Tin (Sn),
and Lead (Pb). Carbon is the lightest element of the 4A group. These elements lack four
electrons to satisfy their outer atomic shell electronic configuration. The electronic
configuration for carbon is 1s22s22p2. Carbon is a non-metallic element. Depending on its
allotropic form and the impurities, carbon can be an insulator, conductor, or
semiconductor.

There are three isotopes of carbon in nature. These isotopes have atomic masses of 12, 13,
and 14. The isotopes of C12 and C13 are stable and comprise 98.89% and 1.11% of the
carbon on earth respectively [5]. C14 is radioactive and spontaneously decays into
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nitrogen. The half-life of C14 is 5730 years. C14 is used to date materials less than 30,000
years old [6].

In nature carbon is found as diamond, graphite and amorphous carbon.

2.1.1.1. Diamond
Diamond possesses a large number of excellent qualities, which have placed it in demand
over centuries. Diamond has the highest value of atomic number density, hardness,
thermal conductivity at 298 oK, and elastic modulus of any known material. Diamond also
has a high refractive index and optical dispersion. If nitrogen is absent, diamond is
extremely transparent from 230 nm to at least 40 µm in the infrared (apart from a few
intrinsic absorption bands from 2.5 to 6.0 µm). Diamond with a band gap of 5.45 eV is
considered among the best electrical insulators. Through doping, diamond can be made
into an excellent p-type semiconductor.

The surface of diamond repels water making it feel greasy. This improves the quality of
thin biological samples cut by diamond knifes. Diamond is simple to clean using acetone.
The atomic structure and strong covalent bonding of carbon are responsible for the wide
variety of characteristics exhibited by diamond.

The following table summarizes some typically physical parameters of natural diamond
(type IIA) [7]:

7
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Table 2.1. Physical parameters of natural diamond

Properties (Unit)

Value

Band gap (eV)

5.45

Breakdown field (V/cm)

107

Electron mobility (cm2/V.s)

1900

Hole mobility (cm2/V.s)

1600

Dielectric constant

5.5

Melting point (oC)

3800

Hardness (GPa)

100

Mass density (g/cm3)

3.515

Molar density(g-atom/cm3)

0.293

Thermal conductivity (W/cmK)

20

Thermal expansion coefficient

0.8.10-6

Refractive index at 589.19 nm

2.4

Diamond has a cubic crystal lattice. The spatial lattice of diamond is defined as facecenter cubic (fcc) [7]. Cubic diamond has a lattice constant of 3.567 Å. The structure of
cubic diamond is shown in Figure 2.1.
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Figure 2.1 Cubic diamond structure [7]

Each carbon atom is surrounded by four other carbon atoms arranged at the corner of a
tetrahedron. Bonds between carbon atoms are described as using sp3 hybrid orbitals in
forming a sigma bond between each atom. sp3 orbitals are necessary to form a tetrahedral
system of covalent bonds. To achieve this, the carbon atom must change its electronic
configuration to 1s22s12p3. This transition requires 96 Kcal/mol to excite an electron from
the 2s orbital to a 2p orbital. This allows the recombination of one 2s orbital and three 2p
orbitals into four sp3 orbital (c.f., Figure 2.2). sp3 orbitals are oriented at 109.5o with
respect to each other. These form C-C bonds with a separation of 1.53 Å. The stability of
the diamond lattice is attributed to the three dimensional array of these strong C-C bonds.
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There is another structure of diamond: the hexagonal structure known as longsdaleite.
This structure is shown in Figure 2.3. Still other forms or “polytypes” of diamond are
thought to exist- particularly in very small particles [8].

Ψ(+)

Ψ(+)

2s orbital
Ψ(−)
2pz orbital

Ψ(−)

Ψ(+)

2py orbital Ψ(−)

Ψ(+)
2px orbital

Hybridization

109.5o

Figure 2.2. sp3 hybrid orbitals
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Figure 2.3 Hexagonal diamond structure [7]

2.1.1.2. Graphite
The most abundant allotropic form of carbon is graphite. In the natural state, graphite
appears as grey, shiny plates that mass together in easily separated sheets. Graphite is
constructed of layers of carbon atoms [9]. In each layer a carbon atom is surrounded by
three other carbon atoms in a trigonal planar geometry with a separation distance of 1.42
Å. These C-C bonds are created from the overlap of two sp2 orbitals. Most carbon atoms
in graphite consist of three sp2 hybrid orbitals in a planar arrangement separated from each
other by 120o as seen in Figure 2.4. This creates a layer of hexagonal rings in a planar
geometry. The two unused 2pz orbitals for each carbon atom combine forming a
concentrated electron density above and below the plane of carbon atoms. This sideway
overlap of the p orbitals is called a π bond. The layers are then stacked one upon another
11
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with a distance of 3.35 Å. The distance between two successive layers is referred to as the
c-axis. This leads to graphite being a conductor along the planes separated by π bonds.
There is very little electron interaction between the planes making graphite an insulator in
the c-axis. The weak π bonds allow the separate planes of graphite to slide apart with little
effort thus making graphite a good solid lubricant.

Ψ(+)
2s Orbital

Ψ(+)

Ψ(−)

2py Orbital

Ψ(−)
2px Orbital

Hybridization

120o
120o

120o

Figure 2.4. sp2 hybrid orbitals
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Figure 2.5 shows the hexagonal lattice structure of graphite, one of the two kinds of lattice
structure of graphite ever observed (the other one being rhombohedral). Graphite normally
contains both types of lattice structures. The relative amounts of hexagonal versus
rhombohedral stacking may be altered through mechanical and chemical means. The
effective technique used to identify the existence of diamond (sp3) and graphite (sp2) is the
Raman spectroscopy [10, 11]. The Raman peaks of natural diamond and graphite are at
wave numbers of 1332 and 1581 cm-1, respectively.

Figure 2.5. Hexagonal graphite structure [7].
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2.1.2. Diamond-like carbon
The name diamond-like carbon was first coined by Sol Aisenberg in 1971 to describe the
hard carbon coatings that he prepared by direct deposition from low energy carbon ion
beams [12]. Now, diamond-like carbon (DLC) is the name commonly accepted for hard
carbon coatings, which have similar mechanical, optical, electrical and chemical
properties to natural diamond but do not have a dominant crystalline lattice structure.
They are amorphous and consist of a mixture of sp3 and sp2 structures with sp2 bonded
graphite clusters embedded in an amorphous sp3 bonded carbon matrix. So, the term
“diamond- like” emphasizes a set of properties akin to diamond and, at the same time
implies the absence of crystalline diamond order. By this definition, all diamond-like
carbons are amorphous but not all amorphous carbons are “diamond-like”.

Diamond-like carbons are divided into two broad categories: hydrogenated (a-C:H) and
non-hydrogenated (a-C). The latter is sometimes called hydrogen-free diamond-like
carbon. In hydrogen-free diamond-like carbon, the hydrogen content is lower than one
atomic percent whereas in hydrogenated diamond-like carbon the atomic percent of
hydrogen may reach to 65 % [9]. The name “tetrahedral hydrogen free diamond-like
carbon (ta-C)” is used for DLC coatings with high content of sp3 (sp3>70%) [13].

In Raman spectra, DLC coatings are characterized by a broad single peak centered at
around 1530 cm-1 (G-band or graphite band) with a shoulder at around 1350cm-1 (D-band
or disorder band). The shoulder is the signature of DLC (otherwise a sharp peak at around
1580 cm-1 would be that of graphite). The G mode of graphite has E2g symmetry. Its
eigenvectors are shown in Figure 2.6 (a) involving the in-plane bond-stretching motion of
14
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pairs of C sp2 atoms. This mode does not require the present of sixfold rings, and so it
occurs at all sp2 sites, not only those in rings. The D peak is a breathing mode of A1g
symmetry involving phonons near the K zone boundary (Figure 2.6 (b)). This mode is
forbidden in perfect graphite and only becomes active in the presence of disorder. The D
mode is dispersive; it varies with photon excitation energy. The composition of sp3 in
amorphous DLC is inversely proportional to ID/IG ratio [14]. Where ID is the intensity of D
band and IG is the intensity of G band.

(a)

(b)

Figure 2.6. Carbon motion in the (a) E2g G mode and (b) A1g D mode [15].

2.1.2.1. Preparation techniques for DLC
The techniques to produce DLC coatings can be divided into two categories depending on
their starting materials. In the first category, carbon comes from a solid source. Most of
these processes are versions of Physical Vapor Deposition (PVD). The second category
uses carbons and hydrocarbon radicals from hydrocarbon gases. These processes are
mostly Chemical Vapor Deposition (CVD).
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2.1.2.1.1. Physical Vapor Deposition
The PVD techniques often use a carbon source in a solid form. With PVD techniques,
non-hydrogenated or hydrogenated DLC coatings can be produced, depending on
application. This is a big advantage compared to the CVD techniques, which can only
produce hydrogenated DLC. Typical PVD deposition techniques are shown in Figure 2.7.

Substrate
Ar

C

Substrate

Ar

Ar

C

Carbon target

Carbon target

Single beam sputtering

Dual beam sputtering
(a)

(b)

Carbon
Electrodes
Carbon

Substrate

Substrate

Cathode
Anode
Arc discharge with
electrode erosion

Carbon ion beam source with
cathode erosion

(c)

(d)
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Figure 2.7. Deposition techniques using solid carbon [16].

In Figure 2.7 (a), a primary argon ion beam impinges at about 0.5 to 1 KeV onto pyrolitic
graphite target and sputters carbon onto the substrate where a second Ar ion beam
impinges at about 0.1 to 0.3 KeV. The second ion beam is used to increase the resistivity
and the optical transmittance of the coatings. Figure 2.7 (b) shows the simpler type of ion
beam sputtering technique. Only one beam source is used instead of two. This beam
source is used both to sputter the target and to bombard the substrate. In Figure 2.7 (c)
and 2.7 (d) an argon arc is used to erode the carbon electrodes which are sources of the
carbon atoms. These carbon atoms are ionized in the plasma and extracted through a
differentially pumped aperture along an axial magnetic field. In Figure 2.7 (e) the laser is a
heat source to vaporize the graphite, the auxiliary ion beam is employed to increase the
quality of the coatings. Figure 2.7 (f) shows a sputtering discharge using carbon cathode
and argon plasma. Argon atoms are ionized and bombard the carbon cathode.
17
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Consequently, carbon atoms are sputtered onto the substrate. In order to increase the
effect, magnetron systems have been used. The hybrid sputtering systems are sometimes
used. These use both solid carbon and hydrocarbon gas as sources of carbon [17, 18].

2.1.2.1.2. Chemical Vapor Deposition
Chemical vapor deposition uses hydrocarbon gases as the source of carbon.

DLC

coatings that are produced by CVD are hydrogenated DLC. Many techniques of CVD
have been applied for deposition of DLC coatings, they can be categorized as thermal
CVD, plasma enhanced CVD (PECVD) and some other methods such as laser conversion
of carbon [16, 19]. Thermal CVD techniques are considered as: thermal decomposition,
halogen assisted, hot filament and oxy-acetylene torch. PECVD can be divided into three
subgroups: DC-PECVD, RF-PECVD, and Microwave-PECVD. The hybrid of two of the
above techniques has been employed such as hot filament + DC discharge, hot filament +
microwave, etc [19].

Figure 2.8 shows a typical hot filament system. The filament should have a high melting
point (W or Mo) as it is heated up to 2800 oK. The gases used in this system are hydrogen
and methane, the latter demonstrates the role of a carbon source. The filament produces
radicals and atomic hydrogen, which support the nucleation process of DLC.
substrate is biased negatively.

The

Figure 2.9 shows a Microwave-PECVD system. The

substrate temperatures depend on the power density and the location of plasma. Figure
2.10 shows a DC jet PECVD system. The plasma jet is produced from a plasma gun. The
gases used are hydrogen, methane, oxygen and argon. A DC voltage is applied to the
plasma gun during operation.
18
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Figure 2.9. Microwave- PECVD system
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Figure 2.10. DC jet PECVD system

In the CVD process the gaseous reactants, methane and hydrogen for example, are fed into
the reactor and reactions are initiated by a hot filament or plasma [20].

H2

2H°

CH4 + H°

CH3° + H2
...

The small open circle “°” in the chemical notations identifies an unpaired electron.
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On the substrate, adsorption, diffusion, reaction and desorption of various species occurs
resulting in the nucleation of diamond structure (sp3) and graphite structure (sp2). The
coatings contain a certain amount of hydrogen, so the coatings produced by CVD are
called hydrogenated DLCs.

Substrate heating plays an important role for the nucleation and growth of the coatings in
CVD process [16, 21]. High substrate temperatures limit the application for substrates that
are temperature sensitive. Furthermore, annealed substrates may possess some unexpected
characteristics.

2.1.2.2. Applications of diamond -like carbon
Applications of DLC stem from the following set of properties:
● High hardness and elastic modulus, low friction coefficient and low wear rate when
contacting with various materials
● Chemical inertness and biocompatibility.
● High electrical resistance and dielectric strength.
● Large band gap.
● High room temperature thermal conductivity.

The applications of DLC can be seen in many fields such as [2, 22, 23]:
● Cutting tools for non-ferrous metals like aluminum and titanium alloys, brass, graphite,
wood, plastics, etc. DLC coatings cannot be used with ferrous metals due to the high
chemical affinity of carbon to iron.
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●Tribology: DLC exhibits excellent tribological properties that will be discussed
extensively in the following section.
● Biocompatible coatings for biomedical implants.
● Heat sinks for integrated circuits.
● Semi-conducting devices.
● High quality acoustical parts (microphones, speakers).

2.2. Mechanical and tribological properties of diamond-like carbon
2.2.1. Hardness and Young’s modulus
Hardness (H) is the ability of a material to resist permanent indentation. Less commonly,
hardness may also be defined as resistance to scratching or to wear. Hardness is measured
by indentation and is defined by the pressure over the indented area at a given applied
load. Elastic modulus (E) is a measure of the stiffness. It is determined as a ratio of
applied stress to the respective elastic strain. For coatings, to prevent the influence of the
substrate, the indentation depth is normally set not to exceed 10 % of the coating
thickness. Since the thickness of hard coatings is normally about 2-3 µm, the indentation
depth, therefore is less than 0.2 µm or 200 nm. At that scale, the indented area cannot be
measured directly using optical techniques. The hardness, in this case, is measured by
nanoindentation, where the depth of penetration beneath the specimen surface is measured
as the load is applied to the indenter. The known geometry of the indenter allows the size
of the area of contact to be determined. The procedure also allows for the modulus of the
coating to be obtained from a measurement of the stiffness of the contact that is the rate of
change of load and depth.

22
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The elastic modulus of diamond and many other materials can be calculated by the
following formula [24]:

E=

Nc
(1971− 220λ )a0−3.5
4

[GPa]

(2.1)

where:
Nc - coordination number
a0 - bond distance (Å)
λ - polarity of the bond

The hardness of diamond can be explained from the formula above due to its fourfold
covalent bond and small atomic size (atom radius: 0.071 nm), which result in a strong,
short non-polar bond. It should be noted that in most engineering materials, the
microstructure plays a vital role in hardness. More details will be discussed in section 2.3.

In DLC coatings, the hardness stems from its strong, directional sp3 bonds, which form a
three-dimensional network. Therefore, hardness strongly depends on the sp3 fraction in the
coating and thus, the method and parameters of the deposition process. Table 2.2
summarizes the hardness and density of hydrogen-free DLC coatings deposited using
PVD techniques such as cathodic vacuum arc, magnetron sputtering, pulsed laser
deposition, and mass-selected ion beam deposition.
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Table 2.2. Some properties of natural diamond and selected DLC coatings

Material

Preparation Technique

Density

% sp3

(g/cm3)

Hardness

Reference

(GPa)

Diamond

Natural

3.52

100

100

[25]

a-C

Vacuum Arc

2.8-3.4

85-95

40-80

[26-28]

a-C

Sputtering

1.9-2.6

<60

20-30

[29-31]

a-C

Pulse Laser Deposition

2.4-3.0

70-90

30-60

[32-35]

a-C

Ion beam

1.8-3.4

-

32-75

[36-39]

The existence of hydrogen causes a decrease in the hardness and Young’s modulus of
DLC because of the addition of C-H bonds in the structure [13]. Raveh et al [40]
investigated the influence of hydrogen content on the hardness of a-C:H coatings
deposited by various types of CVD and reported that hardness typically decreased from 40
GPa to 18 GPa as the content of hydrogen increased from 20% to 40%. The hardness
reached very low values of less than 5 GPa as the hydrogen content exceeds 55 %.
Holmberg and Matthew [9] classified hydrogenated DLCs as:

● Hard a-C:H: Hydrogen content in the range of 10 to 40 %.
● Soft a-C:H: Hydrogen content in the range of 40 to 65 %.
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2.2.2. Tribological behavior of DLC
The tribological behavior of a coating is evaluated by friction, wear, and stability in
various conditions. The friction property is evaluated through the coefficient of friction,
µ, the ratio of the frictional force F to the normal load W on the contact: µ =

F
. Wear is
W

defined as the removal of material from solid surfaces during relative motion between two
surfaces.

Friction and wear are simultaneous results of the same tribological contact process that
takes place between two moving surfaces. Wear is often thought of as a harmful
phenomenon. This is true in many cases since wear may result in reduced efficiency,
increased power losses and an increased rate of component replacement.

Worn volume is inversely proportional to the surface hardness and proportional to the
applied load and the moving distance [9]:

V = K '

WS
H

where:
V- worn volume
W- applied load
S- moving distance
H- hardness
K’- constant
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Wear rate is determined by the ratio of K’ to H:

K =

K '
V
=
H
WS

(2.3)

DLC coatings exhibit a very low coefficient of friction and provide wear protection when
sliding against metallic or ceramic counterparts. The friction and wear resistance of the
coatings is strongly dependent on the deposition method, the deposition parameters,
counterpart materials, the testing environments and regimes. Typically, the range of
coefficient of frictions observed in the literature is from 0.05 to 0.2 [41]. These values are
considerably lower than that of other hard coatings such as TiN, TiC, BN for which the
values of coefficient of friction are typically higher than 0.4 [42-44].

2.2.2.1. Influence of environment on friction of DLC coatings
In an inert controlled environment, DLC coatings display a tribological behavior similar to
that of bulk diamond. However, in humid air or with water vapor influence, the coatings
behave much like bulk graphite. Note that graphite has good tribological properties in the
presence of moisture or other vapor. Hydrogen has been investigated to have the same
effect on graphite. Atomic hydrogen forms dangling bonds at the edge of the graphite
crystallites, leaving only the possibility of weak interactions with the π bonds, thus
resulting in reduced friction.

The coefficient of friction of hydrogenated DLC is

extremely low in inert controlled environments such as dry nitrogen, argon or ultra high
vacuum [45] and, generally, increases with humidity. Frank et al. [46] carried out
experiments with a steel counterpart sliding on hydrogenated DLC as the humidity was
increased gradually. A very low coefficient of friction (often below 0.05) was observed in
26
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dry air but it reached a value of about 0.3 as the humidity reached 100 % (c.f., Figure
2.11).
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Figure 2.11. Relationship between coefficient of friction of hydrogenated DLC (sliding
against steel counterpart) and relative humidity [46]

Miyosi [47] studied the behavior of hydrogenated DLC deposited by PACVD in sliding
wear against spherical silicon nitride counterparts, the coefficient of friction was found to
be 0.1 in dry nitrogen and 0.18 in laboratory air condition. For coatings deposited at high
power density (results in high coating density), after about 1000 passes, the coefficient of
friction reached a value of 0.01 in dry nitrogen. The author explained that the decrease of
the coefficient of friction was due to the formation of a hydrocarbon rich layer. Memming
et al. [48] deposited a-C:H and measured the friction between coating and the steel
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counterpart. A very low coefficient of friction was obtained (<0.02) in ultrahigh vacuum.
The coefficient of friction remained low in dry nitrogen (0.02) but drastically increased
(up to 0.6) when nitrogen was substituted by oxygen. In humid nitrogen and humid
oxygen, the coefficient of friction was the same. Material transfer was detected. The
material transfer changed the chemical composition of the interface layer and influenced
the coefficient of friction under various conditions. It was also found that loss of hydrogen
after annealing the DLC coatings above 550 oC caused large changes in the coefficient of
friction, which reached 0.68 in vacuum or dry nitrogen. This proved that hydrogen in the
coatings was responsible for the low coefficient of friction in the inert environments.
However, in humid atmospheres, the coefficient of friction did not change. In studies of
the influence of reactive gases on tribological behavior of DLC, Paumier et al. [49]
deposited a-C:H coatings by hot filament CVD and carried out the tribotests with steel
counterparts. The coefficient of friction was studied in vacuum, oxygen, hydrogen and
inert gases. In vacuum (P=10-5 Pa) the coefficient of friction was about 0.08. This value
was maintained with the introduction of argon or helium.

With the introduction of

molecular oxygen, the coefficient of friction increased to 0.1, and with atomic oxygen, it
reached 0.21. The effect of hydrogen was opposite to that of oxygen. The introduction of
molecular hydrogen did not significantly change the coefficient of friction. However,
introduction of atomic hydrogen led to a decrease in the coefficient of friction. The
adsorption of atomic hydrogen on the coating surface was considered one of the factors
that reduced the coefficient of friction. The presence of moisture, as reported by the
authors, caused the same effect as oxygen: increasing the coefficient of friction.
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Voevodin et al. [32] studied the tribological behaviors of hydrogen-free DLC and
hydrogenated DLC deposited by pulsed laser deposition and arrived at opposite
conclusions. The results (after 1000 passes) are shown in table 2.3.

Table 2.3. Coefficient of friction of DLC sliding against sapphire and steel counterpart in
various environments [32]

Friction test environment

a-C:H

a-C:H

a-C

a-C

non biased

biased

non-biased

biased

Air, 50% RH

0.19

0.17

0.12

0.08

Nitrogen, <2 % RH

0.20

0.16

0.10

0.04

Vacuum, 10 Pa

0.26

0.13

0.11

0.10

Air, 50% RH

0.07

0.05

0.08

0.06

Nitrogen, <2 % RH

0.1

0.06

0.07

0.03

Vacuum, 10 Pa

0.12

0.09

0.08

0.06

In sliding against 440C steel ball:

In sliding against sapphire ball:

The influence of humidity on the coefficient of friction is described in Figures 2.12 and
2.13.
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Figure 2.12. Influence of humidity on coefficient of friction (with steel as the counterpart)
[32]
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Figure 2.13. Influence of humidity on coefficient of friction (with sapphire as the
counterpart) [32]
30

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

It is clear that these results were opposite to what had been observed. More detailed
research was undertaken in [50] showing that there was a surface tribochemical reaction
after a large number of cycles. Raman spectra showed that a sp3 to sp2 phase transition
occurred. The sp3 to sp2 phase transformation was induced by the stresses produced by
friction contacts. The graphite layer had lubricious properties in humidity that lead to low
coefficient of friction. Miyosi also reported the decrease of coefficient of friction after a
large number of sliding cycle [47].

Liu et al. [51] gave an account of the mechanism and conditions of enhanced
graphitization. They believed that graphitization was related to the frictional energy and
proceeded as a precursor hydrogen atom release. A shear deformation was required to
convert the [111] planes of DLC into [0002] planes of graphite. They concluded that: (1)
The graphitization rate was mainly a function of velocity and applied load. (2) High
temperature at asperities facilitating hydrogen release from the DLC structure (hydrogen
began to evolve from DLC at about 300 oC and significant hydrogen release occurred at
about 450 oC), which was the first step of the wear-induced graphitization process. (3) A
presence of humidity slowed the formation of a graphite tribolayer.

2.2.2.2. Friction and wear of hydrogenated DLC and hydrogen-free DLC coatings
To investigate the influence of hydrogen content on tribological properties of DLC,
Ronkainen et al. [41, 52, 53] deposited a-C and a-C:H coatings by pulsed vacuum arc and
coupled RF plasma, respectively. The test environments were dry air, humid air, water
lubrication, and oil lubrication. The counterparts were alumina and steel. In the tests with
water lubrication, only alumina counterparts were employed in order to avoid the
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corrosive effect of the water on steel. For oil-lubricated tests, steel counterparts were
chosen because in practice most of oil-lubricated surfaces in tribology are steel. The
results indicated that the a-C coating was harder (56 GPa compared to 22 GPa of a-C:H
coating [41]), denser and more stable. Therefore it exhibited a better wear resistance as
compared to the a-C:H under both non-lubricated and lubricated conditions.

Under non-lubricated conditions [52], the wear rate of a-C was much lower than that of aC:H. It was about 0.05.10-6 mm3/Nm whereas that of a-C:H was about 0.11 x 10-6
mm3/Nm (with the steel counterpart). However, the wear rate of respective counterparts
was higher. The coefficient of friction was stable over a large range of sliding velocities
and normal load in humid air. The values were in the range of 0.14 - 0.19 (with steel) and
0.1 - 0.12 (with alumina). In contrast, the coefficient of friction of the a-C:H coating was
unstable and dependent on the normal load and sliding velocity. With high sliding
velocities and high normal loads, the coefficient of friction decreased considerably,
especially with the alumina counterpart (about 0.05). This was explained by the
graphitization process, which formed a tribologically beneficial layer of graphite. The
restricted formation of graphite due to the strong structure and low shear deformation
resulted in higher coefficient of friction observed in a-C coating.

Under water-lubricated conditions, the ball on disc tests were done [41, 53] and the same
conclusions were drawn. The a-C coatings showed an excellent wear resistance and very
low coefficients of friction. Almost no wear of the coatings could be observed even after
21 hours of testing. The values of coefficients of friction were 0.03 [41] and 0.04 - 0.05
[53]. However, it was different with a-C:H coatings since they could not withstand the
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process and were removed after a short duration of testing. The same phenomenon was
observed by Drees et al [54]. Those observations on the a-C:H coatings lead to two
conclusions for the hydrogenated DLC: low adhesion to the substrate and a rapid increase
of wear process in water-lubricated condition. The properties of a-C:H can be improved
with doping by some alloying agents.

In oil-lubricated tests (the oil was added with EP additives), almost no wear of the a-C
coatings was seen and a small wear rate of about 0.07 x 10-6 mm3/Nm was detected with
a-C:H coatings. With oil lubrication, the coefficient of friction could be decreased by 10
% to 40 % in boundary lubrication regimes. The a-C coating exhibited lowest coefficient
of friction, about 0.08.

The tribologically beneficial tribolayer formed under dry sliding conditions, which
reduced the counterparts (the balls) wear. The mechanism of tribology is different in the
aqueous and oil conditions. The tribologically beneficial tribolayer had no opportunity to
form in the aqueous and oil conditions therefore higher wear rates were observed on the
counterparts.

Research by Voevodin et al. [32, 50] also showed a better tribological behavior of a-C in
comparison with a-C:H coatings. Coefficients of friction of a-C coatings were in the range
of 0.03-0.12 and that of a-C:H was in the range of 0.05-0.26 (c.f., table 2.3) depending on
the test environment and the counterparts (steel or sapphire). The difference of friction
between steel and sapphire balls when sliding against a-C was much less than that against
a-C:H, indicating that the tribological behavior of a-C coatings was less sensitive to the
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counterpart material. The coefficient of friction between DLC and sapphire was lower
compared to that between DLC and steel. This was true for both a-C:H and a-C. The main
reason was the applied load for sapphire is higher (0.8 GPa compared to 0.6 GPa)
resulting in a higher rate of graphitization. The wear rate of the coatings was measured
when sliding against sapphire ball. The results were the same as previous reports. a-C
coatings exhibited a very low wear rate (10-9 mm3/Nm) compared to that of a-C:H (10-6
mm3/Nm). However the wear rate of counterpart was higher when sliding against a-C
(10-10 mm3/Nm) compared to that against a-C:H (10 -12 mm3/ Nm).

2.2.3. Residual stress of DLC coatings
The internal residual stress plays a major role in the adhesion strength and wear resistance
of the coatings. The residual stress consists of three parts: the thermal stress, the growthinduced stress, and the post-deposition stress [55]. The thermal stress comes from the
difference in thermal expansion between the substrate and the coating. The thermal
expansion of DLC is low compared to that of ceramics and very low compared to that of
metals, thus the thermal stress exists as a result of deposition temperature. The growthinduced stress (some researchers call it intrinsic stress) comes from changes in the coating
density as the coating growth under particle (ion or atom) bombardment. A higher energy
of particles results in a higher growth-induced stress if no stress relaxation takes place
during deposition (sometime the stress is relaxed in the coating at high energies of ion
bombardment due to the change in the structure of the coating as a consequence of
increased temperature, e.g. graphitization leading to the formation of more graphite
clusters). Post-deposition stress (some researchers call it extrinsic stress) is induced by
external factors after deposition of the coatings. A post-deposition stress may result from
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interactions between the coating’s materials and environment, e.g. adsorption of moisture
or other contaminants. This stress is found in chemical reactive or porous coatings but not
in DLC or ceramic coatings.

Normally, for DLC coatings deposited by PVD, low substrate temperature (<150 oC)
during deposition does not cause high thermal stress. The main contribution to the residual
stress is the intrinsic stress, which is introduced and built up in the DLC coatings during
deposition at moderate temperature. The ion peening model proposed by d’Heurle [56] is
appropriate in describing the phenomena leading to the intrinsic stress in coatings
deposited by techniques involving “energetic” particle bombardment of the surface of
growing coatings. According to this model, a tensile intrinsic stress is induced during
deposition of a coating from “non-energetic” species condensed on the substrate surface,
i.e. from species having kinetic energy corresponding to the deposition temperature
(E=(3/2)kT). Normally it is as low as 0.04 - 0.25 eV. A compressive intrinsic stress is
found in coating deposited from the condensation of “energetic” species or grows under
“energetic” particle bombardment. The kinetic energy of such species (ionized or neutral)
is of order of several tens or hundreds eV. DLC coatings deposited from PVD exhibited
compressive stress since they grow under high energetic particle bombardment.

Zhang et al. [57], investigated the influence of deposition parameters on the residual stress
of DLC deposited by magnetron sputtering. High sputtering power and/or high substrate
bias power lead to high energies of ion bombardments and thus high residual stresses.
Damage due to the removal of highly biased a-C coating (deposited by pulsed laser
deposition) after a few test cycles were observed by Voevodin et al. [32]. In contrast, non35
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biased coating, which was produced by the same method, with the same parameters on the
same substrate material (steel) exhibited good adhesion and tribological properties. The
damage of the biased a-C coating was attributed to the high residual stress in the coating.
The authors also declared that increasing the relative nitrogen flow reduced the
compressive stress of the hydrogenated DLC coatings. That effect was due to the
reduction of the average coordination number and the over-constraint in the coatings as a
result of the replacement of C-H with N-H bonds. Mounier et al. [31, 58] investigated the
effects of deposition parameters on the tribological behavior of sputtered a-C and gave
some results. Using a conventional magnetron mode and grounded substrate, as the
sputtering gas pressure increased from 0.1 to 2 Pa, the mass density decreased from 2.2 to
1.6 g/cm3 and the compressive residual stress decreased from 0.6 to 0.2 GPa. Also, at a
high process pressure of 2 Pa, the stress was almost independent of the bias voltage with
low values of 0.2 - 0.3 GPa. That was explained to be due to the collisions of energetic
carbon atoms with argon atoms. At low pressure, carbon atoms (and ions) can diffuse
through the gas phase with few collisions so they have high energy when reaching the
substrate surface. A high energy ensures carbon atoms (and ions) can diffuse into the
surface and more to sites corresponding to the minimum surface energy. That results in
higher mass density and higher residual stress. At high process pressure, considerably
more collisions between carbon atoms and gas ions occur leading to a drop in the energy
of carbon atoms (and ions) although high bias voltage is applied. Consequently, coatings
exhibit low residual stress. With the unbalanced magnetron mode, much higher residual
stress, which is responsible for the surface damage during friction performance, was
observed. At process pressure of 0.25 Pa, the residual stress reached 3 GPa at -50 V bias
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whereas that of the coating deposited using a conventional magnetron mode was about 1.5
GPa.

According to McKenzie et al. [59], a high residual stress of about 8 - 12 GPa can be seen
in DLC and this value reduces with decrease in sp3 fraction. Sheeja et al. [60] also made
the same conclusion after investigation of the residual stress of a-C coatings deposited by
filtered cathodic vacuum arc. The coating with high hardness (52 GPa) had a compressive
stress up to 10 GPa (corresponding to a substrate bias voltage of 85 V). As bias voltage
was increased to 3000 V, the compressive stress decreased to about 1.7 GPa. At higher
applied bias voltage, the excessive energy converted the sp3 to sp2 bonds (graphitization
took place). This observation indicated that the formation of graphite-like structure in
DLC strongly relaxes the coating stress even at high carbon atom energies. Ham and Lou
[1] measured the compressive residual stress of a-C:H coatings deposited by RF CVD.
From their measurements, the stress increased by increasing the coating thickness. The
stress in a 0.53 µm coating was 1.2 GPa. They concluded that in practice a coating of
more than 2 µm was too stressed to adhere well to most substrates. Also from Ham and
Lou, the most suitable substrate for DLC coatings is silicon. Cu, Au, W, Co, or stainless
steel containing Cu appear to have bad adhesion with DLC coatings.

Different methods have been utilized to enhance the adhesion of DLC coatings to the
substrate. So far, the most commonly used methods are: (1) mechanical pretreatment (such
as water peening [61] or plasma cleaning [62]) (2) using interface layers (such as TiC,
TiN, TiCN etc. [63]) (3) doping other elements into the DLC matrix (such as Si, metals,
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etc. [54, 64-67]) and (4) annealing [68]. The last two methods directly relate to
enhancement of adhesion strength by relaxing the residual stress in the DLC coating.

2.2.4. High temperature behavior and oxidation
The diamond-like carbon structure is metastable and it can only exist up to a certain
temperature. Tay et al. [3] observed the phase change via Raman spectroscopy with
annealed ta-C coatings deposited by filtered cathodic vacuum arc. They reported that the
ID/IG ratio increased with increasing annealing time. If the temperature was below 500 oC,
it increased gradually during the first two hours, after that, it was stable at a certain value.
At temperatures higher than 500 oC, a sharp increase in ID/IG was observed at the third
hour of annealing. Evidence of oxidation was observed (loss of coating thickness). An
increase of ID/IG ratio reflected the sp3 to sp2 bond transformation. The rate of oxidation
increased dramatically when the temperature reached 550 oC and a complete loss of
coating thickness (200 nm) happened after 30 minutes. The authors concluded that ta-C
coatings remained stable up to 300 oC for 4 hours. Graphitization began at 400 oC and at
550 oC intense oxidation happened causing the loss of coating within a short time.
However, annealing leads to a decrease in residual stress. The temperature of 150 oC was
found to be optimum because at that temperature only a minor increase in sp2 fraction was
observed. However, work done by Ferrari et al. [68] indicated that the graphitization of taC only occurred at a temperature of about 600 oC and this also was a suitable temperature
for post-deposition annealing for stress relaxation.

The thermal stability of hydrogenated DLC is worse than that of hydrogen free DLC.
Tallant et al. [69] deposited a-C:H coatings by RF PECVD, annealed them, and revealed
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that a-C:H started to graphitize at about 260 oC and lost hydrogen at an increasing rate
above this temperature. Conversion of the sp3 structure to graphite was complete as the
temperature reached 450 oC. Wang et al. [70] revealed that a-C:H started degrading at
about 200 oC and that oxidation occurred at about 350 oC. The hardness decreased by 55
% as the annealing temperature reached 400 oC.

At high temperatures, the tribological properties of DLC coatings are considerably
changed due to graphitization. Experiments carried out by Liu et al. [71] reinforced that
conclusion. DLC coatings were deposited by RF plasma assisted CVD. The ball (alumina)
on disc tests showed that an increase of the temperature resulted in a decrease in the
coefficient of friction and an increase of wear rate. This was explained from the
graphitization, which resulted in more graphite (more solid lubricant) but a decrease in
hardness (loss of wear resistance). Above 300 oC, DLC coatings peeled off quickly due to
shortened wear life. Below 200 oC the dominant damage mode was plastic deformation,
but it changed to fracture and delamination when the temperature reached the critical
value of 300 oC.

2.2.5. Summary
The mechanical and tribological properties of DLC coatings can be summarized as
follows:
● The hardness of DLC coatings varies from a few GPa to about 80 GPa depending on
deposition method and parameters. a-C:H has low hardness (< 20 GPa) due to the weak CH bonds in the structure. Therefore, for wear resistance, it is worse than a-C.

39

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

● The coefficient of friction of DLC coatings is low but varies in a large range depending
on test environments, counterpart materials, testing parameters, and of course, the types of
DLC coatings. Therefore, literature values for coefficients of friction for DLC should be
treated with much caution.
● High residual stress is a big drawback, which limits the deposition thickness and the
adhesion strength of DLC coatings. The problem seems serious since the intrinsic stress is
directly related to sp3 fraction, which, on the other hand, dictates the hardness and wear
resistance.
● The operation temperature of DLC is limited to below 400 oC in atmosphere for a-C.
For a-C:H, it is even lower. Graphitization and oxidation are the main reasons causing
degradation of DLC coating at high temperatures.

2.3. Nanocomposite and DLC-based nanocomposite coatings
2.3.1. Nanocrystalline materials
Nanocrystalline materials are solid state systems with the crystal sizes less than 100 nm in
at least one dimension. Nanocrystalline materials can be metals, ceramics, and composites
containing nanocrystalline and/or amorphous phase.

Nanophase materials possess many special properties that cannot be achieved in
conventional materials. These include superplasticity (the capability of materials to
undergo extensive tensile deformation without fracture), improved strength and hardness,
higher electrical resistivity and lower thermal conductivity [72]. Unlike conventional solid
materials, nanophase materials have an appreciable fraction of their atoms residing in
defect environments (grain boundary). A nanophase material with a readily achievable
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average grain size of 5 nm has about 50% of its atoms within the first two nearestneighbor planes of a grain boundary [73]. It is well known that in conventional crystalline
materials, dislocation motion is responsible for nearly all aspects of the plastic
deformation. In the nanophase, the dislocation motion seems to be suppressed.
Furthermore, very few dislocations are observed within the grain and they are normally in
locked configurations. Grain boundary sliding is an important mechanism of plasticity and
deformation since the number of mobile dislocations is not sufficient to cause plastic
deformation.

Atomic diffusion at grain boundaries of nanophase materials, which can considerably
affect the mechanical properties such as creep and superplasticity of nanophase materials,
has been found to be more rapid than that in the conventional materials. The grain
boundary energies are also reported higher in nanophase materials [74].

2.3.2. DLC-based nanocomposite coatings
2.3.2.1. “Doped” DLC coatings
Recently, there have been attempts to improve the tribological behavior of DLC by
addition of elements, such as silicon, nitrogen, fluorine, metals, etc.

Silicon-containing DLC coatings have been reported with low surface energy and residual
stress in comparison with conventional DLC. Dorfman [65] “doped” DLC with silicon
and declared that the structure of Si-“doped” DLC consists of a mixture of DLC and
quartz-like (a-Si) atomic scale random network. Although these coatings had lower
hardness than that of DLC they combined low stress, relatively high hardness with
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elasticity and low friction. Very low coefficients of friction (less than 0.15) of Si-“doped”
DLC coatings were also reported by Hioki et al. [75, 76] and Oguri et al. [77, 78].

Like silicon, fluorine incorporation in the DLC structure affects the surface properties.
The reduction in stress is in the same range as that of Si-“doped” DLC, but the reduction
in surface energy is higher. However, a high content of fluorine (>40%) causes a decrease
of wear resistance of the coatings [79].

Wan et al. [80] attempted to produce the β−CNx crystalline phase, for which the bulk
modulus reaches that of diamond. However, in general, most of carbon nitride coatings are
amorphous. In fact, the amorphous CNx coating is already very hard and it is a good
candidate for rigid magnetic disks [81]. Existence of nitrogen results in a decrease of
residual stress but the hardness and tribological behavior require more systematic
investigations.

Metal containing DLC is an important class of “doped” DLC coatings. Many metals such
as Ti, Al, Ni, Co, Mo, Cr, W, Cu, Ag, Au, Ta, Ru [82-85] have been employed to “dope”
into DLC for various reasons. Metals exist in the DLC matrix as crystallites of pure
metals or amorphous or metal carbides depending on the nature and concentration of the
metals. In general, Ti, Cr, W exist in the matrix of amorphous carbon in the form of
carbides or carbon-nitrides if nitrogen is added during deposition whereas others exist in
the form of pure elemental metals. The incorporation of metals strongly reduces the
compressive stress of the coatings. Monteiro et al. [85] showed that the sp3 → sp2
transformation was the cause of stress relaxation when metal was added into DLC. With
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10 at.% of W added to a-C (70 GPa hardness, 80 % sp3), the residual stress reduced from
11 GPa to about 2 GPa and the hardness of the coating was still at high level of 40 GPa
(37 % sp3). The formation of nanograins of WC helped to maintain the hardness at such a
high level even at a low sp3 fraction of less than 40%. Grischke [86] and Fryda [87]
proposed that crystallites of metal carbide were surrounded by a thin (about 1nm) sp2-rich
carbon phase. They concluded that the metal changed the structure of the matrix and acted
as a catalyst for more sp2 fraction in the coating. Tay et al. [83] indicated that among the
metals, Al showed the best effect in reduction of residual stress since more sp2 was seen in
the DLC when Al was added. Furthermore, Al exists as nanoclusters of elemental Al
therefore more stress can be relaxed since Al is a soft material. Reactive sputtering is a
favorable technique for this type of coating because “this technique has a great potential
for further scale up and also for the realization of in-line deposition processes” [84]. The

tribological behaviors of metal containing DLC have been recognized as a combination of
ceramic-like (high hardness) and polymer-like properties (high elasticity and low surface
energy). In general, metal-“doped” DLC exhibits a higher coefficient of friction compared
to that of pure DLC.

2.3.2.2. DLC nanocomposite coatings
2.3.2.2.1. Concept
Nanocomposite is one of the two kinds of hard and superhard coatings: super lattice
coatings and nanocomposite coatings. The hardness of superlattice coatings is strongly
dependent on the superlattice period (λ). This is a big drawback for this type of hard
coating because the same thickness of superlattice layers on the whole surface of substrate
cannot be assured [88].
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In nanocomposite coatings all of the unique properties of nanophase materials are utilized
to enhance the strength. Recently, many hard nanocomposite coatings have been
developed with nanocrystallites such as nc-MeN, nc-MeC, nc-MeB, nc-MeO embedded in
an amorphous or crystalline matrix [88-94]. The matrix can be DLC, amorphous or
crystalline nitrides (e.g. a-Si3N4, nc-BN, etc.), and metals (Cu, Ni, Y, etc.).

The hardness, thus the wear resistance is mainly dependent on the microstructure of the
materials. Hardness increases by the suppression of plastic deformation caused by
dislocation movement, grain boundary diffusion, and grain boundary sliding. Veprek et al.
[89-92] first developed a concept for superhard nanocomposite coatings based on the socalled “reverse Hall-Petch effect”. The Hall-Petch relationship, which expresses the grain
size dependence of the flow stress at any plastic strain out to ductile fracture, is given by
the following formula [95]:

σ

0

= σ

i

+

k'
D

(2.4)

where:
σ0 − yield stress
σι − friction stress opposing motion of dislocation

k’ -“Unpinning constant” measuring the extent to which dislocations
are piled up at barriers
and D - grain diameter
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With the absence of dislocation activities, the Griffith’s equation for crack opening is the
description of composite strength [95]:

σc =

4 Eγ s
πa

(2.5)

where:
E - elastic modulus (Young’s Modulus).
γs - surface energy of the grain/matrix interface.

a - initial crack size. The maximum crack size is proportional to the
grain size.

From equations 2.4 and 2.5, it is clear that the strength and hardness of coatings increases
with decrease in grain size.

Veprek et al. suggested the reverse Hall-Petch effect, which causes the decrease of
coatings hardness when the grain size decreases below 10-20 nm called “nanosoftening”.
This should be the consequence of the nanophase effect as mentioned previously: grain
boundary sliding. That effect can operate without the existence of thermal effects in the
nanocrystalline system. If grain boundary sliding is suppressed, the reverse Hall-Petch
will be avoided. The “trick” is to combine a hard nanocrystalline with an amorphous
matrix to form a strong interface. The principles are given as follows [89-91]: (1)
Decrease the grain size of the nanocrystalline components to the stability limit of the
crystalline phase. With that consideration, the activity of dislocations is locked. (2) The
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amorphous matrix should be thin in order to reduce crack formation and propagation. (3)
In order to ensure the formation of small nanocrystals close to the lower limit of their
stability (2-3) nm and to avoid interdiffusion to get sharp interfaces, the preparation
temperature should not be too high. Based on those principles, Veprek suggested a model
of nanocomposite (nanograins/amorphous) coatings with the size of nanograins of 3 nm to
10 nm and separated by 1 nm to 3 nm within an amorphous Si3N4 matrix. The superhard
nanocomposite coatings with a hardness above 40 GPa (TiN/a-Si3N4, W2N/a-Si3N4, VN/aSi3N4, TiN/BN) have been successfully deposited by plasma CVD deposition. The
substrate temperatures during deposition were 500 oC to 600 oC.

“Diamond is not the hardest material anymore” is the conclusion of Niederhofer et al.
when they declared that nanocomposite TiN/TiSix deposited by CVD based on the above
principles had a hardness of more than 100 GPa [96]. In order to increase the thermal
stability of superhard nanocomposite with the matrix of amorphous Si3N4, Holubar et al.
[97] developed a (Ti1-xAlx)N/a-Si3N4 nanocomposite by vacuum arc cathodic evaporation.
The hardness of this coating reached 40 GPa and thermal stability was maintained up to
800 oC. Coatings with a high content of Ti had higher hardness whereas the ones with a
high content of aluminum exhibited higher thermal stability. So far, the applications of
that kind of coatings are limited. It is clear that with this concept, the plasticity of the
coatings is suppressed. They lack toughness and are very brittle. Therefore, at highly
applied loads, these coatings will be the victims of brittle fracture.

DLC nanocomposites are a new class of material. They have been researched since 1980s.
Dorfman [65] first grew this material by plasma polymerization of silicon organic
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precursors of carbon and silicon. The hardness of these coatings was 10 - 22 GPa and the
their structure consisted of atomic scale composites of two interpenetrating diamond-like
(a-C:H) and quartz-like (a-Si:O) random networks. The diamond-like network is stabilized
by the hydrogen and the quartz- like network is stabilized by oxygen resulting in a purely
amorphous structure. Such self-stabilized C-Si amorphous structures form an ideal matrix
for the introduction of metal (W, Ti, etc.). These metals (with a low percentage of about 3
at.%) are distributed as separated atoms or separated networks, and all these networks
(the carbon matrix, a-Si and MeO) are bonded to one another by weak chemical forces.

nc-TiC and nc-WC nanocrystallites are most widely used to embed into DLC to form a
DLC nanocomposite. Meng et al. [98, 99] deposited DLC nanocomposites with TiC
nanograins embedded in the a-C:H matrix by magnetron sputtering of a Ti target in a
plasma of Ar/C2H2. The H content in the DLC matrix was about 40 at.%. This DLC
nanocomposite showed a maximum hardness of 19 GPa as 43 at.% Ti was added. A
hardness of about 16-17 GPa was reported by Wanstrand et al. [100] for a DLC
nanocomposite with nc-WC embedded in the a-C:H matrix. Recently, Voevodin and coworkers [93, 94] pointed out that a-C:H had low hardness and was not suitable for
producing hard DLC nanocomposite coatings. They also demonstrated the importance of
grain boundary sliding in strain relaxation in a nanocomposite system under highly
applied stresses. The equiaxial grain shapes, high angle grain boundaries, low surface
energy and the presence of an amorphous boundary phase facilitate grain boundary
sliding. It was believed that randomly oriented nanograins with sizes of 10 - 20 nm
embedded in a DLC matrix with the matrix separation from 2-10 nm gave the best effect
in enhancement of coating toughness. Meanwhile the hardness is maintained at relatively
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high level. The nc-TiC/DLC and nc-WC/DLC coatings were deposited based on the above
design by magnetron assisted pulse laser deposition technique. The hardness of ncTiC/DLC and nc-WC/DLC was about 27 GPa and 32 GPa, respectively. In tribotests,
graphitization was observed. The transfer film analysis indicated the conversion of DLC
into graphite, similar to sp3 → sp2 interatomic bonding relaxation in single phase DLC
[101]. As a consequence of graphitization, which results in a lubrication graphite-rich
layer, low coefficients of friction of about 0.15 - 0.25 (sliding against a steel counterpart)
were seen with DLC nanocomposites. The toughness of those coatings was considered
high. They were hard and non-plastic at contact loads below the elastic limit but changed
their behavior to the “plastic mode” if the load exceeded the limit. Then the brittle fracture
can be avoided. Voevodin called these coatings “ supertough chameleon coatings”.

It can be seen that both types of nanocomposite coatings designed by Veprek [89-91] and
Voevodin [93, 94] are composed of nanograins embedded in an amorphous matrix.
However they exhibit completely different physical properties due to different structures
of the supertough and superhard nanocomposite coatings. In practice, coating with
adequate hardness combined with high toughness finds more applications than superhard
but brittle one.

2.3.2.2.2. Magnetron sputtering of nanocomposite coatings
As early as 1877, sputtering deposition was used to deposit thin films to coat mirrors
[102]. The simplest configuration for sputtering deposition is DC plasma excitation with
two configurations: diode and triode. The latter has an addition of an electron source
(thermionically heated filament). In order to produce a dense plasma near the surface of
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the cathode, a magnetic field, which is configured to be parallel to the cathode surface, is
employed to trap electrons close to the cathode surface (c.f., Figure 2.14). This
configuration is called magnetically enhanced plasma sputtering or magnetron sputtering.
A magnetron can be designed as an “unbalanced” type when the strength of the inner
magnet and outer one is not equal. Window and Savvides first developed this concept in
1980s [103]. If the outer magnet is stronger than the inner (center) magnet, some electrons
in the plasma are no longer confined to the target region, but are able to follow the
magnetic field lines and flow out towards the substrate. As a result, ion bombardment at
the substrate was increased. Magnetron sputtering can operate with DC or RF excitation
depending on the material to be deposited. If the depositing material is not electrically
conductive, RF excitation should be employed to prevent electrode charge. Generally, RF
magnetrons are less efficient than DC magnetrons by a factor of 2 [102].

Magnetron sputtering is a powerful process, which is widely used in industry for the
production of coatings. Comparing to other PVD techniques, sputtering shows great
advantages such as: (1) It is very simple and reliable; (2) the deposition rate of coatings is
sufficient to meet economic and functional requirements in industrial production; (3) this
technique has a great potential for further scaling up and also for the realization of in-line
deposition processes; (4) the sputtering deposition process operates under different
physical conditions compared to the evaporation, which makes it possible to form coatings
with functional properties; (5) the alloy or composite coatings, which are extremely
complicated to deposit by evaporation, are more simply deposited by magnetron
sputtering; (6) this technique is considered “clean” compared to electroplating, which
causes serious problems to the environment.
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Figure 2.14. Magnetron configuration and effect of magnetic field

Musil et al. [88, 104] suggested that magnetron sputtering is a very promising technique
for depositing nanocomposite coatings in industry. He and co-workers successfully
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deposited ZnCu-N, NiCr-N, TiNiN, etc. nanocomposites by magnetron sputtering with
the gas fed was a mixture of Ar and N2. Musil et al. also gave a very interesting
conclusion that high-temperature phases in alloy coatings can be produced at low
temperatures using magnetron sputtering. They explained that it is the consequence of
rapid cooling (the cooling rate is about 1014 K/s), which accompanies the highly nonequilibrium sputter deposition process occurring at an atomic level.

Magnetron sputtering has been widely used to deposit DLC nanocomposites. Mostly,
metallic targets were sputtered in a plasma of Ar/Hydrocarbon gas [98-100].

2.3.3. Summary
The review of nanocomposite and DLC-based nanocomposite coatings can be summarized
in the following few key points:
● The nanocomposite is a new generation of materials for engineering applications.
Depending on the design, high toughness or high hardness can be obtained. However, it
should be noted that superhard coatings are brittle therefore their application is limited.
● “Doping” with other elements is a good way to modify the structure of DLC for
desirable properties.
● In DLC nanocomposites, the a-C matrix has a big advantage compared to a-C:H since aC exhibits higher hardness, lower friction and better thermal stability.
● When Ti or W is added to DLC, the crystalline phase of carbide will form. This strong
phase greatly contributes to the hardness of composite coatings.
● The graphitization of the DLC matrix during tribotests was seen in DLC
nanocomposites. This helps to maintain the low friction in non-lubricated conditions. The
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tribological behavior of DLC nanocomposites in lubricated conditions has not been well
investigated, yet.
● Magnetron sputtering is a suitable technique for producing DLC nanocomposite
coatings. Co-sputtering of graphite and metallic targets can be applied to deposit
hydrogen-free DLC nanocomposite coatings.

Since the deposition of DLC

nanocomposites via magnetron sputtering can be carried out at low temperature, the
thermal stress can be avoided and various materials can be employed as substrates.

2.4. Piston rings and protective coatings for piston rings
2.4.1. Piston rings
Piston rings are one of the most important details of internal combustion engines. They are
divided into two categories: compression rings and oil control rings.
● The compression rings play a role as a seal preventing gas leakage from the combustion
chamber to the crankcase.
● The oil control rings are employed to prevent the invasion of lubricating oil from
crankcase to the combustion chamber and distribute the correct amount of oil to lubricate
the upper cylinder.

Compression rings and oil control rings transfer most of the heat from the piston to the
cylinder. Compression rings are fixed at the upper grooves of the piston and oil control
rings, at the lower grooves. Current ring pack designs generally use three piston rings: two
compression rings and an oil control ring (c.f., Figure 2.15). Piston ring materials include
cast iron, ductile (nodular) iron, and stainless steel [105].
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The seal effect of compression rings comes from two parts: the radical ring tension and the
gas pressure. The latter mainly contributes to the seal effect. The side and back clearances
allow the pressure in the piston groove to follow the cylinder pressure, so as the cylinder
pressure increases. The increasing groove pressure presses the compression ring firmly
against the cylinder wall. Figure 2.16 shows the distribution of gas pressure on the
working surface of piston rings [106].

First compression ring

Second compression ring

Oil ring
Piston
Cylinder

Piston rod

Figure 2.15. Piston rings and related details [105]
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Figure 2.16. Distribution of gas pressure on the working surface of piston rings [106]

Piston rings, especially the first compression ring work in extreme conditions with
corrosive environments (products of combustion) and periodically mechanical and thermal
loads. The working temperature of the first compression ring may reach 200 - 300 oC
[105]. The working temperature of other rings is much lower than that of the first ring.

2.4.2. Friction and wear of piston rings
2.4.2.1. Lubrication of piston rings
There are three modes of lubrication for a tribo-system known as: boundary, mixed and
hydrodynamic. In the hydrodynamic lubrication, the oil film has sufficient pressure to
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separate the friction surfaces. In the mixed lubrication, the thickness of the lubricant film
is insufficient to avoid inter-asperity contact. The applied load is supported by a
combination of hydrodynamic effects and the asperities in contacts. In the boundary
lubrication, there is almost no free lubricant film separating the two surfaces. The oil film
thickness is just a few molecular diameters. However, just with the presence of the
lubricant, which is chemically bonded into the friction surfaces, the coefficient of friction
is much lower in comparison with dry contacts.

These three friction regimes can be shown on a Stribeck diagram. The Stribeck diagram
plots the coefficient of friction as a function of a dimensionless Stribeck variable (known
as the Sommerfeld number):

S=

µU
W

(2.6)

where:
µ - the lubricant dynamic viscosity

U - the relative speed between the two surfaces.
W - the normal load

In the Stribeck diagram, three areas corresponding to the three friction regimes are
observed as seen from Figure 2.17 [107].

● Area (I) corresponds to the boundary friction regime. The coefficient of friction is
almost constant.
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● Area (II) corresponds to the mixed friction regime. The coefficient of friction is
inversely proportional to the Sommerfield number.
● Area (III) corresponds to the hydrodynamic friction regime. The coefficient of friction is
proportional to the Sommerfield number.

The probable lubrication regimes of some typical friction couples in internal combustion
engines are also added in the diagram [108].

I

II

III

coefficient of friction

Cam follower
Bearings

Piston rings

µU/W

Figure 2.17. Stribeck diagram and probable lubrication regimes of typical friction couples
in internal combustion engine
As seen from the figure, the friction modes of piston rings and the cylinder can be
hydrodynamic, mixed, or boundary modes depending on the position of the ring in the
operating stroke. It is easy to see that, during operation, the existence of a hydrodynamic
lubricant film is due to pressure generated in the oil. This can be attributed to the wedge,
squeeze, and stretch effect. At the top dead center (TDC) and bottom dead center (BDC)
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vicinities, with the decrease of piston speed and the change in direction of piston travel,
the oil film thickness is dramatically decreased because the oil pressure is not sufficient to
maintain the oil film thickness. More over, at the TDC vicinities, in the expansion stroke,
the gas pressure and the temperature are very high resulting in the “disappearance” of the
oil film. Consequently, “surface to surface” contacts occur (boundary lubrication regime)
[108-111].

2.4.2.2. Friction of piston rings
2.4.2.2.1. Friction losses
In contrast to the exhaust and the cooling losses, which are proportional to the fuel
consumption rate, the friction losses are practically constant [112]. It is clear that at light
load regimes (which are mostly met in automotive and motorbike engines) a great part of
the total fuel energy will be lost due to friction. Furuhama [113] estimated that a reduction
of friction losses by 10 % results in 4 % fuel saving at 50 % load.

The friction losses at the piston system are about 22 % to 33 % for gasoline engine and
about 20 % to 30 % for diesel engines [4]. Measurement of friction in a piston system by
Furuhama [114] showed that the ring package contributes as much as 60 % to 70 % to
losses. Therefore, reduction of friction of piston ring package brings great benefit in
reduction of fuel consumption.

2.4.2.2.2. Reduction of friction losses of piston rings – cylinder system
Figure 2.18 introduces a diagram representing the system approach to tribology [115]. It
can be seen that friction of piston rings is influenced by many factors. It is possible to
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obtain improvements in friction by changing one of those. However, with piston rings,
researchers pointed out the three most effective solutions [116]:
● Tension reduction: if the ring tension is reduced, the engine friction decreases. The
tension of compression rings cannot be reduced since it affects on the seal function of
these rings. Most suitable rings that need to reduce the tension are oil rings. However, this
always causes an increase in oil consumption.
● Two-ring package: this solution may cause the higher rate of gas blow-by.
● Surface treatment of the sliding surface: this is the most effective solution since there is
no associated negative effect. As mentioned, at the TDC and BDC, especially just after
TDC in the expansion stroke, metal-metal contact occurs, therefore with appropriate
surface treatments, the friction losses considerably decrease.

Load Temperature Time

Velocity

Materials

Geometry

Lubricant
Piston rings-Cylinder wall

Surface finish

Environment

Friction

Noise

Wear

Vibration

Figure 2.18. Representation of piston ring-cylinder wall system approach to tribology
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2.4.2.3. Wear of piston rings
Since the working environment of piston rings and cylinder liner is extreme, almost all
types of wear are usually present, including:

Adhesive wear: that is due to the contact between the asperities of rings and the cylinder
wall surface. The real asperity contacts are very small. A normal load can lead to high
pressure at those points, forcing the asperities to deform and adhere strongly to each other.
As a result, asperity junctions are formed (c.f., Figure 2.19). The tangential motion causes
the piston ring material to be removed, resulting in material transfer from one surface to
the other. Like any form of pressure welding, adhesive wear is more likely to occur if the
surfaces are clean and non-oxidizing condition exists. This wear mode results in the
formation of loose wear particles, which contributes to abrasive wear. The nature of
material in contact, lubricating conditions and the surface finish affect the adhesive wear
of piston rings.

Figure 2.19. Adhesive wear

Abrasive wear: the abrasive wear occurs in contact between the piston rings and cylinder
is due to the difference of the hardness of the ring and cylinder wall materials and due to
the hard particles, which are introduced into the contact (c.f., Figure 2.20). The harder
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surface asperities are pressed into the softer surface, which results in plastic flow of the
softer material around the hard one (two-body situation). When the harder surface moves
tangentially, ploughing and removal of softer material takes place with groove or scratches
in the surface as a result. The same phenomenon occurs if there are hard particles in the
contact area. In this case, the hard particles play the role as the hard material asperities. In
the contacts of piston rings and cylinder wall, hard particles can be generated through
external and internal means. Externally, they can arise from metal swarf (left from the
manufacturing process), dust (from the air intake required for combustion), fuel,
lubricating oil, and leakage from the cooling system. Internally, the hard particles can be
the products of wear or abrasive ash formed during combustion of heavy fuel (in Diesel
engines).

Harder surface

Hard particle

Softer surface

Figure 2.20. Abrasive wear

Fatigue wear: fatigue crack growth is now a well-documented phenomenon, which
results from the surface bearing mechanical loads periodically. The periodical reverse
reciprocation of piston rings in a cylinder enhances fatigue wear [117]. With piston rings,
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the fatigue wear can be in the form of delamination wear. That is a kind of fatigue wear
but occurs on a more microscopic scale in contact. During repeated sliding of the surface
asperities on the piston rings and cylinder wall, small cracks nucleate below the surface.
Further loading or deformation causes the crack to extend, propagate and join with the
neighboring cracks resulting in the delamination of long thin wear sheets.

Scuffing: scuffing of piston rings can be understood as a gross surface damage by the
formation of local welds between sliding surfaces. On non-coated piston rings, associated
with scuffing is the production of a white brittle layer with a hardness of about 10 GPa
[118]. The fracture and peeling off of this layer contributes hard particles to the contacts
and produces a rough topography, which causes a loss of sealing ability. Scuffing occurs if
the oil film thickness is insufficient to separate the contact surfaces and the temperature at
the contact area is high enough. Therefore, it is probable that the process starts at around
TDC in the expansion stroke where the lubricant film is thinnest and the temperatures are
highest. Scuff resistance of the coatings is strongly influenced by the surface roughness.
Low surface roughness helps to increase scuff resistance [119].

Corrosive wear: the corrosive wear is inevitable since piston rings work in an
environment with chemically active substances (oxygen, organic and inorganic acids)
coupled with high temperature. The mechanism of corrosive wear of piston rings can be
explained by (1) Rapid formation of the protective layer, which is the product of chemical
reactions. The layer can consist of oxides, organic salts, sulfides, sulfates, etc. (2)
Removal of the protective layer by wear and re-exposure of the surface then takes place
and corrosive attack can continue.
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2.4.3. Coatings for piston rings
Surface treatment is the most effective solution for reduction of friction and wear of piston
rings, especially the first compression ring. Wide varieties of piston ring coatings are in
use, or have been tested during the evolution of piston rings. Ring coatings may be placed
into two major categories:
● Corrosion resistant and break-in coatings whose purpose is to improve shelf life and
running-in capabilities and
● Wear resistant coatings to increase the total operating life of the piston rings.

2.4.3.1. Running-in coatings
Running-in coatings can be categorized as [115]:
● Iron oxide (Fe3O4): piston ring is exposed in a steam atmosphere at approximately
500oC. An iron oxide coating is formed and then is sealed with oil to prevent corrosion
during storage. The coating aids running-in by the mild abrasive action of the oxide.
● “Wellcoat C”: this is an ion oxide coating, incorporating sulfur compounds produced by
treatment in a hot alkali/nitrite bath. The coating possesses corrosion resistance during
storage and also aids running-in by the presence of sulfur compounds, which gives
resistance to scuffing.
● Phosphating: the coating is formed by immersion in baths of phosphoric acid and
phosphates of iron, zinc, and manganese at 40 oC-100 oC. The phosphate coatings are soft,
porous and crystalline, which gives a rougher surface to absorb and retain lubricating oil.
● “Sulfinuz”: this treatment is carried out at 540 oC - 600 oC in a specially compounded
salt bath for periods between 5 minutes to 3 hours. The treatment diffuses sulfur, nitrogen
and carbon into the surface. The sulfur content accelerates the nitriding action in the bath.
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The “Sulfinuz” treatment has been shown to be beneficial in increasing scuff resistance
and reducing coefficient of friction.
● “Tufftriding”: This is a similar process to Sulfinuz, except that a stream of compressed
air is used to accelerate the nitriding action and sulfur is absent in this kind of treatment.
Tufftriding produces a less porous and harder surface then “Sulfinuz”.
● Soft metal electroplating: Electroplated layers of soft metals such as cadmium, tin or
copper can be applied to give storage protection and aid running-in.

2.4.3.2. Wear resistance coatings
Wear resistance coatings for piston rings have been the research subject for tribologists
and engineers for several decades. A good protective coating is one that not only
possesses good wear resistance but also exhibits low friction during operation.

2.4.3.2.1. Chromium and molybdenum
Chromium [120, 121] is one of the most popular protective coatings used for piston rings
in internal combustion engines. Chromium coatings can be produced by electroplating,
plasma spraying or by sputtering. Recently, because of environmental concerns,
electroplated chromium coatings have been replaced by plasma sprayed or sputtered
coatings [122]. The coatings that are produced by plasma spraying have better scuff
resistance and improved wear life compared to those produced by electroplating. The
thickness of chromium coatings varies from 0.1mm to 0.5 mm, depending on the size and
type of engines. The hardness of the chromium coating is about 10 GPa. Since the
hardness is not high and there is evidence that under high temperature conditions, at the
rubbing surface, the chromium tends to soften and become prone to scuffing. This
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observation led to the development of molybdenum and chromium/molybdenum alloy
coatings.

Molybdenum coatings can be produced by thermal or plasma spray [118]. In the former
method, molybdenum wires and oxygen/acetylene flame are used as the heat source.
Plasma sprayed molybdenum coatings tend to be denser and contain less oxide and it is
suggested that they are less scuff resistant compared to the coatings produced by thermal
spraying. Flame sprayed coatings are superior since they have high hardness and capacity
for oil entrapment. The coating thickness may reach up to 0.25 mm. Molybdenum
coatings can work with both cast iron and chromium plated cylinder liners and have been
reported to give much better wear resistance than chromium coatings. A major drawback
of molybdenum coatings is the high friction generated.

2.4.3.2.2. Nitride coatings
Chromium nitride: Chromium nitride can be produced by gas nitriding, ion plating or by
magnetron sputtering [118, 123]. The gas nitrided layer is mainly composed of CrN,
Cr(C,N) and α-Fe. The prerequisite condition to applying this method is the ring material
must contain sufficient chromium and carbon. The coating hardness was reported to be
about 11-12 GPa and generally the wear rate is reduced by about 50% compared to
chromium plate. Chromium nitride coatings produced by ion plating have a higher
hardness (about 16 GPa) and higher scuff resistance. The coating properties can be
changed by controlling the quantities of reaction gas, consequently, changing the
component ratio of Cr, Cr2N, and CrN.
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RF magnetron sputtering has been employed to produce chromium nitride coatings for
piston rings. Coating stoichiometry was varied by changing the nitrogen flow. The coating
hardness was reported to be about 12 GPa to 15 GPa with compressive stress varying from
2 GPa to 3.5 GPa. Wear tests showed a very effective wear reduction of about 94 %
compared to chromium electroplated coatings [122, 123].

Titanium nitride: Titanium nitride was first coated commercially on cutting tools by the
CVD method [9]. Recently, titanium nitride coatings have been produced by plasma
assisted PVD [124] for piston rings. Titanium nitride coatings have good wear resistance
since they have high hardness (20 - 22 GPa) [125]. However, a big drawback of titanium
nitride produced by PVD is its poor adhesion to the piston ring surface. To overcome that
problem, multi-layer Ti/TiN was employed [124]. The coating hardness, critical load of
scratch test and wear resistance of multi-layer coatings rise with increasing layer number.
Nine-layer Ti/TiN coatings show much less wear loss on both ring and cylinder liners
compared to that of electroplated chromium coatings.

2.4.3.2.3. Composite
Composite coatings have been developed with hard particles such as carbides or oxides in
a metal or alloy matrix. This kind of coating is known as a cermet. The promising coatings
can be listed as: 88% tungsten carbide/cobalt, 75 % chromium carbide/ nickel- chromium,
75 % chromium/molybdenum [126, 127] and silicon nitride/nickel-cobalt phosphor [118].
Composite coatings have shown excellent oxidation resistance and wear resistance.
However, an increase of bore wear rates has been reported. Rastegar [127] pointed out that
the application of chromium carbide/ nickel-chromium composite coatings helped to
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reduce the wear of piston rings to six times lower than conventional chromium coatings
but caused an increase of the cylinder wear by three times.

2.4.3.2.4. K-ramic
K-ramic is an effective surface treatment for heat insulated engines [119,128, 129]. It is a
ceramic coating with chromium oxide (chromia) as the base. Chromia has excellent scuff
resistance in sliding at high temperature. The hardness of K-ramic coatings varies from 12
GPa to 18 GPa.

2.4.3.3. Evaluation of recent protective coatings for piston rings
To compare the friction of various piston ring materials, Yoshida et al. [119] carried out
experiments with pearlitic gray cast iron liners. Ion plated (Cr, Cr2N, CrN) coatings
exhibited 60, 180 and 500 % lower friction compared to K-ramic, gas nitrided (CrN,
Cr(C,N), α−Fe) and electroplated chromium, respectively. The wear measurement showed
that ion plating coating had the smallest wear rate, followed next by K-ramic.
Electroplated chromium exhibited double the wear rate compared to ion plated coating.
Wear of the cylinder was reported highest with the K-ramic ring coating and lowest with
the ion plated coating. Compared to others, the chromium nitride ion plating showed
considerable advantages in both friction and wear behavior.

Inoue et al. [130] investigated the wear behavior of Ni-P-Si3N4 composite plating, TiN
deposited by PVD, nitriding and chromium plating in firing operation of a gasoline
engine. The TiN coating exhibited the best wear resistance, followed by the composite
coating. The chromium electroplated coating was the worst for wear resistance. The
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scuffing resistance of TiN and the composite was excellent compared to the rest. The wear
of the cylinder with TiN and chromium electroplated coatings was almost the same and
that with nitrided and composite coatings was higher.

To evaluate the corrosion

resistance, sulfuric acid 2.5 % was employed and each coating was immersed for 25
minutes. The results showed that the weight loss of Mo sprayed, composite, and PVD TiN
coating was nearly zero whereas that of electroplated chromium and nitrided coatings
were 70 mg/cm2 and 58 mg/cm2, respectively.

It is clear that, as protective coatings for piston rings, hard nitrides (such as chromium
nitride or titanium nitride) deposited by PVD exhibit much better performance compared
to conventional materials such as electroplated chromium or sprayed molybdenum.

2.4.4. Summary
Review of piston rings and their protective coatings can be summarized as follows:
●The energy loss due to friction of the piston rings - cylinder system contributes a
considerable part to the total energy loss due to friction in the engine.
● Surface treatment including coating is the most effective way to reduce the wear (thus
increasing the working life) and the energy loss of the piston rings - cylinder system thus
reducing the fuel consumption.
● So far, nitride coatings such as TiN or CrN are considered the best protective coatings
for piston rings from both wear and friction aspects. However, TiN coatings still have
drawbacks such as poor adhesion to the ring and high coefficients of friction. Under dry
conditions, the coefficient of friction of TiN was reported higher than 0.4 [9, 42, 44]
whereas that of hydrogen-free DLC was less than 0.2 (see section 2.2.2). Therefore, for a
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further increase in the working life and reliability and reduction in friction losses, a new
type of DLC-based protective coatings should be developed.
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CHAPTER THREE
EXPERIMENTAL METHODS

3.1. Coating deposition
Deposition of DLC and DLC nanocomposite coatings was carried out using an E303A
magnetron sputtering system (Penta Vacuum, Singapore, c.f., Figure 3.1(a)). The system
is equipped with RF (1200 W) and DC (1000 W) power sources. As illustrated in Figure
3.1(b), there are four planar magnetrons. Co-sputtering can be carried out with 3
magnetrons simultaneously. Vacuum of the chamber is maintained by incorporation of an
800 l/s cryogenic UHV pump and 12 m3/h two-stage rotary backing pump. The main
chamber is roughly pumped through a separate and direct path from the cryogenic pump.
High vacuum pumping via the cryogenic pump is automatic once a suitable starting
pressure has been obtained via the roughing pump. The vacuum system enables the
pressure in the main chamber to reach 1.33 x 10-5 Pa (10-7 Torr). The process pressure is
monitored via a high-accuracy capacitance manometer pressure gauge. The process
pressure is kept constant by a butterfly valve.

The substrate holder can rotate and can be grounded or floating or biased with DC or RF.
The heater that is installed under substrate holder allows the substrate to be heated up to
600 oC.

The load lock is fitted with an automatic substrate transfer arm. Automatic operation of
the system is achieved by incorporating a pre-programmed PLC of industrial standard.
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To deposit DLC coatings, a pure graphite (99.999 %) target was employed. Co-sputtering
of graphite and pure metallic targets (99.995 %) was carried out to deposit DLC
nanocomposite coatings. The targets (100 mm diameter and 5.5 mm thickness) were
located 100 mm above the substrate holder. Before deposition, the chamber is evacuated
to a base pressure of 1.33 x 10-5 Pa. Argon was fed into the chamber as the plasma gas.
The argon flow during sputtering was maintained constant at 50 sccm (standard cubic
centimeter per minute).

(a)
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(b)

Figure 3.1. The picture (a) and the schematic diagram (b) of E303A magnetron sputtering
system

1-Gas feed line

2-Magnetrons

3-Cryogenic pump

4-Rotary pump

5-Butterfly valve

6-Substrate holder

7-Load lock

8-Gate valve
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Substrates used in this study were [100] Si wafers (100 mm diameter, 450 µm thickness, 2
nm Ra) and 440C steel pieces (55 mm diameter, 5.5 mm thickness, polished to 60 nm Ra).
Before sputtering, the substrates were ultrasonically cleaned for 30 minutes in acetone
followed by 15 minutes ultrasonic cleaning in ethanol. After loading, the substrates were
heated to and maintained at 150 oC for 30 minutes for outgasing.

3.2. Characterization
3.2.1. Image characterization
Image characterization was carried out using an optical microscope (Zeiss), scanning
electron microscope (SEM, JEOL - JSM 5600 LV), high-resolution transmission electron
microscope (HRTEM, JEOL 4000 EX/II, operated at 400 kV) and atomic force
microscope (AFM, Shimadzu-9500 J2).

For TEM samples, thin films were deposited on potassium bromide (KBr) pellets (8mm
diameter, 1.2 mm thickness), which were produced by pressing KBr powder. Film
thickness was estimated to be about 50 nm for all samples. After deposition, the pellets
were dissolved in de-ionized water to float off the films for TEM study. AFM was utilized
to study the surface morphology of the coatings. The measurement was conducted in
ambient atmosphere in contact mode with a Si3N4 tip. The scan size was 2 µm x 2 µm
with set point of 2.00 V and scan rate of 1.00 Hz. The AFM is equipped with image
analyzing software, which allows a 3-D image at any view with surface parameters to be
obtained. The measuring pixel number of 256 x 256 was chosen from the software.
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3.2.2. Structure of coatings
The structure of coatings was investigated using Raman spectroscopy and X-ray
diffraction (XRD).

The Raman spectroscopy (Renishaw) operates at the 633 nm line excited with a He-Ne
laser. In order to decrease the noise, 3 scanning accumulations were used. The curve
fitting was performed using a Gaussian function. The ID/IG ratio estimates the sp3 fraction
in the DLC. The phase study was carried out using a Philips PW1710 parallel beam
horizontal diffractometer attached to a CuKα 40 kV/30 mA (λ = 0.15406 nm) X-ray
source. The average crystalline size was estimated using the Debye-Scherrer formula
[131]:

D=

Kλ
β cos(θ )

[nm]

(3.1)

where D is the mean crystalline dimension normal to diffracting planes, K is a constant
(K=0.91), λ is the X-ray wavelength (λ = 0.15406 nm), β in radian is the peak width at
half-maximum peak height and θ is the Bragg’s angle.

3.2.3. Coating chemistry
Coating chemistry was studied by X-ray photoelectron spectroscopy (XPS) using a
Kratos-Axis spectrometer with monochromatic Al Kα (1486.71 eV) X-ray radiation (15
kV/10 mA) and hemispherical electron energy analyzer. The base vacuum of the chamber
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was 2 × 10-9 Torr (2.66 x 10-7 Pa). The survey spectra in the range of 0-1100 eV were
recorded in 1 eV step for each sample, followed by high-resolution spectra over different
element peaks in 0.1 eV steps, from which the detailed composition was calculated. Curve
fitting was performed after a Shirley background subtraction by non-linear least square
fitting using a mixed Gauss/Lorentz function. To remove the surface contamination layer,
Ar ion bombardment (ion etching) was carried out using a differential pumping ion gun
(Kratos MacroBeam) with an accelerating voltage of 4 KeV and a gas pressure of 10-7
Torr (1.33 x 10-5 Pa). The bombardment was performed at an angle of incidence of 45o
with respect to the surface normal.

3.2.4. Mechanical and tribological evaluation of the coatings
3.2.4.1. Residual stress
Residual stress of the coatings was obtained from the change in the radius of curvature of
the [100] Si substrate measured before and after deposition of the coating using a Tencor
laser scanner. The stress values were calculated using the following equation [132]:

2

Es
ts
σ =
6(1 − υ s ) t c

 1
1 

− 
 R2 R1 

[GPa]

(3.2)

where Es /(1-νs) is the substrate biaxial modulus (180.5 GPa for [100] Si wafers [133]), ts
and tc are wafer and coating thickness, R1 and R2 are the radius of curvature of Si wafer
before and after deposition of coatings, respectively.
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3.2.4.2. Hardness and Young’s modulus
Hardness and Young’s modulus of coating were measured using nanoindentation (XP)
with a Berkovich diamond indenter (c.f., Figure 3.2). The hardness and Young’s modulus
were determined by the continuous stiffness measurement technique [134]. The
indentation depths were set not to exceed 10 % of the coating thickness to avoid
interference from the substrate. On each sample, 10 indentations were made at random
locations and the obtained value of hardness and Young’s modulus was the average.
From the indentation load and unload curves, the plasticity of coating was estimated by
dividing the displacement after complete unloading by the maximum displacement [135]
(c.f., Figure 3.3).

60o

Figure 3.2. Berkovich indenter of XP nanoindentation hardness tester
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Load

Plastic

Elastic

L max

Unload
Load

Displacement

Figure 3.3. Load and unload curve obtained from nanoindentation hardness tester. The
plasticity of coating is estimated by dividing the displacement after complete unloading by
the maximum displacement

3.2.4.3. Adhesion strength
Adhesion strength was studied in ambient atmosphere using the scanning micro scratch
tester (Shimadzu SST-101) where a diamond tip stylus of 15 µm radius was dragged on
the coating with a gradually increased load. The scanning amplitude was set at 50 µm at a
speed of 10 µm/s (c.f., Figure 3.4). As increasing the load applied to the test sample, the
coefficient of friction (here in terms of output voltage rate) increased. Upon peeling
(fracture) of the coating starting to occur, fractured pieces of the coatings cause the
fluctuation of the cartridge output signal.
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50 µ m

D rag direction

Figure 3.4. Schematic diagram of scratch test

3.2.4.4. Tribotests
Tribotests were carried out using a CSEM tribometer with ball-on-disc configuration (c.f.,
Figure 3.5).

Load
Coating
6mm ball

Substrate

Figure 3.5. Schematic diagram of tribotest
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The coefficient of friction was continuously recorded during each test. The materials of
the counterparts (balls with diameter of 6 mm) used in this study were alumina (Ra=0.015
µm; H= 20 GPa) and AISI 52100 (100Cr6) steel (Ra= 0.03 µm; H= 8 GPa). The dry (non-

lubricated) tests were carried out in ambient condition (22 oC, 75 % humidity) with a
sliding speed of 20 cm/s. In the oil-lubricated tests, a lower sliding speed of 5 cm/s was
chosen to avoid the hydrodynamic effect of the oil [41]. The oil was fed into the contact
area with a flow rate of 0.05 ml/min. Shell Helix Plus 15W-50 engine oil was used as
lubricant in oil-lubricated tribotests. The specification of this oil is tabulated in table 3.1.

Table 3.1. Specification of Shell Helix Plus 15W-50 engine oil
Kinematic viscosity [cSt]

Viscosity

Density (15OC)

Flash point*

Pour point**

40OC

100OC

index

[Kg/m3]

[OC]

[OC]

141

19.3

156

886

209

-27

*Flash point: The lowest temperature at which the oil gives off enough flammable vapor
to ignite and produce a flame when an ignition source is present
**Pour point: The lowest temperature at which the oil is observed to flow
The oil is added with 1.2 %Zn, 2.8 % Mg, 1.4 %Ca, 1.25 %P and 0.7 %S.
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CHAPTER FOUR
MAGNETRON SPUTTERED HYDROGEN-FREE DLC (a-C)
COATINGS

As a basis for further development, this chapter studies pure DLC coatings deposited via
magnetron sputtering and reports key parametric effects such as power density, negative
bias voltage, and process pressure on the deposition rate and properties of the coatings.

4.1. Effect of plasma cleaning on the adhesion of DLC coatings to the substrate
Plasma cleaning, which helps to remove oxides or other contaminants from the surface of
the substrate, is a simple method employed to enhance the adhesion of a-C to the
substrates.

Figure 4.1 shows the change in surface roughness, Ra as a 440C steel substrate was plasma
cleaned at chamber pressure of 0.6 Pa with various RF applied voltages for 30 minutes.
Low bias voltage did not cause much increase in surface roughness of the substrate.
When applied voltage was lower than 200 V, the increase in surface roughness (in terms
of Ra) was within 10 nm. As higher voltage was applied, the surface roughness increased
considerably. At 500 V, the roughness increased almost 2.5 times (up to 135 nm). Pits
were visually observed when the substrate was plasma cleaned at 500 V as seen from
Figure 4.2. Understandably, high RF voltage causes more severe ion bombardment
therefore more atoms from the substrate are sputtered off leading to a rougher surface.
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Severe ion bombardment also results in greater residual stress on the surface of the

R a (nm )

substrate [62].
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130
120
110
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Substrate: 440C stainless steel
Process pressure: 0.6 Pa
Duration: 30 min

0

100

200
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500

RF voltage (V)
Figure 4.1. The relationship between RF bias voltage and surface roughness of the steel
substrate after plasma cleaning. The surface roughness considerably increases at bias
voltages higher than 200 V

(a)

5µm
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(b)

5µm

(c)

5µm

Figure 4.2. Effect of plasma-cleaning on the surface of steel substrate (a) The surface
without plasma cleaning (b) Plasma cleaned at RF voltage of 200 V (c) Plasma cleaned at
RF voltage of 500 V
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To evaluate the effect of plasma cleaning, scratch tests were carried out with DLC
coatings deposited at a power density of 10.5 W/cm2 and bias voltage during deposition of
- 60 V and -140 V. The coating thickness was 1.2 µm for both coatings. The critical load,
in this case, was the load at which the coating totally peeled off (adhesive failure). Figure
4.3 shows the critical load of two DLC coatings with different plasma cleaning regimes.
The coating deposited under low bias voltage exhibited better adhesion. It is cause by the
microstructure, which will be discussed in section 4.5.4. However, the trend of critical
load of the two coatings was almost the same. It can be seen that both coatings adhered to
the substrate after deposition even without plasma cleaning. However, the adhesion
strength in this case was very low (32 mN for the coating deposited under -140 V bias and
70 mN for that deposited under -60 V bias). The contaminants and oxides on non-cleaned
substrates resulted in the low adhesion observed. As plasma cleaning was applied, the
adhesion strength drastically increased. Maximum critical load was achieved with a 300 V
of plasma cleaning. A “clean” surface combines with increased roughness, which results
in more interlock and larger coating-substrate contact area, strongly enhancing the
adhesion between the coating and the substrate. However, further increase in plasma
cleaning voltage resulted in a decrease in critical load. High residual stress on the surface
of the substrate due to severe ion bombardment is probably the main reason causing the
decrease of adhesion strength at applied voltages of higher than 300 V. However, an
effective method, which allows us to measure the stress generated from ion bombardment
on steel substrates, is not yet available. Also, with coatings deposited under low bias
voltage, plasma cleaning at voltages higher than 300 V did not cause much decrease in
adhesion strength whereas a considerable decrease in adhesion strength for coatings
deposited under high bias voltage was seen.
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It can be seen that plasma cleaning for 30 minutes at 300 V optimized the adhesion
strength of DLC to steel substrates regardless of the bias voltage applied during deposition
process. Therefore, this plasma cleaning regime was chosen for all samples studied in this

Critical Load (mN)

project.

280
260
240
220
200
180
160
140
120
100
80
60
40
20

Power density: 10.5 W/cm
Process pressure: 0.6 Pa
Thickness: 1.2 µm

2

(a)

(b)

0

100

200

300

400
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Voltage of plasma cleaning (V)

Figure 4.3. Influence of plasma cleaning voltage on the adhesion strength of DLC
coatings deposited under (a) - 60 V and (b) -140 V bias. Plasma cleaning at 300 V for 30
min gives the best adhesion strength for both coatings

4.2. Process pressure
The process pressure strongly influences the deposition rate and the properties of DLC
coatings. From the Child-Langmuir equation [136], at a certain value of applied DC
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voltage (Vdc), the ion current density collected by the target is determined from the
following equation:

4  2e
J i = ε 0 
9  Mi

1
2

 Vdc3 / 2

2
 s

[mA/cm2]

where ε0 is the permittivity of free space (8.854 x 10

–12

(4.1)

F/m), e is the charge of electron,

and Mi is the mass of argon ion.

The sputtering rate of the target is proportional to the current density as described by the
following equation [137]:

Rsput = γ sput

Ji 1
e n

[cm/s]

(4.2)

where γsput is the sputtering yield of the target, n is the atomic density of the target
(atom/cm3), and e is the electron charge.

It has been demonstrated that an increase in the process pressure results in a decrease in
the thickness of the cathode sheath [138] leading to an increase in ion current density
(equation 4.1), therefore, leading to an increase in the the sputtering rate (equation 4.2).
Theoretically, an increase in sputtering rate results in an increase in deposition rate.
However, in practice, at high values of process pressure, the deposition rate tends to
decrease. Figure 4.4 shows the deposition rate of DLC coatings deposited at a power
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density of 10.5 W/cm2 and bias voltage of -20 V at various process pressures from 0.2 to 2
Pa (the distance from target to substrate was 5 and 10 cm). The deposition rate was

Deposition rate (Angstrome/s)

determined from the ratio of the coating thickness and the deposition time.

6.5 Power density: 10.5 W /cm 2
6.0 Bias voltage: -20 V
5 cm
5.5
5.0
4.5
4.0
3.5
3.0
10 cm
2.5
2.0
1.5
1.0
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

Process pressure (Pa)
Figure 4.4. The influence of process pressure on the deposition rate of DLC coatings. At
the same process pressure, the deposition rate is considerably higher as the substrate is
located nearer to the target

At the same process pressure, the deposition rate was much higher when the substratetarget distance was 5 cm compared to the case of 10 cm. When the substrate was located
5 cm from the target, the deposition rate increased drastically from 1.8 to 5.3 Å/s when the
process pressure increased from 0.2 to 0.8 Pa. More increase in process pressure resulted
in a slight increase in the deposition rate and it reached a maximum value of about 6.1 Å /s
at process pressures of 1.4 - 1.6 Pa. As the process pressure exceeded 1.6 Pa, the
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deposition rate gradually decreased. When the substrate was located 10 cm from the
target, the same trend was observed as the process pressure increased. A considerable
increase in deposition rate followed by a period of slight increase and after reaching a
maximum value, the deposition rate started decreasing. However, in this case, the pressure
at which the deposition rate reached maximum value, was much lower (0.6 - 0.8 Pa).

It is well known that the mean free path (the maximum distance of an atom or an ion
travel through the plasma without collision with other atoms) of atoms (or ions) sputtered
from the target towards the substrate is inversely proportional to the pressure. The mean
free path of a carbon atom travelling through a mixture of carbon and argon atoms can be
derived from the kinetic gas theory and determined from the following equation [139]:

λ=

2.2
P

[cm]

(4.3)

where P is the process pressure in Pa

Values of mean free path calculated from equation 4.3 with process pressures from 0.2 to
2 Pa are tabulated in table 4.1.

Table 4.1. The mean free paths for carbon ions at different process pressures
Pressure (Pa)

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

λ (cm)

11

5.5

3.7

2.8

2.2

1.8

1.6

1.4

1.2

1.1
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At a process pressure of 0.2 Pa, the mean free path was 11 cm (larger than the substratetarget distance). Therefore the carbon atoms traveled from the target to the substrate
without collision with argon atoms. This resulted in almost the same deposition rate for
the substrate-target distance of 10 and 5 cm at a process pressure of 0.2 Pa. At a substratetarget distance of 5 cm, no collisions occurred when the process pressure was lower than
0.4 Pa since the mean free path was still higher than 5 cm. Therefore a sharp increase in
deposition rate with increasing pressure, due to the increase in sputtering rate, was
observed. As process pressure increased further, the mean free path became smaller than
the substrate-target distance and collisions between sputtered carbon atoms and argon
atoms occurred. More collisions caused more back-scattering of the carbon atoms. When
the back-scattering rate was still low, the increase in process pressure still resulted in a
considerable increase in the deposition rate (pressure in the range of 0.4 to 0.8 Pa) due to
the increase of the sputtering rate. At higher pressures, the deposition rate slightly
increased. As process pressure exceeded 1.6 Pa, the amount of back-scattered atoms was
very high (higher than the increase in the amount of sputtered atoms due to increasing
pressure) causing the decrease in the deposition rate. At the substrate-target distance of 10
cm, the amount of back-scattered atoms was high enough to cause the decrease in
deposition rate as process pressure exceeded 0.8 Pa. It is clear that, back-scattering causes
the decrease of deposition rate at high pressures and the higher the substrate-target
distance the more the influence of back-scattering on deposition rate.

4.3. Power density
The power density of a magnetron is determined by the ratio of plasma power to target
area:
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P=

W
A

[W/cm2]

(4.4)

The power is calculated from W = Vdc Idc ,

where Vdc and Idc are the DC voltage and current respectively.

The power density influences the properties and deposition rate of DLC coatings. At a
constant process pressure, a higher power density results in a higher energy and number of
incoming carbon atoms (or ions). Figure 4.5 shows the deposition rate as a function of
power density at a process pressure of 0.6 Pa, bias voltage of -20 V and substrate-target
distance of 10 cm. The deposition rate increased from 0.9 to 3.2 Å /s as the power density
increased from 2.5 to 10.5 W/cm2.

Low power densities thus low deposition rate,

apparently, are not suitable for industrial scale since usually several µm in thickness is
required. For example, if the power density of 2.5 W/cm2 was applied, as shown from
Figure 4.5, the deposition rate was only 0.9 Å /s. Therefore, the deposition duration
would be as long as 3 hours for a 1 µm DLC coating. If the power density of 10.5 W/cm2
was chosen, the deposition rate increased to 3.2 Å /s and a 1µm coating could be deposited
within 0.85 hours. At such high power density, if the substrate-target distance was
decreased to 5 cm then the deposition rate was 4.7 Å /s (c.f., Figure 4.4) and a 1µm
coating could be deposited within 0.6 hours.
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Bias voltage: - 20 V
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Figure 4.5. The deposition rate as a function of power density, it increases as increasing
the power density

4.4. Substrate bias
Different from conventional magnetron sputtering where the ratio between carbon ion and
atom flux (Φi/Φc) is less than 0.2 (most carbon species coming to the substrate are
neutral), unbalanced magnetron sputtering (which was used in this study) produces a very
high Φi/Φc ratio of 2 to 3 [58] (a large amount of carbon species coming to the substrate
are ions). With this consideration, the substrate bias voltage is an important parameter
affecting the characteristics of DLC coating since it influences the sputtered ion energy as
described in the following relationship [16]:
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Ei ∝

Vb
P1 / 2

(4.5)

where:
Vb - substrate bias voltage
P- the chamber pressure

Furthermore, with silicon wafer substrates, if RF bias was not applied then the substrate
and the coating would be positively charged during deposition due to the bombardment of
positive ions. The same phenomenon may occur with DLC and DLC nanocomposite
coatings deposited on steel substrates since the coatings are not electrically conductive. If
a coating is positively charged during the deposition process, it cannot reach a dense
structure and achieve good adhesion to the substrate and peeling off will happen. DC bias
cannot be a solution, even for coatings deposited on steel substrate because after the
coating grows thicker than 1µm, a considerable drop in effective bias voltage through the
coating thickness is observed [140]. Figure 4.6 shows a peeled off and fractured DLC
coating, which was deposited on a silicon wafer at low power density (4.5 W/cm2) and -20
V DC bias. The coating showed no adhesion to the substrate and completely peeled off
from the substrate upon bringing to atmosphere. The pattern of peeling off is different
from that caused by high residual stress (will be investigated in section 4.5.3.2). Under
the same condition, if RF bias was applied, the coating had good adhesion and no peeling
off was observed.
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Therefore, RF bias was chosen to overcome the problem of substrate charging. The bias
voltage should not be too high since re-sputtering would occur leading to a decrease of the
deposition rate. The influence of bias voltage on the deposition rate is illustrated in Figure
4.7. The deposition rate decreased from 3.2 to 2.3 Å /s as the negative bias voltage
increased from -20 to -140 V. At bias voltages lower than -60 V, the change in the
deposition rate was negligible. The decrease was more pronounced for bias voltages
higher than -100 V.

100µm

Figure 4.6. DLC coating deposited at power density of 4.5 W/cm2 and DC bias voltage of
-20 V
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Figure 4.7. Deposition rate as a function of negative bias voltage

4.5. Characterization of magnetron sputtered DLC coatings
4.5.1. Surface morphology
Surface morphology is strongly influenced by the energy of incoming ions, which in turn,
depends on the process pressure and bias voltage (equation 4.5). With higher ion energies,
the surface becomes smoother due to the higher energy of ion impingement.

This

phenomenon is explained by the surface diffusion and ion implantation mechanisms [141].
Surface diffusion is easier to take place than bulk diffusion, since the activation energy is
lower. Diffusion in the surface layers of DLC tends to generate ordered clusters with high
sp2 content, i.e. with structures closer to the thermodynamically stable graphite phase than
a typical DLC arrangement. Such clusters therefore form preferentially on the surface
leading to substantial roughening. Surface diffusion is promoted by the energy associated
with arrival of impinging ions, which remain within the surface layers (c.f., Figure 4.8
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(a)). When the ion energy is high enough (with high bias voltage or low process pressure),
the ion will penetrate into the interior of the structure. Under these circumstances, surface
diffusion is not promoted and the ion energy tends to be dissipated into a relatively large
volume in the interior. The surface is thus not affected by the ion penetration leading to a
denser and more diamond-like structure (c.f., Figure 4.8 (b)). However, it should be noted
that, in practice, the ion energy is not fixed in the process since RF bias voltage, various
gas phase collisions, reactions, etc. give rise to a broad spectrum of energies. Aside from
surface diffusion and ion implantation, re-sputtering also influences the surface
morphology of the coatings. The bombarding ions or atoms can remove the pre-deposited
atoms from the surface layers. Carbon ions impinging on the coating may act, not only as
the carbon source, but also as the sputtering agent. In addition, the Ar ions or backscattered Ar atoms can efficiently remove the deposited DLC coating. The re-sputtering is
more pronounced when high bias voltage is applied because of the higher energy of
incoming carbon and Ar ions. This causes a decrease in deposition rate as seen from
Figure 4.7. The re-sputtering leads to smoother surface morphologies since protrusions are
usually sputtered preferentially [142].

Figure 4.9 shows the AFM images of DLC coatings (about 1.2 µm thickness) deposited on
[100] Si wafers under a power density of 10.5 W/cm2, process pressure of 0.6 Pa with
various substrate bias voltages from -20 to -140 V. As seen from the figure, DLC coatings
deposited at low bias voltage show a rough surface with very large graphite clusters and
many voids (Figure 4.9 (a) and (b)), which indicate a low density. In contrast, coatings
deposited under high bias voltage (Figure 4.9 (c) and (d)) show a dense and smooth
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surface with very small clusters. The calculated surface roughness (Ra) of the coatings is
shown in Figure 4.10.

(a)

(b)

Figure 4.8. Effect of ion energy on the surface roughness. Higher ion energy results in
smoother surface
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29.63
[nm]

(a)

(b)

(c)

13.25
[nm]

(d)

Figure 4.9. AFM images of DLC coatings (about 1.2 µm thickness) deposited on [100] Si
wafers (2nm Ra) under different bias voltages: (a) -20 V, (b) -60 V, (c) -100 V, and (d) 140 V
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Power density: 10.5 W /cm
Process pressure: 0.6 Pa
Coating thickness: 1.2 µ m
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Figure 4.10. The influence of bias voltage on the surface roughness of DLC coating:
coating deposited under higher bias voltage has smoother surface (lower Ra)

The Ra was as high as 3.1 nm for the coating deposited under -20 V bias. As bias voltage
was increased to -100 V, the surface roughness decreased drastically to 1.4 nm. On further
increasing bias voltage, the surface roughness slightly decreased and reached the value of
1.1 nm at a bias voltage of -140 V. After that, the surface roughness remained almost
unchanged as bias voltage was further increased. The surface morphology of coatings
deposited under -140 V and -150 V bias was almost similar. This observation indicates
that when the energy of carbon ions reaches a critical level, the coating has the smoothest
surface (minimum size of graphite clusters) and further increase in the energy (in terms of
bias voltage) does not result in a smoother morphology.

The influence of process pressure on the surface morphology of DLC coatings can be seen
from Figure 4.11, where AFM images of DLC coatings deposited at the same power
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density (10.5 W/cm2) and bias voltage (-100 V) at process pressures of 0.6 and 1.2 Pa are
shown. As mentioned above, higher process pressure results in lower ion energy because
more collision occurs between C and Ar ions. The morphology, therefore, becomes
rougher with larger cluster sizes.

(a)
(a)

(b)
Figure 4.11. Surface morphology of DLC coating deposited at power density of 10.5
W/cm2, bias voltage of -100 V and different process pressures: (a) 0.6 Pa and (b) 1.2 Pa.
Rougher surface with larger graphite clusters was seen with coating deposited under
higher process pressures
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4.5.2. Structure of DLC coatings
The TEM image of a DLC coating deposited at a power density of 10.5 W/cm2 and -150 V
bias is shown in Figure 4.12. The coating was amorphous with a broad halo in the
diffraction pattern.

10 nm

Figure 4.12. TEM image of DLC coating showing the amorphous nature with a broad halo
observed from diffraction pattern

Figure 4.13 shows the Raman spectra of DLC deposited at -150 V bias (a) and -60 V bias
(b). The range covered was from 850 to 2000 cm-1. The same shape was seen for spectra
of coatings deposited under other bias voltages: a broad peak at about 1530 cm-1 with a
shoulder at about 1350 cm-1. This broad peak was deconvoluted into two Gaussian bands
at 1530 cm-1 (G peak) and 1350 cm-1 (D peak). The sp3 fraction in DLC coatings was
qualitatively estimated by the ratio between the intensities of the D band and the G bands
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(ID/IG) taken from the Raman spectra: a higher ID/IG ratio means a lower sp3 fraction. The
calculated ID/IG ratios are shown in Figure 4.14.

Intensity (arb. units)

D band

G band
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-1

Raman shift (cm )

Intensity (arb. units)

(a)

1000

1200

1400

1600

1800

2000

-1

Raman shift (cm )
(b)
Figure 4.13. Raman spectrum with deconvoluted peaks of DLC coating deposited at
power density of 10.5 W/cm2 and bias voltage of (a) - 60 V and (b) -150 V
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Figure 4.14. IG/IG ratios obtained from Raman spectra as a function of negative bias
voltage: higher bias voltage results in lower ID/IG ratio

At bias voltage of -20 V, the ID/IG ratio was 1.9 and it decreased with increasing bias
voltage. At -140 V bias, the ID/IG ratio reached 1.1 and it did not decrease with further
increase of bias voltage. This indicates an increase of sp3 fraction in the DLC coating with
increasing ion energy (here, in terms of negative bias voltage). The mechanism, which
leads to the high sp3 fraction of highly biased coatings, is ion impingement (as discussed
in section 4.5.1) and re-sputtering of carbon atoms from the graphite clusters. At high RF
bias voltage, re-sputtering is significant (which causes a considerable decrease in
deposition rate). As mentioned in chapter 2, the bonds of carbon atoms in the graphite
structure are weak. Therefore, the carbon atoms in graphite clusters are easily dislodged.
Consequently, the formation of graphite clusters in the coating is hindered. However, a
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maximum sp3 fraction can only be obtained on a certain range of energy thus a certain
range of bias voltage. Excess energy (in this case, when bias voltage of higher than -140 V
is applied) does not result in a higher sp3 fraction in the coating. Understandably,
excessive energy produces much heat in the coating. High temperature promotes
graphitization, which results in a decrease of the sp3 fraction in the coating. This
observation is consistent with previous work, which indicated that there is an “energy
window” for carbon ions, which results in a maximum sp3 fraction in the DLC coating.
When the energy exceeds this window, the sp3 fraction decreases. However, it should be
noted that this window is not narrow, with optimum energies reported from 30 to 300 eV
as seen from Figure 4.15. The discrepancies are due to the measurement technique and the
deposition system (which influences the energy distribution of the carbon species, the

sp3 fraction

incident angle of carbon ions, and the deposition rate of the DLC coating).

Ion energy (eV)

Figure 4.15. sp3 fraction as a function of energy of carbon deposited at room temperature
as reported by several authors (The data was collected and drawn by Lifshitz [13])
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4.5.3. Hardness and residual stress of DLC coatings
4.5.3.1. Hardness
For hardness tests, coatings were deposited on Si [100] wafers to reach a thickness of 1.2
µm. In order to reduce substrate effects, the indentation depth was set below 120 nm (10

% of the coating thickness). A high hardness is obtained with DLC coatings containing
high sp3 fractions. The hardness and Young’s modulus of DLC coatings deposited at a
power density of 10.5 W/cm2 under different bias voltage from -20 V to -150 V is plotted
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Figure 4.16. Hardness and Young’s modulus of DLC coating as a function of negative
bias voltage. As bias voltage increases, hardness and Young’s modulus increase as a result
of increase in sp3 fraction
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The hardness and Young’s modulus increased from 16.6 to 32.2 GPa and 178.5 to 345.6
GPa, respectively, as the bias voltage increased from -20 to -140 V. After that, further
increase of bias voltage did not result in any significant increase in the hardness and
Young’s modulus. This is consistent with the observation of the sp3 fraction from the
Raman results (c.f., Figure 4.14).

The hardness is also dependent on the process pressure. It directly relates to the ion energy
as mentioned in equation 4.5. Higher process pressure leads to lower energy for the
incoming carbon ions or atoms due to the decrease of the mean free path λ, which results
in more collisions between the carbon and argon ions. This leads to a rougher surface
morphology (c.f., Figure 4.11) and lower sp3 fraction and thus lower hardness. Another
reason causing the decrease of hardness as increasing process pressure is the increase in
the amount of absorbed gas at the boundaries of clusters leading to imperfect
interconnection. Note that at low process pressure, the energy, not only of the argon ions
but also of the carbon atoms and ions is high and it is sufficient to remove the gas
impurities, which bond weakly to the growing coating. The Ar composition, which was
measured from the XPS spectrum of DLC coatings deposited under a power density of
10.5 W/cm2, -20 V bias voltage with different process pressures, is shown in Figure 4. 17.
The results agree with the above explanation. At process pressure of 0.2 Pa, a very small
amount of Ar (0.3 at.%) is included in the DLC coating. The amount of Ar in the coating
increased with increasing process pressure and as process pressure was increased to 1.8
Pa, the coating contained 3.2 at. % Ar.
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Figure 4.17. Ar content in the DLC coating as a function of process pressure. The Ar
content increases linearly as process pressure increases

It should be noted that Ar contamination was not a problem with other PVD methods used
to deposit DLC such as pulse laser deposition or cathodic vacuum arc since no Ar is used
in these techniques. However, in magnetron sputtering, this aspect should be taken into
account. A low sp3 fraction combined with a high amount of Ar contaminant resulted in
low hardness DLC coatings deposited at high process pressures as seen from Figure 4.18,
where the hardness and Young’s modulus of DLC coatings deposited under -20 V bias at
different process pressures is shown. As process pressure increased from 0.6 to 1.8 Pa, the
hardness (and Young’s modulus) of the DLC coatings decreased from 16.6 to 10.5 GPa
(and from 178.5 to 120.2 GPa). The low hardness and Young’s modulus of coatings
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deposited under high process pressures do not allow such DLC coatings to be employed as
protective material for engineering applications.
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Figure 4.18. Hardness and Young’s modulus of DLC coatings as a function of process
pressure. The hardness and Young’s modulus decreases as process pressure increases

4.5.3.2. Residual stress
DLC coatings were deposited on non-heated substrates. The increase in substrate
temperature is due to ion bombardment. For all DLC samples, the substrate temperature
after deposition did not exceed 150 oC, therefore the thermal stress can be neglected. Also,
the DLC coating is dense and chemically inert. Therefore, the post-deposition stress is
negligible. With these considerations, the growth-induced stress (or intrinsic stress) is the
main part contributing to the total residual stress in the coating. The energetic particle
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bombardment of the surface of the growing coating is the major factor affecting the
compressive growth-induced stress. Condensing and bombarding particles introduce
energy into the growing DLC coating. The energy accumulates in a volume of the coating
and its amount increases with increasing coating thickness. Therefore, for a given residual
stress and coating-substrate bonding, there is a maximum coating thickness that can
ensure the adhesion of coating and substrate. Exceeding this thickness, the residual stress
in the coating will be relieved resulting in coating peeling off. Figure 4.19 (a) shows the
optical micrograph (14 days after deposition) of 1.2 µm DLC coating deposited on a Si
wafer under a power density of 10.5 W/cm2 and -150 V bias. No indication of peeling was
visually observed. However, a 1.5 µm thick DLC deposited under the same deposition
conditions self-destroyed due to high residual stress as seen from Figure 4.19 (b, c, d, e)
(laboratory condition: 22 oC, 70 % humidity)

a
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b

c
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d

e

Figure 4.19. Surface of 1.2 µm DLC coating (14 days after deposition), no sign of damage
was observed (a). The self-destruction of a 1.5 µm DLC coating deposited on a Si wafer
due to high residual stress: (b) just after unloading from the chamber (c) after 15 minutes
(d) after 30 minutes and (e) after 120 minutes
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Stress relief began after exposure of the coating to ambient air with the formation of
buckling lines of sinusoidal shape. These waves spread quickly from the outer edge of the
coating to the interior. They may cut or join each other causing catastrophic destruction of
the whole coating within 120 minutes. The humidity strongly accelerated the wave
spreading (stress relaxation) of the coating since the moisture broke into the buckling
channels and facilitated coating-substrate debonding. At a humidity of 10 % (in the
desiccator), the coating was totally damaged after 8 hours.

The sinusoidal shape of the buckling lines can be explained by the theory of buckling of
shells [143]. In brief, the coating is treated as a thin plate attached to the substrate by
adhesive forces. The equation of buckling is determined as following:

 ∂ 4w
∂4w
∂ 4w 
∂ 2w
∂ 2w
∂2w
∂ 2w
I  4 + 2 2 2 + 4  + σ xt 2 + σ yt 2 + σ yt 2 + 2τ xyt
+ f =0
∂x ∂y
∂y 
∂x∂y
∂x
∂x
∂y
 ∂x

where
I- moment of inertia of the coating
t- coating thickness
x, y, z- coordinates relative to the substrate
u, v, w- coating coordinates as defined in the elastic theory
σx, σy- compressive stresses
τxy- shear stress

f- external force
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The solution of equation 4.6 has a physical meaning as the deflection of the coating from
the substrate in the normal direction. It is described as:

w = 1 + cos(kx +qy)

(4.7)

The solution implies that the maximum displacement of the ridge formed by the coating
buckling is along a straight line given by:

kx + qy =2nπ , n = 0, ± 1, ± 2, …

(4.8)

The solution consists of two families of parallel ridges crossing each other as described by
equation 4.8. Once the buckling process begins, it proceeds in a certain direction, when it
reaches a point where ridges cross each other, it will turn in the direction as shown in
Figure 4.20.

Figure 4.20. Illustration of stress relaxation style
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The growth-induced stress is strongly dependent on the energy of the ions or atoms
bombarding the substrate. Windischmann [144] proposed a model used to calculate the
growth-induced stress based on three assumptions: (1) The bombardment of atoms and
ions on the coating surface causes displacement of atoms in the coating from their
equilibrium positions though a series of primary and recoil collisions, which produces
volumetric distortion. (2) The mass transport and defect mobility is sufficiently low to
freeze the volumetric distortion in place. (3) The relative volumetric distortion, which
corresponds to the strain, is proportional to the fractional number of atoms displaced from
equilibrium positions. The growth-induced stress, σi , is calculated from the following
formula:

 EM



 KΦ 

p
δ E p = kQΦ p E p
σ i =  c c  4.79
 NA 
 (1 − ν c ) Dc 

(4.9)

where
Φp and Ep - the flux (particles/cm2) and kinetic energy (eV) of energetic particles,

respectively
Ec - Young’s modulus of the coating
NA - Avogadro’s number, NA = 6.022 x 1023 atoms/mol
Mc - Mass of coating atoms
Dc - Density of coating
K - Proportionality factor
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δ - The factor depends on the cohesive energy of atoms in the coating (Uo), Mc , and

atomic number (Zc)

The constant k = 4.79 K

 E
, and Q =  c
NA
 1 −ν c

δ

 Mc

 Dc

From equation 4.9, it can be seen that the growth-induced stress is proportional to the
square root of the energy of particles bombarding the growing coating. Therefore the
stress is proportional to the square root of the negative bias voltage applied to the substrate
(c.f., equations 4.5 and 4.9). Figure 4.21 plots the measured stresses as a function of
negative bias voltage (the dotted line is the fitted curve).
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Figure 4.21. Compressive residual stress in DLC coatings as a function of negative bias
voltage
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As seen from the figure, the higher the bias voltage applied, the higher the residual stress.
At -20 V bias, the residual stress was about 0.82 GPa. It increased to 4.1 GPa as bias
voltage was increased to -140 V. The fitted curve indicates a square root relationship
between bias voltage and residual stress in the coating (in the range of bias voltages from 20 to -140 V). As bias voltage exceeded -140 V, the residual stress did not change
significantly. It is clear that the experimental data agrees well with the model proposed by
Windischmann. However, this model is valid with bias voltages lower than -140 V only.
Understandably, a high applied bias voltage results in a high energy of bombarding
particles. However, when the energy is very high, formation of thermal spikes [145]
reduces the stress by causing relaxation of the implanted atoms. The formation of graphite
clusters therefore is enhanced. This agrees with the observation of the relationship
between the ID/IG ratio and negative bias voltage (c.f., Figure 4.14) which indicates that at
bias voltages higher than -140 V the ID/IG ratio does not increase any more.

4.5.4. Adhesion strength
The adhesion strength of DLC is always a weak point of this coating. Low adhesion
strength arises from two sources: (1) high residual stress and (2) low toughness. The
influence of a high residual stress on the adhesion of DLC coatings to the substrate has
been discussed in section 4.5.3.2.

The stress relaxation weakens the adhesion and

supports the peeling off. The low toughness (lack of plasticity) results in a brittle fracture
of the coatings due to crack propagation even at low applied loads. In this section, the
adhesion strength of DLC coatings deposited on steel substrates is investigated. The
coatings were deposited at a power density of 10.5 W/cm2 and process pressure of 0.6 Pa.
The thickness of the coatings was about 1.2 µm. The low critical load obtained from the
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tests is plotted in Figure 4.22. For easier reference, the residual stress is also plotted on
this figure. The adhesion strength (in terms of critical load) decreased with increasing bias
voltage. It can be seen that the residual stress plays an important role in the adhesion
strength. The coating deposited under -20 V bias had the residual stress of 0.82 GPa and
the critical load was 320 mN. When the bias voltage was increased to -140 V, the residual
stress increased to high value of 4.1 GPa and critical load decreased to a very low value of
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Figure 4.22. Influence of negative bias voltage on the critical load from scratch tests. The
critical load decreases and the stress increases as bias voltage increases

The optical images of the scratches on the coatings after the tests are shown in Figure
4.23.
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Figure 4.23. Scratches on 1.2 µm DLC coatings deposited at a power density of 10.5
W/cm2, process pressure of 0.4 Pa under different bias voltages: (a) -20 V, (b) -60 V, (c) 100 V, and (d) -140 V. The tiny cracks are seen before the damage on coatings deposited
under low bias voltages (-20 V and -60 V)
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For all coatings, the low critical load (the load at which the damage starts to occur) and
high critical load (the load at which the coating is totally damaged) were not
distinguishable. As the load reached a certain value, the coating was totally damaged.
However, before total damage, some tiny cracks were observed on the DLC coatings
deposited under -20 and -60 V bias. With coatings deposited under -100 and -140 V bias,
no cracks were seen along the scratch track, then all of a sudden, complete failure of the
coating occurred. DLC coatings deposited under high bias voltages showed a typical type
of brittle fracture: as the cracks are formed under a certain applied load, they will quickly
propagate with the energy supported from stress relaxation causing catastrophic damage of
the coating.

4.6. Tribological properties of magnetron sputtered DLC coatings
Figure 4.24 shows the coefficient of friction of DLC coatings deposited at a power density
of 10.5 W/cm2, process pressure of 0.6 Pa with various bias voltages (from -20 to -140 V)
when sliding against an alumina counterpart. The tests were carried out in ambient air (22
o

C, 75 % humidity). The applied load was 5 N and rotation radius was 16 mm. A sliding

distance of 1 Km (corresponding to 9952 laps) was set. At the beginning of the tests
(several tens of meters of sliding), the coefficient of friction of all coating reduced. This is
due to a thin graphite-rich layer, which always exists on the surface of DLC coatings. In
humid air, this layer absorbs the moisture and becomes a good lubricant. With time, more
moisture was absorbed leading to a decrease in the coefficient of friction. However, after a
short time this layer was removed and the coefficient of friction started to increase due to
the surface-surface contact and the formation of wear particles, which came from both the
DLC coating and the alumina counterpart. Coatings deposited under higher bias voltage
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exhibited lower coefficients of friction due to a smoother surface. However, as the sliding
distance became higher, coatings deposited under lower bias voltage exhibited lower
coefficient of friction. Since the sp2 content in the coatings deposited under low bias
voltage was higher, more graphite existed at the contact area. This combined with the
graphite produced from the graphitization resulted in more lubricant at the contact area.
The formation of more solid lubricant (as compared to that of coatings deposited under
higher bias voltage) compensated for the effects of surface roughness and a net low
coefficient of friction was obtained. It should be noted that the graphite-rich layer is
formed only after a certain sliding distance depending on the structure of the DLC coating
(when other conditions are all the same). This conclusion is supported from the
observation of the trend of these friction curves. The coefficient of friction of coatings
prepared at lower bias voltages (-20 V and -60 V) became stable (0.09 for coating
deposited under -20 V bias and 0.1 for that under -60 V bias) after about 0.6 Km of
sliding. However, the coefficient of friction of the coatings deposited under -100 and -140
V still increased even after 1 Km sliding. To see how much it can go, further sliding was
undertaken for the -140 V coating by increasing the sliding distance to 2.5 Km
(corresponding to 24880 laps). In this case, the coefficient of friction reached a maximum
of about 0.14 at about 1.1 Km of sliding distance and then decreased and leveled off at a
value of 0.12 after 1.7 Km sliding as seen from Figure 4.25.

It can be seen that, graphitization, which leads to the formation of a graphite-rich layer
between the two surfaces, governs the tribological behavior of DLC coatings in dry
tribotests. The graphite-rich layer not only gives the friction couple more lubricant but
also reduces the generation of hard particles. Therefore, after a certain sliding distance, the
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formation of the graphite-rich layer stops the increase in the coefficient of friction. The
graphitization is the consequence of repeatedly applying compression (before the ball
contact) and tension (after the ball contact) to the subsurface areas in the wear track.
Therefore the graphitization rate increases with rotation laps.
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Figure 4.24. Coefficient of friction as a function of sliding distance with DLC coatings
deposited under different bias voltages (counterpart is alumina)

In order to see the influence of rotation laps on the graphitization, the rotation radius was
decreased to 8 mm and the same sliding distance was set (2.5 Km, corresponding to 49760
laps) (c.f., Figure 4.25). When the sliding distance was lower than 0.6 Km, the coefficient
of friction was higher for the case of a lower rotation radius. Understandably, more
contact frequency results in more wear particles at the contact leading to a higher
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coefficient of friction. When the graphite-rich lubrication layer was formed, the surfacesurface contact between the coating and the wearing counterpart was limited, less particles
were produced and surface adhesion was reduced, which all led to a decrease in the
coefficient of friction to a low and stable value. After about 0.6 Km sliding (corresponding
to 11942 laps at 8 mm of rotation radius and 5971 laps at 16 mm of rotation radius), the
coefficient of friction in the test with a lower rotation radius did not increase anymore and
leveled off at about 0.11. With the higher rotation radius, less contact frequency between
coating and counterpart resulted in a later formation of the graphite-rich layer. Therefore,
the coefficient of friction still increased, reached a maximum value of 0.14 at about 1.1
Km and then decreased and became stable at a value of 0.12 after about 1.7 Km sliding.
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Figure 4.25. Coefficient of friction as a function of sliding distance of DLC coating
deposited under -140 V bias (with rotation radius of 16 mm and 8 mm)
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The influence of applied load on graphitization thus on the coefficient of friction is shown
in Figure 4.26 where the coating deposited under -140 V bias was tested under applied
loads of 5 and 10 N. The rotation radius was set at 8 mm. At an applied load of 10 N, the
coefficient of friction was a little bit higher for the first 200 m of sliding owing to a larger
number of hard particles being generated. After that, it became lower compared to that
found for a load of 5 N. After 1 Km sliding, it leveled off at about 0.1, which was lower
than that of the 5 N case (0.11). The higher rate of graphitization at high applied loads
resulted in the lower coefficient of friction observed in the test with a load of 10 N.
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Figure 4.26. Coefficient of friction as a function of sliding distance of DLC coating
deposited under -140 V bias (with applied loads of 5 and 10 N)
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After tribotests, the debris was always observed on the wear scar on the ball. Figure 4.27
shows the wear track on the coating and wear scar with debris accumulated on the alumina
ball after 2.5 Km sliding against a DLC coating deposited under -140 V.

Wear debris (to be analyzed by
Raman)

Wear scar

Wear track (to be analyzed by
Raman)

Figure 4.27. Wear scar with debris accumulated on the alumina ball and wear track on the
DLC coating after a 2.5 Km tribotest
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From the figure, a noticeable scar was seen on the ball with wear debris surrounding it.
Raman spectra taken from the wear track on the DLC coating and wear debris in
comparison with that of the DLC coating are shown in Figure 4.28.
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Figure 4.28. Comparison of Raman spectra of as deposited DLC coating, wear track, and
wear debris

The transformation of the coating structure from amorphous DLC to polycrystalline
graphite in the wear debris can be observed by following the increase in the band width
and the intensity of the Raman scattering near 1580 cm-1. A notable increase in the G
(graphite) band of the Raman taken inside the wear track indicated the sp3 to sp2 phase
transition occurring at the friction contacts on the DLC coating surface. From the visual
observation and the Raman analysis of the wear track and wear scar, it was clear that
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graphite-like (sp2) was formed in the contact area between the DLC coating and the
counterpart. This phase had low shear strength and was easily removed from the surface of
DLC coating under stresses developed during the friction contact. The volume of the sp2
phase removed was small and some adhered to the surface of the ball forming a lubricious
transfer layer. Larger volumes of the sp2 phase, which was produced as wear debris, were
pushed to the side of the track and the scar. The structure of this debris was similar to that
of polycrystalline graphite. Figure 4.29 presents a schematic of how this process may take
place.

Ejection of graphitelike wear debris

DLC coating
Substrate

Accumulation of graphite-like transfer
layer on ball surface

Friction induced graphitization
inside the wear track

Figure 4.29. Schematic explanation of the formation of the graphite-like structure and the
transfer layer accumulation observed after the wear test
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Tribotests with 100Cr6 steel counterparts were also carried out in ambient air (22 oC and
75 % humidity). The rotation radius and sliding distance was set at 16 mm and 1 Km,
respectively. The coefficient of frictions of DLC coatings when sliding against steel ball
are shown in Figure 4.30. The same trend was seen when compared to the tribotests with
the alumina counterparts (c.f., Figure 4.24): at the beginning of the tests (several tens of
meters of sliding distance) the coefficient of friction decreases then starts increasing and
after a certain sliding distance, it becomes stable. The stable value of coefficient of friction
was lower with the coating deposited under lower bias voltage. Under the same test
condition, the coefficient of friction (both starting value and stable value) was higher
when steel was used as the counterpart.
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Figure 4.30. Coefficient of friction as a function of sliding distance of DLC coatings
deposited under different bias voltages (counterpart is 100Cr6 steel)
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From Figures 4.24 and 4.30, the stable value of the coefficient of friction for coatings
deposited at -20 V to -140 V varied from 0.09 to 0.14 with the alumina counterpart and it
varied from 0.12 to 0.15 with the steel counterpart. This is related to the higher contact
pressures present during sliding against the alumina. As discussed, higher contact pressure
results in lower coefficient of friction for DLC coatings. The contact area is smaller for
the alumina ball since the wear of alumina is less than that of steel (when comparing the
wear scars from Figures 4.31 and 4.32). A smaller contact area at the same normal applied
force results in a higher contact pressure, which leads to a lower friction. Another reason
is the formation of an aluminum hydroxide layer during sliding against alumina ball [50]
whereas iron oxide is formed during sliding against steel ball [146]. The aluminum
hydroxide has lower shear strength compared to that of iron oxide. Also the amount of
iron oxide is very high (high wear of the steel ball contributes more iron oxide to the
contact area). These all resulted in the lower coefficient of friction observed when alumina
was used as the counterpart.

After the tribotests with alumina and steel counterparts, no peeling off or spallation of any
DLC coating was visually observed. Wear of the coating and counterpart was estimated
from the wear scar and wear track after the tests. The scar (on the ball) and track (on the
coating) after 1 Km sliding tribotests at a sliding speed of 20 cm/s are shown in Figure
4.31 (for alumina ball) and 4.32 (for steel ball).
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(a)

(b)
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(d)
Figure 4.31. The wear scar (on the alumina ball) and wear track (on the coating) after
tribotests (1 Km sliding, 16 mm rotation radius, sliding speed of 20 cm/s) for DLC
coatings deposited at (a) -140 V (b) -100 V (c) - 60 V and (d) -20 V bias
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(d)

Figure 4.32. The wear scar (on the steel ball) and wear track (on the coating) after
tribotests (1 Km sliding, 16 mm rotation radius, sliding speed of 20 cm/s) for DLC
coatings deposited under (a) -140 V (b) -100 V (c) -60 V and (d) -20 V bias

It can be recognized that the wear scar on the ball is bigger when sliding against the DLC
coating deposited under higher bias voltage. This is true with both the alumina and steel
counterparts. The wear track on the coating, therefore, is wider in the case of coatings
deposited at higher bias voltage. This indicates a higher wear rate of the counterpart when
higher bias voltage is applied during deposition. With note that the magnification is higher
in Figure 4.31, it can be easily recognized that the wear of the steel counterpart is much
higher than that of the alumina after sliding against the same DLC coating with the same
testing conditions and parameters. The quantitative evaluation of the wear rate (calculated
using equation 2.3) of the balls is plotted in Figure 4.33. It can be seen that the wear rate
of the steel counterpart is 40 - 50 times higher than that of the alumina. That is due to (1)
the worse abrasive resistance (due to low hardness) of steel and (2) in the ambient air, the
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corrosive wear of steel is much higher than that of alumina. Also, almost no scratches
were seen on the wear track of the coatings after sliding against the steel counterpart
whereas a lot of scratches were observed on the wear scar. These scratches indicated that
the asperities of the DLC surface and the particles coming out from the coating ploughed
into the soft surface of the steel and removed the material of the counterpart.

3

Wear rate (µm /Nm)

30

Speed: 20 cm/s
Radius: 16 mm
25 Load: 5 N
Sliding distance: 1 Km
20 Temperature: 22 oC
100Cr6 steel
Humidity: 75 %
14.3
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Figure 4.33. Wear rate of the alumina and 100Cr6 steel counterparts when sliding against
DLC coatings deposited under different bias voltage (note: UD means undetectable)

The wear track profiles of DLC coatings sliding against an alumina counterpart are shown
in Figure 4.34. Coatings deposited under higher bias voltage exhibited less wear. With
coatings deposited at -140 V bias, very little wear was seen. The wear, in this case, can be
considered as a smoothening of the surface roughness. This indicates very good wear
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resistance of the coating, which mainly comes from the high hardness of about 32 GPa. In
contrast, the coating deposited under low bias voltage (-20 V) was seriously worn leading
to a deep track. This coating was softer than alumina (16.6 GPa compared to 20 GPa)
therefore it was seriously abraded.
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Figure 4.34. Wear track profile of DLC coatings deposited under different bias voltage
after 1 Km sliding against an alumina counterpart in ambient air (22 oC, 75 % humidity)
with applied load of 5 N. Coatings deposited under higher bias voltage exhibit better wear
resistance (low wear)

Wear of the DLC coatings was much lower when sliding against a steel counterpart since
all DLC coatings had much higher hardness compared to that of the 100Cr6 steel. After 1
Km sliding against a steel ball, the wear track of DLC coatings deposited at -140 V and 100 V could not be detected using the profilometer. The coatings seem to be polished but
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not worn at all. A little wear can be seen for coatings deposited at -20 V and -60 V bias.
Figure 4.35 shows the wear track profile of DLC coatings (deposited under -20 and -60 V
bias) after 1 Km sliding against steel balls.
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Figure 4.35. Wear track on the DLC coatings deposited under -20 V and -60 V bias after 1
Km sliding against a steel counterpart in ambient air (22 oC, 75 % humidity) with applied
load of 5 N

The observations from the wear track profiles of DLC coatings after tribotests indicated
that in ambient air, coatings deposited under high bias voltage exhibited much better wear
resistance when sliding against steel or alumina counterparts.
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4.7. Enhancement of performance of magnetron sputtered DLC coatings
From previous sections, the properties of magnetron sputtered hydrogen-free DLC have
been investigated. Depending on the deposition parameters, DLC exhibited different
behavior. It can be seen that, the most important parameter is the energy of the carbon
ions bombarding the substrate during deposition. This energy determines the coating
density, sp3 fraction and residual stress and directly relates to the process pressure and
negative bias voltage applied to the substrate (equation 4.5). An increase in process
pressure causes the same effect as a decrease in bias voltage. However, the change in
coating structure is more significant when bias voltage is changed since the ion energy is
proportional to bias voltage while inversely proportional to the square root of process
pressure. DLC coatings deposited under high bias voltages exhibit high hardness and
good wear resistance. However, they have high residual stress and low toughness, which
results in poor adhesion of the coating to the substrate. To enhance the adhesion strength
of the coating while the desirable properties (hardness and wear resistance) are
maintained, bias-graded deposition is a promising method. The principle of this method is
described as: at a constant target power density and process pressure, the bias voltage is
gradually increased from a minimum to a maximum value as the deposition is progressing
and the coating thickness is increasing. This results in a DLC coating with a “graded” sp3
fraction: lower at the coating-substrate interface, higher while into the coating, and highest
at the coating surface. The hardness, therefore, is also “graded” with the highest value at
the coating surface and lowest value at the coating-substrate interface. DLC coatings
deposited under bias-graded voltage have low intrinsic stress at the coating - substrate
interface while the surface is hard leading to high adhesion strength combined with good
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wear resistance. The schematic diagram of bias-graded deposition of DLC coatings is
described in Figure 4.36.

Thickness

Smooth and hard

DLC coating

sp3 /sp2

Bias voltage
Substrate

Low stress
High toughness

Figure 4.36. Schematic diagram of bias-graded deposition of DLC coatings: the bias
voltage is gradually increased from a minimum to a maximum value as the deposition is
progressing and coating thickness is increasing

Within a certain range of bias voltage (minimum and maximum value), different coating
thickness can be obtained by changing the rate of increasing bias voltage (it directly
relates to deposition time). Figure 4.37 plots the coating thickness measured after
deposition under the bias-graded mode (the range of bias voltage was from -20 to -150 V)
at a power density of 10.5 W/cm2 and process pressure of 0.6 Pa. It can be seen that at
different increasing rates of bias voltage, the coating thickness was different. At a rate of 1
V/min, the coating thickness was 2.3 µm and it decreased to only 0.5 µm as the rate was

135

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

increased to 4 V/min. It should be noted that all DLC coatings deposited under bias-
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Figure 4.37. Relationship between the coating thickness and the rate of increasing bias
voltage in bias-graded deposition

The hardness of the DLC deposited under the bias-graded mode varies with the coating
thickness. An essentially hard surface guarantees good wear resistance of the coating in
tribological applications. The surface roughness (Ra) of bias-graded DLC coating
(deposited at a rate of 2 V/min, the coating thickness was about 1.2 µm) on a Si wafer
measured from the AFM was 1.4 nm, higher than that of the coating deposited under -140
V bias (1.1 nm Ra). At a rate of 2 V/min, the residual stress of a bias-graded DLC coating
(measured from the change in the radius of curvature of the Si substrate) was 1.5 GPa.
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This value was much lower than that of the coating deposited under -140 V bias, where
the residual stress was as high as 4 GPa. Furthermore, 1.5 GPa was just an average value.
The residual stress in the vicinity to the substrate-coating interface was expected to be
lower since the bias-graded DLC coating contains more sp2 in that area. From Figure
4.38, at an indentation depth of 110 nm, DLC deposited under the bias-graded mode (rate:
2 V/min) shows a high hardness of 26.1 GPa with a Young’s modulus of 271 GPa.

6
(a) H= 32.2 GPa; E= 340 GPa
(b) H= 26.1 GPa; E= 271 GPa
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Figure 4.38. Load and unload curve from nanoindentation of coatings deposited at (a)
constant bias of -140 V and (b) bias-grading over the range of -20 to -150 V with a rate of
2 V/min

The calculated plastic deformation was 43 % for the DLC coating deposited under -140 V
and 50 % for the bias-graded DLC coating. This indicates the lower toughness of the DLC
coatings deposited under high bias voltage compared to the ones deposited under the bias137
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graded mode since the plastic behavior at highly applied load helps to prevent brittle
fracture occurring in hard coatings [147]. Such plastic compliance is high for a hard
coating compared to a 10 % plastic deformation for 60 GPa superhard DLC coatings
deposited by pulsed laser [32], or the absence of plasticity in the superhard
nanocomposites TiN/SiNx proposed by Veprek et al. [89, 90].

Good toughness combined with low residual stress and a smooth surface gives bias-graded
DLC coatings a better load-bearing capability compared to those deposited under constant
bias voltage as seen from the optical micrograph of the scratch after scratch test in Figure
4.39.

Scratch direction

381 mN
25 µm

Figure 4.39. Optical image of scratch on bias-graded DLC coating after scratch test

In contrast to the DLC coatings deposited under constant bias voltage (c.f., Figure 4.23),
the lower and higher critical loads of bias-graded DLC were distinguishable. As the
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applied load reached the lower critical value, the coatings were partly damaged. More
increase in load caused total damage to the coating. This indicated the tough behavior of
the bias-graded coating: the propagation of cracks is hindered and therefore brittle fracture
was prevented. The critical load of a bias-graded coating was 3 times higher than that of
coating deposited at -140 V and 1.2 times higher than that of coating deposited at -20 V
(c.f., Figures 4.22 and 4. 39).

4.8. Thermal stability and oxidation resistance of magnetron sputtered DLC
The thermal stability and oxidation resistance tests were carried out on coatings deposited
at -150 V bias. They have highest sp3 fraction and hardness. The samples (Si wafers
coated with DLC) were heated in a furnace in air to a certain temperature.

After

unloading from the furnace, the samples were cooled down in the ambient air to the room
temperature then the Raman analysis was carried out. Figure 4.40 shows the Raman
spectra of a DLC coating after thermal exposure for 60 minutes at different temperatures.
As seen from the figure, the spectrum did not change much as the temperature increased
up to 300 oC. The increase in G peak frequency (ranging from 3 to 15 cm-1, c.f., Figure
4.41) indicated some change in the structure of the DLC coating, possibly related to a
slight decrease in the sp3/sp2 fraction in the coating. Above 300 oC, structural changes in
the DLC coating became apparent. The appearance, at 400 oC, of the Raman band near
1350 cm-1 coincided with a further shift of the G band to higher frequencies and a
considerable increase in the ID/IG ratio from 1.2 (at 300 oC) to 1.9 (at 400 oC)(c.f., Figure
4.41). This indicated a high rate of graphitization occurred in the coating, which led to a
decrease in hardness from 28.6 (at 300 oC) to 16.6 GPa (at 400 oC) as seen from Figure
4.42.
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Figure 4.40. Raman spectra of DLC coatings annealed at different temperature for 60
minutes

As annealing temperature increased to 500 oC, the hardness of the coating decreased to a
very low value of 8.1 GPa, corresponding to a high ID/IG ratio of 3.6. Since the thickness
of the coating after 60 minutes annealing at 600 oC reduced to about 350 nm, the hardness
measurement was not carried out for this sample. Figure 4.43 plots the coating thickness
measured from a step jump by profilometer (masking was used to make the step). It can be
seen that the coating thickness did not change after 60 minutes annealing up to 300 oC. A
slight reduction in thickness was seen at a temperature of 400 oC (about 15 %). At
temperatures higher than 400 oC, the loss of thickness drastically increased (about 35 % at
500 oC and 62 % at 600 oC). The loss of coating thickness was attributed to the oxidation
of carbon following the reaction: C + O2 → CO2 ↑. The carbon dioxide moves out of the
coating causing the loss of thickness.
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Figure 4.41. The relationship between annealing temperature, ID/IG ratio and G-peak
position

35

Hardness (GPa)

30
25
20
15

Annealing duration: 60 min.

10
5

0

100

200

300

400

500

o

Temperature ( C)

Figure 4.42. Correlation between hardness and annealing temperature of DLC coating
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Figure 4.43. The change of the coating thickness after 60 minutes annealing in air at
different temperatures

4.9. Summary
From studies in this chapter, some key points can be drawn:
● At high power densities (e.g. 10. 5 W/cm2), the deposition rate of hard DLC is suitable
for industrial scale use: a 1µm coating can be deposited within 30-60 minutes depending
on the bias voltage, process pressure and the substrate-target distance.
● To prevent coatings being positively charged, which results in poor adhesion, RF bias
should be applied to the substrate instead of DC.
● Deposition parameters strongly influence the coating properties. An increase in bias
voltage (or decrease in process pressure) causes an increase in the energy of ions
bombarding the substrate. Under highly energetic ion bombardment, surface diffusion is
not promoted and the incoming ions tend to penetrate into the interior of the structure
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leading to high density, smooth morphology and high sp3 fraction with associated high
hardness and residual stress. The hardness of magnetron sputtered DLC varies from 15 to
33 GPa. A high stress of about 4 GPa limits the coating thickness to less than 1.5 µm on a
Si wafer. The stress relaxation (with sinusoidal waves) damages the coating as its
thickness exceeds a critical value. There is a square root relationship between residual
stress and bias voltage.
● DLC coatings have low toughness and they show brittle fracture at high applied loads in
scratch tests, especially for coatings deposited under high bias voltages. A higher applied
bias voltage results in a lower critical load, mainly, due to high residual stress. The lower
and higher critical loads are not distinguishable: as applied load reaches a certain value,
the coating is totally damaged.
● Magnetron sputtered DLC coatings exhibit a low coefficient of friction in ambient air
(0.08 to 0.14 when sliding against alumina and 0.12 to 0.15 when sliding against stainless
steel). Coatings deposited under lower bias voltage, exhibit lower friction. However, the
coatings deposited under high bias voltage exhibit better wear resistance. This is true for
both counterparts (alumina and steel). The formation of a graphite-rich layer, which acts
as a solid lubricant in humid air is the main factor contributing to the low coefficients of
friction observed.
● Bias-graded deposition is an effective method for enhancement of the adhesion strength
and the toughness of DLC coatings. At 110 nm indentation depth, a 1.2 µm thick biasgraded DLC coating exhibits higher plasticity during indentation deformation (50 %)
compared to that of DLC deposited under constant bias voltage (43 %). Meanwhile the
hardness of bias-graded DLC is as high as 26 GPa. The average value of residual stress is
only 1.5 GPa (that of the DLC deposited at -150 V is 4.1 GPa). The critical load of bias143
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graded coating determined from scratch tests is 3 times higher than that of coatings
deposited under -140 V bias.
● The structure of magnetron sputtered DLC is stable up to 300 oC. Higher than that,
graphitization occurs leading to a drastic decrease in coating hardness. From 400 oC,
oxidation takes place leading to a loss of coating thickness.
● For real applications, the properties of DLC coating should be modified. The problems
to be overcome are:
+ Residual stress: the stress should be decreased to a range of a few hundreds MPa in
order to deposit thick coatings for an acceptable working life. Also, good adhesion
between the coating and substrate is needed.
+Toughness: the toughness should be at an acceptable level so that no brittle fracture
occurs at a high applied load. The expected value of plasticity for a good toughness is
higher than 50 %.
+Thermal stability: the coating should have good thermal stability and oxidation
resistance for applications at high temperatures.
● Bias-grading is a good method for deposition of DLC coatings with such desirable
properties. However, it is not an optimum method since the stress in the coating is still at a
high level and the problem of thermal stability and oxidation resistance could not be
totally solved.
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CHAPTER FIVE
MAGNETRON SPUTTERED DLC NANOCOMPOSITE
COATINGS

From chapters 2 and 4, it can be seen that a nanocomposite is possibly the best solution to
overcome the drawbacks associated with DLC while maintaining other desirable
properties. Magnetron sputtering is one of the most suitable techniques for deposition of
this kind of coating. In this study, DLC nanocomposite coatings were deposited via cosputtering of graphite and metallic targets (Al and Ti). The combination of a soft metal
such as Al into DLC to enhance the coating toughness, in fact, is a kind of
“miniaturization” of the same methodology of making cermets (composites made of
ceramics and metals) [148]. The oxidation resistance of the composite coating is expected
to be much better than that of DLC since Al on the surface will react with oxygen to form
an oxide layer, which plays the role of a barrier to prevent the diffusion of oxygen into the
interior of the coating. Ti plays the major role of maintaining the coating hardness
through formation of nanograins of TiC crystallites. Since TiC is a strong phase and the
nanograins are almost free of dislocations or if there are, the dislocations cannot operate as
the grains are at nanosize (see chapter 2, section 2.3.1), a high volume fraction of this
nanocrystalline phase strongly enhances the coating hardness. In addition the TiC
nanograins enhance the coating toughness since the cracks will deflect and terminate at the
boundary between the amorphous matrix and the nanograins. Also, at highly applied
loads, the grains will slide in the amorphous matrix to relax the stress, therefore the
energy, which is required for crack propagation no longer exists leading to a further
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enhancement of coating toughness. In order to prevent the thermal stress, the composite
coatings were deposited at low temperature (150 oC) on negatively biased substrates. The
power density on the graphite target was kept constant at 10.5 W/cm2 and that of the
metallic targets was varied for different compositions. The targets were located at a
distance of 10 cm above the substrate. The process pressure was kept constant at 0.6 Pa (at
an Ar flow rate of 50 sccm).

5.1. Effect of Al-incorporation on the properties of DLC
5.1.1. Composition and coating structure
Generally, at the same power density, the sputtering yield of Al is 6-7 times higher than
that of C [102] therefore the power density of the Al target in this study was selected at a
much lower level (from 0 to 1.8 W/cm2) than that of the graphite target (10.5 W/cm2). The
composition of the C and Al in the coating was determined from XPS spectra by
calculating the area under the peaks of C 1s at 284.6 eV, Al 2p at 72.6 eV, and O 1s at
532.4 eV [147, 149]. Since the process pressure was low enough (0.6 Pa), the Ar included
in the coating was negligible and was not taken into account. Figure 5.1 shows a typical
XPS spectrum of Al-“doped” DLC (without ion etching). Apart from the difference in the
intensity and width of the peaks, the XPS profile is almost the same for all the different
power densities applied to Al target. It is easy to recognize a large amount of oxygen
contaminating the coating. Al 2p XPS spectra (with fitting curves) of the Al-“doped” DLC
coatings deposited under -150 V bias with different power densities of Al target are shown
in Figure 5.2.
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Figure 5.1. XPS spectrum of Al-“doped” DLC coating

The symmetrical single peaks at 74.2 eV indicate that almost all the Al on the surface was
bonded with oxygen to form aluminum oxide [150]. Al is extremely reactive with oxygen.
Therefore just after unloading from the deposition chamber, Al on the coating surface was
oxidized. Figure 5.3 shows the XPS spectra of Al 2p before and after 15 minutes ion
etching. After etching, the peak was shifted to 72.6 eV with a higher intensity. It indicates
that Al exists in the coating as elemental aluminum. The higher intensity of the Al 2p peak
after etching as compared to that before etching is due to the removal of carbon and
oxygen contaminated on the coating surface. Also, a small amount of Al-O bonds was
detected from the deconvoluted peak at 74.2 eV. The oxygen is believed to contaminate
the coating during the deposition process. Although the chamber was pumped to a base
pressure of 1.33 x 10-5 Pa, there was always a small amount of oxygen in the chamber
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available to contaminate the coating. No bond between Al and C at 73.6 eV [149] was
seen in the coating even for the coating deposited with a 1.8 W/cm2 power density on the
Al target. Figure 5.4 shows the XPS spectrum (after etching) of the C 1s where the peak
of the C-C bonds at 284.6 eV and C-O bonds at 286.3 eV were seen. It again confirms that
no chemical bonding exists between C and Al since no peak at 281.5 eV was observed.
The composition of coatings as calculated from XPS spectra (after etching for 15 minutes)
is tabulated in table 5.1. The Al content in the coating increased from 5.1 to 19.6 at.% as
the power density on the Al target increased from 0.6 to 1.8 W/cm2. The oxygen content
in the coating was 2-4 at.%, a small amount.
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Figure 5.2. XPS spectra of the Al 2p for Al-“doped” DLC deposited under -150 V bias at
different power densities on the Al target (power density of graphite: 10.5 W/cm2)
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Figure 5.3. XPS spectra of Al 2p for Al-“doped” DLC before and after etching for 15
minutes
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Figure 5.4. XPS spectrum of C 1s for Al-“doped” DLC after etching for 15 minutes
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Table 5.1. Composition of the Al-“doped” DLC coating deposited under -150 V bias and
power density on the graphite target of 10.5 W/cm2.

C (at. %)

Al (at. %)

O (at. %)

0.6

93

5

2

1.1

87

9

4

1.4

83

14

3

1.8

77

19

4

Power density of
2

Al target (W/cm )

At the same target power density, the change of Al concentration at different bias voltages
(in the range from -20 to -150 V) was not significant as seen from Figure 5.5 where the Al
concentration in the Al-“doped” DLC is plotted as a function of bias voltage. Therefore,
the parameter that can be used to effectively control the composition of metal in the
coating is the power density on the metallic target.

Al-“doped” DLC coatings are amorphous. Figure 5.6 shows the XRD spectra of an Al“doped” DLC coating (19 at.%Al) and [100] Si wafer. The XRD profile of the Al-“doped”
DLC did not have any noticeable peak except the peak from the Si substrate at around 69o
2θ. This indicates that the Al in the coating is not crystalline. This conclusion is supported
by the TEM image (c.f., Figure 5.7) combined with diffraction pattern (a broad halo was
seen).
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Figure 5.5. Relationship between bias voltage and Al concentration in Al-“doped” DLC
coatings deposited under different power densities on the Al target. The Al concentration
does not considerably change as applied bias voltage is varied
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Figure 5.6. XRD spectra of Al-“doped” DLC coating (19 at.% Al) and a [100] Si
substrate. No noticeable peak is seen except the one of [100] Si wafer at 69o 2θ
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10 nm

Figure 5.7. TEM micrograph with diffraction pattern of Al-“doped” DLC coating (19 at.%
Al). The coating is amorphous: a broad halo is seen from the diffraction pattern

Figure 5.8 shows Raman spectra of Al-“doped” DLC for different Al compositions. The
range covered was from 850 to 1900 cm-1. Outside this range, no feature was observed.
The ID/IG ratios, which were calculated from the intensity of the G and D peaks, were also
put onto the diagram. The ID/IG ratio increased with increasing power density on the Al
target. The Al content in the coating also increased. Without Al, the ID/IG ratio was 1.1 and
it increased to 2.7 as the Al content increased to 19 at.%. This indicates that incorporation
of Al hinders the formation of sp3 sites leading to an increase in sp2 fraction in the a-C of
the Al-“doped” DLC coating. Also, a high ID/IG ratio of 2.7 when the power density on the
Al target was 1.8 W/cm2 (corresponding to 19 at.%Al) indicates that the sp2 sites started
organizing into small graphitic clusters [141, 151].
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Figure 5.8. Raman spectra of Al-“doped” DLC coatings with different Al concentrations

5.1.2. Hardness, residual stress and adhesion strength of Al-“doped” DLC coatings
The hardness and Young’s modulus of Al-“doped” DLC coatings decreased with
increasing Al concentration in the coating. Without addition of Al, the hardness of a pure
DLC coating was 32. 5 GPa and it decreased to a low level of 7.8 GPa when the coating
was “doped” with 19 at.%Al as seen from Figure 5.9. This is the consequence of the
increase in the sp2 fraction when more Al is added to the coating. In addition, Al is a soft
material. Therefore the hardness of the coating is further decreased.

However, the

increase of the sp2 fraction in the coating due to the addition of Al is the most important
factor contributing to the relaxation of the residual stress. It has been proved by Sullivan et
al. [152] that while the atomic volume of a sp2 site exceeds that of a sp3 site, its in-plane
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size is less due to its shorter bond length. Thus the formation of sp2 sites with their σ plane
aligned in the plane of compression greatly relieves biaxial compressive stress.
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Hardness (GPa)

30
25
20
15
10
5

0

5

10

15

20

Al concentration (at.%)

Figure 5.9. The hardness of DLC coating as a function of Al concentration

Figure 5.10 plots the relationship between residual stress of Al-“doped” DLC coatings
(thickness of about 1.2 µm) and Al content. Without Al, the residual stress was as high as
4.1 GPa. When 5 at.% Al was added, the stress dropped to 0.9 GPa (4.5 times reduction)
and the ID/IG ratio increased from 1.1 to 1.7 (1.5 times increase). It has been proved that
for DLC coatings with high sp3 fraction, the stress considerably decreases with very little
variation of strain in the coating [68]. If more Al was added such a big drop in residual
stress was not observed but rather a gradual decrease took place. With 19 at.% Al added,
the measured residual stress was only 0.2 GPa.
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Figure 5.10. Residual stress as a function of Al content in Al-“doped” DLC coatings

Addition of Al results in a considerable increase in adhesion strength of the coating to the
substrate. This is due to two reasons: (1) the low residual stresses in the coating and (2)
the high toughness achieved because Al is a tough material and the coating contains more
graphite-like structure. Both effects can be seen from the results of scratch tests: high
critical load combined with plastic behavior but not brittle like pure DLC.

Figure 5.11 shows the optical micrographs of scratches after scratch tests on DLC “doped”
with 5 and 19 at.% Al. Coatings with different Al contents exhibited different behavior in
the scratch tests.
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Figure 5.11. Optical micrographs of scratches on the coatings after scratch tests of Al“doped” DLC coatings: (a) 5 at.% Al and (b) 19 at.% Al

The damage of coatings “doped” with 5 at.%Al occurred at an applied load of about 367
mN. However, at such a high load, the coating exhibited only partial damage. This is
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different from the results obtained from pure DLC coatings (c.f., Figure 4.23 in chapter 4)
where at low applied loads (less than 240 mN), the coatings were totally damaged. As 19
at.%Al was added, no fracture was seen. Since this coating had low hardness (7.8 GPa), as
the load reached about 180 mN, the diamond tip had already ploughed deeply into the
coating causing a gradual decrease in the scanning amplitude. Up until the end of the test,
when the load reached 455 mN, no fracture or interfacial failure were observed indicating
the high toughness and adhesion strength of this coating. It is clear that the more the Al
was added into DLC the more the adhesion strength was improved. However, DLCs
“doped” with high Al content have low hardness therefore the application of these
coatings is limited.

5.2. Effect of Ti-incorporation on the properties of DLC
5.2.1. Composition and coating structure
Ti is added into DLC by the co-sputtering of graphite and Ti targets. The power density on
the graphite target was 10.5 W/cm2 whereas that on the Ti target was changed for different
compositions. The process pressure was maintained at 0.6 Pa and the substrate
temperature was kept constant at 150 oC during deposition.

After unloading from the deposition chamber, the coatings were contaminated with a large
amount of oxygen and carbon coming from the atmosphere. Therefore ion etching was
carried out for 15 minutes before XPS analysis of each sample. The oxygen which was
incorporated into the coatings during deposition (less than 5 at.%) was excluded from the
calculations. Fitting the C 1s and the Ti 2p3/2 peaks allows us to discriminate between the
three occurring phases in the coating: a-C, TiC and metallic Ti. The C 1s positions of the
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C-C in a-C and C-Ti in TiC are 284.6 and 281.8 eV, respectively [147]. The Ti 2p3/2 peak
of Ti in TiC is at 454.9 eV and that of metallic Ti is at 453.8 eV [153]. The Ti 2p also has
another peak (Ti 2p1/2) at 461 eV for Ti in TiC and 459.9 for metallic Ti. The composition
of coatings deposited at different power densities on the Ti target and under -150 V bias is
tabulated in table 5.2. Those values were calculated from the C 1s and Ti 2p XPS spectra,
which are shown in Figures 5.12 and 5.13. At the same power density on the Ti target, the
Ti content in the coating remained almost unchanged when different bias voltages (in the
range from -20 to -150 V) were applied. This is similar to the case of adding Al to a-C
(c.f., Figure 5.5).

Table 5.2. Composition of Ti-“doped” DLC coatings deposited at different power
densities of Ti target (power density of graphite target was 10.5 W/cm2) under -150 V
bias

Ti (at.%)

C (at.%)

Coating structure

0

0

100

a-C

0.8

3

97

a-C(Ti)

1.4

8

92

nc-TiC/a-C

1.8

16

84

nc-TiC/a-C

2.1

25

75

nc-TiC/a-C

2.4

30

70

nc-TiC/a-C

2.7

36

64

nc-TiC/a-C

3.0

45

55

nc-TiC/a-C

3.3

48

52

TiC

4.0

53

47

TiC

Power density of Ti
target (W/cm2)
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Figure 5.12. XPS spectra of C 1s of Ti-“doped” DLC coatings deposited under -150 V
bias with different Ti contents

Ti 2p 3/2
Ti TiC

Ti 2p 1/2

Intensity (arb. units)

Ti TiC

Ti (at.% )
3
8
16
25
30
36
45
48
53

452

454

456

458

460

462

464

Binding energy (eV)

Figure 5.13. XPS spectra of Ti 2p in Ti-“doped” DLC coatings deposited under -150 V
bias with different Ti contents
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From Figure 5.12, at 0 at.%Ti (i.e., 100 % a-C) only the C-C bond was observed at 284.6
eV. As the Ti content in coatings increased, the carbide (TiC) peak at 281.8 eV appeared
and grew while the a-C peak decreased. At 3 at.%Ti, almost no TiC was seen and Ti
existed in the coating as elemental Ti, which gave a peak at 453.8 eV of Ti 2p in Figure
5.13. The limitation of the formation of TiC at low Ti content can be attributed to the low
power density applied to the Ti target (e.g. 0.8 W/cm2 for 3 at.% Ti). At low power
densities, the energy of the sputtered Ti ions may not high enough to support the
formation of Ti-C bonds. The formation of TiC was seen as 8 at.%Ti was added (the
power density on the Ti target was 1.4 W/cm2) and from the Ti 2p spectrum it can be seen
that only a part of Ti bonded with C to form TiC. At 16 at.%Ti and more, most Ti in the
coating bonded with C to form TiC (as seen from the Ti 2p3/2 XPS spectra in Figure 5.13,
a single peak, which can be attributed to TiC, was seen at 454.9 eV). As the Ti content
exceeded 48 at.%, the peak associated with a-C was almost undetectable from the XPS
spectra of the C 1s (c.f., Figure 5.12) indicating that there was virtually no a-C in these
coatings (all the carbon bonded with Ti to form TiC). Also, from Figure 5.13, a
considerable amount of metallic Ti was seen in the coating “doped” with 53 at.%Ti (the Ti
2p3/2 peak was considerably shifted towards 453.8 eV).

Figure 5.14 presents the

composition of a-C, TiC, and Ti (calculated from XPS) in the coatings at different atomic
concentrations of Ti. The amount of metallic Ti was calculated by subtracting the carbide
contribution to the Ti 2p obtained by peak fitting from the total Ti content. From the
figure, the concentration of a-C and TiC was in the range 50-50 at.% at about 27 at.%Ti
incorporation. Therefore, at Ti contents less than 27 at.%, the a-C is dominant and TiC
becomes dominant if Ti content exceeds 27 at.%.
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Figure 5.14. The content of a-C, TiC and metallic Ti as a function of Ti addition
(calculated from the XPS data presented in Figures 5.12 and 5.13)

Figure 5.15 shows the XRD spectra of the coatings at different Ti contents. At 3 at.% Ti,
the coating is amorphous. Also, as mentioned above, Ti exists in this coating as elemental
Ti. Therefore this coating was denoted as a-C(Ti) (Ti containing a-C) in table 5.2. Above
8 at.%Ti incorporation, the formation of the TiC crystalline phase was observed. Peaks at
35.9, 41.7, and 60.4 o 2θ were attributed to the [111], [200], and [220] diffraction modes
of TiC. The intensity of those peaks increased with increasing Ti content. No dominant
texturing was observed. From 8 to 45 at.%Ti, as seen from XPS and XRD results (c.f.,
Figure 5.14 and 5.15), the crystalline TiC and a-C co-existed. Therefore the coatings were
denoted as nc-TiC/a-C (the prefix nc- stands for nanocrystal since the size of the TiC
grains is in the range of nanometers as will be shown later) in table 5.2. At higher
contents of Ti, there was almost no a-C in the coating but only crystalline TiC and a small
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amount of metallic Ti. The coatings, in this case, were denoted as nc-TiC in table 5.2. It
can be seen that, at -150 V bias, the nanocomposite can be obtained if the Ti content is
from 8 to about 45 at.%. Outside this range, the resultant coating may be Ti containing aC or crystalline TiC. At Ti concentration of 25 at.% onwards, a small shift of the TiC
peaks to the smaller Bragg’s angle was seen. That was believed to come from the
compressive stress generated in the coating during the deposition process. It was mainly
intrinsic stress because the coatings were deposited under low deposition temperature.
Thus the thermal stress was negligible. At lower Ti contents, the residual stress was low
and no shift of the peaks was seen.
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Figure 5.15. XRD spectra of Ti-“doped” DLC coatings deposited under -150 V bias with
different Ti concentrations
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Ignoring the effect of microstrains due to the compressive stress, the grain size of TiC can
be estimated using the Debye-Scherrer formula (equation 3.1). The calculated grain size
is plotted in Figure 5.16.
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Figure 5.16. Grain size of TiC as a function of Ti concentration (calculated from XRD
results in Figure 5.15)

The grain size increased with increasing Ti concentration. On average, TiC [111]
crystallites were largest followed by that of TiC [200] and the TiC [220] crystallites were
smallest. For TiC [111], the grain size increased from 3 to 17 nm as the Ti incorporated
increased from 8 to 48 at.%. With increasing Ti, there are more Ti4+ ions readily available
for the growth of TiC crystallites. At the same time, as Ti increases, the relative amount of
a-C is reduced (c.f., Figure 5.14), thus the constraints exert on the growth of the
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crystallites are alleviated. All these combine to result in an increase in the grain size of
TiC with increasing Ti incorporation.

Figure 5.17 shows the TEM micrographs of coatings with different Ti contents. At 3
at.%Ti, no TiC grains were seen. The coating was amorphous. At 8 at.% Ti, the TiC grains
in the a-C matrix were observable: a few grains scattered within an a-C matrix. The
density of grains increased with increasing Ti content in the coating. At 45 at.%Ti, very
little a-C was seen. The coating contains almost only large TiC grains. Also, it is difficult
to recognize the grains in the matrix. Therefore, a bright field image is included for easier
recognition of the grains and estimation of their size. Above 8 at.%Ti incorporation, the
diffraction patterns of coatings were almost similar: sharp rings with almost uniform
intensity for the [111], [200] and [220] directions (c.f. Figure 5.18). This indicates a
random orientation ([111], [200] or [220]) of the TiC grains in the a-C matrix. The
observation from TEM agrees well with results obtained from XRD. The intensity of the
TiC [311] and TiC [222] is very weak indicating that very few TiC crystallites are
oriented these directions. Therefore, the Bragg’s peaks of TiC [311] and TiC [222] (at
72.3 and 76.2 o 2θ, respectively) were not observable in the XRD spectra. The grain size
observed from the TEM micrographs as compared to that calculated from XRD spectra is
plotted in Figure 5.19. The trend of grain size observed from TEM and XRD was the
same: the grain size increased as increasing Ti content in the coating. However, the grain
size calculated from XRD spectra was smaller than that observed from TEM. In the
calculation of grain size (using the Debye-Scherrer formula) the effect of microstrains
(due to the residual stress) in broadening the Bragg’s peak was ignored. This assumption
results in smaller values of grain size obtained from calculation compared to the real one.
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10nm

BF TEM

10nm

45 at.%Ti
Figure 5.17. TEM micrographs of coatings with different Ti contents. At 3at.%Ti, the
coating is amorphous. The TiC nanograins are observed from 8 at.%Ti onwards. The size
and fraction of crystallites increase with increasing Ti content. At 45 at.%Ti, the coating
contains almost TiC grains (bright field (BF TEM) is added for an easier recognition of
grains )
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Figure 5.18. Diffraction pattern of nc-TiC/a-C coatings indicating the random orientation
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Figure 5.19. Grain size of TiC determined from TEM and XRD. The grain size increases
as Ti content increases
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Table 5.3. Summary of the structure of nc-TiC/a-C deposited under -150 V bias with
different compositions of Ti (from XPS, XRD and TEM results).

Ti content (at.%)

TiC

TiC

a-C

Composite

grain

phase

interface

Description

size

volume

thickness

(nm)

(%)

(nm)

0

Amorphous

0

0

N/A

3

Amorphous

0

0

N/A

8

Random inclusion of TiC grains

2-5

5

>10

16

encapsulated into a-C matrix

2-5

18

<10

25

Considerable amount of TiC

3-7

28

<10

30

grains encapsulated in the a-C

3-8

39

<8

36

matrix

3-11

69

<5

45

Almost TiC grains with a minor

10-25

93

<2

amount of a-C phase

Raman spectra and the ID/IG ratio for nc-TiC/a-C coatings are shown in Figure 5.20. From
the figure, the intensity of the carbon peak decreased as more Ti was added into the
coating and no peak was seen for the coating “doped” with 45 at.% Ti. This is due to the
decrease of a-C when more Ti was added (Ti bonds with C to form TiC). As seen from
Figure 5.14, when 45 at.% Ti was added, the coating contained only 10 at.%C. Such a
small amount was not enough to produce a peak in the Raman spectrum.
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Intensity (arb. units)

Ti (at.%)
0

ID/IG=1.1
16

1.9
2.3

30

2.6

36
45
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1200

1400

1600

1800

-1

Raman shift (cm )

Figure 5.20. Raman spectra of nc-TiC/a-C nanocomposite coatings for compositions of Ti
of 0, 16, 30, 36, and 45 at.%

The increase of the ID/IG ratio indicates that the sp3 fraction decreases when Ti is added.
That is the same as the case of addition of Al. However, addition of Al resulted in a
greater decrease in sp3 fraction (increase in ID/IG ratio). From Figures 5.8 and 5.20,
addition of 16 at.%Ti resulted in an ID/IG ratio of 1.9 whereas the addition of only 9
at.%Al resulted in an ID/IG ratio of 2. The Al added goes into the a-C matrix and disturbs
the carbon structure in comparison to the addition of Ti where the Ti forms nanograin TiC
with C.

5.2.2. Hardness and residual stress
The trend of hardness and Young’s modulus when “doping” Ti was different from the
case of “doping” Al. Al exists in the coating as elemental Al and this leads to a decrease
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of hardness as more Al is added due to the decrease of the sp3 fraction in a-C and Al itself
is a soft metal. When Ti was added above a certain level, nanograins of strong phase TiC
were formed. In this case, the hardness of the coatings was not only dependent on the sp3
fraction of a-C but also on the nanocrystalline phase of TiC (the size of grains, their
volume fraction and distribution in the a-C matrix). Figure 5.21 plots the coating hardness
and Young’s modulus as a function of Ti concentration.

40
38

Bias voltage: - 150 V
Process pressure: 0.6 Pa

Hardness (GPa)

36

340

34

320
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300
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240
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Young's modulus (GPa)

360

220

20
18
0
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20

30

40

50

200

Ti concentration (at.%)

Figure 5.21. Coating hardness and Young’s modulus of nc-TiC/a-C as a function of Ti
concentration

Pure a-C coating had highest hardness and Young’s modulus of 32.5 and 342.6 GPa,
respectively. On increasing Ti content, the coating hardness decreased and then increased
owing to different mechanisms: as discussed before, at low Ti content (less than 16 at.%),
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the addition of Ti in the coating only serves as “doping” (virtually no TiC formation or
very few TiC crystallites were found scattered in the a-C matrix, c.f., Figure 5.17 and table
5.3 ). Addition of Ti decreased the sp3 fraction in the a-C matrix (c.f., Figure 5.20) which
resulted in a decrease in the hardness. Starting from 16 at.%Ti, a considerable amount of
TiC nanograins were formed and these increased with increasing addition of Ti (c.f., table
5.3) resulting in a recovery of hardness to 32 GPa at 36 at.%Ti after off-setting the effect
of the high sp2 fraction in the matrix. With further increase of Ti, the coating hardness
decreased as a result of grain coarsening. A fitting curve connects the experimental data in
Figure 5.21 indicates that a maximum hardness of about 32-33 GPa, which is comparable
to that of pure a-C, can be obtained at Ti contents of 38 - 42 at.%. In this range of Ti
content, the grain sizes of the TiC are about 3 - 25 nm, the a-C interface thickness is less
than 5 nm and the volume fraction of TiC nanograins is about 70 - 90 % (c.f., table 5.3). It
is clear that, superhardness (higher than 40 GPa) is not achievable in this case because the
two simultaneous conditions required for superhardness are not satisfied. Firstly, the grain
size of TiC is not small enough (< 10 nm) to totally suppress the operation of dislocations,
and secondly, the a-C interface is not thin enough (< 1 nm) to support the coherence
strain-induced enhancement of hardness [89].

The relationship between residual stress and Ti concentration is shown in Figure 5.22.
When Ti was co-sputtered, the residual stress in the coating decreased from 4.1 GPa (a-C)
to 0.9 GPa (16 at.%Ti) then increased gradually to 2.1 GPa at 45 at.%Ti. At higher Ti
contents, it slightly decreased. The decrease of residual stress as Ti was added is
understandable from the increase in sp2 fraction, which helps to relax the compressive
stress accumulated in the coating during the deposition process. Also, it should be noted
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that, the energy of the sputtered species coming to the substrate during co-sputtering of
two targets (graphite and Ti) is considerably lower owing to more probability of collisions
between species in the plasma compared to case when only the graphite target is sputtered.
When a considerable amount of TiC is formed (from 16 at.%Ti) with association of less aC inclusion, the hard phase of TiC hinders the relaxation of stress. The more TiC
nanograins formed the less stress was relaxed leading to an increase in residual stress as
more Ti was added. However, the highest residual stress observed in nc-TiC/a-C was
about 2 GPa, which is much lower than that of pure a-C (about 4 GPa).

Residual stress (GPa)

4.5
Bias voltage: - 150 V
Process pressure: 0.6 Pa
Coating thickness: 1.2 µ m

4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

0

5

10 15 20 25 30 35 40 45 50

Ti concetration (at.% )
Figure 5.22. Residual stress of nc-TiC/a-C coatings as a function of Ti concentration

A high hardness (about 32 GPa) with a residual stress of only half of that of a pure a-C
coating was obtained in nanocomposite nc-TiC/a-C. Therefore, co-sputtering Ti and
carbon to form nanocomposites is an effective method to maintain the hardness at a high
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level while keeping low residual stress. From Figures 5.10 and 5.22, it is clear that Al is
better than Ti in reduction of residual stress.

5.2.3. Surface roughness and coefficient of friction in dry conditions
Figure 5.23 plots the surface roughness (with AFM images to illustrate the surface
morphology of coatings) of nc-TiC/a-C coatings (1.2 µm thickness, deposited on a Si
wafer) as a function of Ti content. With increasing Ti content, surface roughness of the
coatings increased. From the figure, at 3 at. % Ti, the surface roughness of the coating was
1.9 nm Ra, a little bit higher than that of pure a-C (1.1 nm Ra). After that, Ra considerably
increased to about 5 nm as 8 at.%Ti was added. From 8 to 36 at.%Ti, Ra gradually
increased from 5 to about 8 nm. At higher Ti contents, Ra increased dramatically and
reached a high value of 18.3 nm at 48 at.%.Ti. From XPS, XRD, TEM and Raman
results, it was clear that more Ti incorporation resulted in a large fraction of crystalline
phase (thus less amorphous carbon) with larger grain size, which led to rougher
morphologies.

Figure 5.24 shows the coefficient of friction of coatings sliding against a 100Cr6 steel ball
in ambient air (22 oC, 75 % humidity). From the figure, the coefficient of friction
increased from 0.17 to 0.24 as the Ti content increased from 3 to 36 at.%. The a-C matrix
influences significantly the friction of nc-TiC/a-C coatings through the formation of a
graphite-rich layer. As mentioned earlier, this layer acts as solid lubricant in humid air.
When more Ti was added, more TiC crystallites formed thus less a-C matrix was in direct
contact with the wearing ball. This resulted in less solid lubricant between the two sliding
surfaces and higher coefficients of friction were seen. Another reason causing the increase
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in friction was the increase of surface roughness as more Ti was added as mentioned
above. The development of the coefficient of friction exhibited an abrupt change at about
45 at.% Ti. At that at.%Ti, the concentration of a-C was approximately 10 at.% (c.f.,
Figure 5.14). Such low amount of a-C can no longer transform into graphitic lubricant
leading to a dramatic increase in coefficient of friction. The coatings, in this case,
exhibited the same friction behavior as TiC.

18
16

2 x 2 µm2
Zmax = 41.84 nm
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8
6
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2
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0
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T i c o n c e n tra tio n (a t.% )

Figure 5.23. Surface roughness (Ra) as a function of Ti concentration
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Figure 5.24. Coefficient of friction of nc-TiC/a-C coatings with different Ti contents (the
values in the diagram were steady after 1 Km sliding). The coefficient of friction increases
as more Ti is added to the a-C

5.3. nc-TiC/a-C(Al) nanocomposite coatings
This novel nanocomposite is designed to have high toughness, low residual stress,
adequate hardness thus wear resistance, good thermal stability and oxidation resistance
and low friction in dry and lubricated conditions. To satisfy these expectations, a spectrum
of conditions must be met. The key design considerations are summarized as follows:
● A combination of hard crystalline TiC and a tough, relatively hard amorphous matrix of
Al-“doped” DLC by co-sputtering of graphite, Ti and Al targets.
● To prevent the generation of thermal stress in the coating, a low temperature (<150 oC)
should be used during the deposition process.
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● The size of the TiC grains should be maintained at about 10 nm or less to minimize the
operation of dislocations and restrict the crack size.
● To restrict the path of straight cracks the thickness of the amorphous interface should be
as low as possible (< 10 nm is preferred).
● To facilitate grain boundary sliding, the nanograins should be randomly oriented.
● To enable self-lubrication, a sufficient amount of a-C should exist in the matrix. To
ensure that the coefficient of friction does not exceed 0.25 in dry conditions, the content of
a-C in the coating should be higher than 20 at.%.

5.3.1. Deposition and structure of nc-TiC/a-C(Al) coatings
As mentioned in the previous sections, the negative bias voltage did not significantly
influence the composition when Ti or Al was co-sputtered with carbon. Therefore, the
composition of nanocomposite coatings was controlled through changing the power
density on the targets. The power density on graphite target was 10.5 W/cm2 for all
samples. From section 5.2, it can be seen that with a power density on the Ti target of 2.7
W/cm2, the amount of TiC crystalline phase is high enough to maintain a high hardness
while the a-C content is adequate for self-lubrication to take place. Therefore, the power
density on the Ti target was chosen to be 2.7 W/cm2. The power density on the Al target
was varied from 0.6 to 1.8 W/cm2 for different compositions. The substrates were biased
at -150 V and the process pressure was kept constant at 0.6 Pa during deposition for all
samples. The composition of the coatings deposited with different power densities on the
Al target were calculated from the areas under the C 1s, Ti 2p and Al 2p peaks in the XPS
spectra. The results are tabulated in table 5.4 (the coatings were etched using an Ar ion

178

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

beam for 15 minutes before analysis; less than 4 at.% of oxygen contaminated was
ignored in the calculations).

Table 5.4. Composition of nc-TiC/a-C(Al) coatings deposited
Power density of

Composition

Al target (W/cm2)

C

Ti

Al

Notation

0.6

62

35

3

C62Ti35Al3

1.1

60

34

6

C60Ti34Al6

1.4

57

32

11

C57Ti32Al11

1.8

56

31

13

C56Ti31Al13

Figure 5.25 shows the C 1s, Ti 2p and Al 2p XPS profiles of C56Ti31Al13 coating. It should
be noted that except for the intensity of the peaks, there was no difference between the
XPS spectra of all four coatings. The results revealed from XPS spectra of the four
coatings meet the expectations of the coating design:
● The Al existed in the coating as elemental Al. A symmetrical single peak at 72.6 eV was
seen in the Al 2p spectra.
● Except for the bonds of the oxides, Ti - C was the only chemical bond found in the
coating. The peaks at 281.8 eV in the C 1s profile and at 454.9 eV (461 eV for Ti 2p1/2) in
the Ti 2p profile are attributed to TiC. This indicates that under the deposition conditions,
other carbides such as aluminum carbide or aluminum-titanium carbide did not form.
● All Ti bonded with C to form TiC. No shift of the Ti 2p peaks to lower binding energies
was seen from the spectra. Therefore there was no elemental Ti in the coatings.
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a-C

TiC (Ti 2p3/2) Ti-O

C-O

TiC (Ti 2p1/2)
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Figure 5.25. C 1s, Ti 2p and Al 2p XPS spectra of C56Ti31Al13 coating (power density of
graphite: 10.5 W/cm2, Ti: 2.7 W/cm2 and Al: 1.8 W/cm2) (15 minutes etching was applied
before analysis)

XRD spectra of nc-TiC/a-C(Al) coatings are shown in Figure 5.26. It can be seen that TiC
was the only crystalline phase in these coatings and the TiC nanograins were randomly
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oriented with [111], [200], and [220] directions. The more Al added the lower the
intensity of the peaks was since the amount of TiC was lower as more Al was added into
the coating. However, as more Al was added, the peak intensities and the widths in all
directions became more consistent, indicating uniform grain size and random orientation.
As more Al was added, no shift of the peaks was seen, which indicated that the coating
had low residual stress. According to XPS and XRD results, the structure of the four
coatings is a nanocomposite with nanocrystallites of TiC embedded in the matrix of Al“doped” DLC (nc-TiC/a-C(Al)). The grain size of all nc-TiC/a-C(Al) coatings was 2 - 5
nm as calculated from the XRD spectra using Debye-Scherrer formula (equation 3.1). The
calculated values should be very near the real ones since nc-TiC/a-C(Al) had low residual
stress (not much shift of TiC peaks was seen compared to the case of nc-TiC/a-C).
Therefore the effect of residual stress on broadening the Bragg’s peaks was negligible.

TiC [220] Si substrate

Intensity (arb. units)

TiC [111] TiC [200]

C62Ti35Al3
C60Ti34Al6
C57Ti32Al11
C56Ti31Al13
30 35 40 45 50 55 60 65 70 75 80
ο

2θ ( )

Figure 5.26. XRD spectra of nc-TiC/a-C(Al) coatings
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Figure 5.27 shows the bright field (BF) with diffraction patterns (a) and HR TEM
micrographs (b) of a nc-TiC/a-C(Al) (C56Ti31Al13) coating. The diffraction pattern
confirmed the existence of randomly oriented TiC nanograins. Also the BF TEM shows a
high volume fraction of TiC nanograins in the matrix of Al-“doped” DLC. The grain size
was determined to be from 2-6 nm, which is very consistent with the results calculated
from XRD (2-5 nm). From table 5.2 and 5.3, co-sputtering of graphite (10.5 W/cm2) and
Ti (2.7 W/cm2) resulted in a nanocomposite nc-TiC/a-C coating (36 at.%Ti) with grain
size from 3 to 11 nm. When Al was incorporated by co-sputtering of graphite (10.5
W/cm2), Ti (2.7 W/cm2) and Al (0.6-1.8 W/cm2), the grain size of TiC was less than 6 nm.
It is clear that incorporation of Al reduces the grain size of TiC. The interface thickness of
the amorphous phase was determined to be less than 5 nm, comparable to that of the ncTiC/a-C coating.

20nm

2nm

(b)

(a)

Figure 5.27. BF TEM (with diffraction pattern) and HR TEM of a nc-TiC/a-C(Al)
(C56Ti31Al13) nanocomposite coating. In BF TEM, the dark spots are TiC nanograins
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Figure 5.28 shows the surface morphology of nc-TiC/a-C(Al) (C62Ti35Al3 and C56Ti31Al13)
coatings. The surface roughness of C62Ti35Al3 and C56Ti31Al13 was 6.9 and 5.4 nm Ra,
respectively. nc-TiC/a-C(Al) has a smoother morphology than nc-TiC/a-C and more Al
added resulted in an even smoother surface.

(a)

(b)

Figure 5.28. AFM images of C62Ti35Al3 and C56Ti31Al13 nanocomposite coatings
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5.3.2. Mechanical properties of nc-TiC/a-C(Al) coatings
Mechanical properties of DLC, nc-TiC/a-C and nc-TiC/a-C(Al) coatings investigated in
this study are tabulated in table 5.5.

Table 5.5. Mechanical properties of DLC, nc-TiC/a-C and nc-TiC/a-C(Al) coatings

Young’s

Deposition
Coatings

2

Stoichio-

Hardness

modulus

Stress

[power density (W/cm ]
C

Ti

Al

Bias(V)

metry

(GPa)

(GPa)

(GPa)

DLC

10.5

0

0

-150

C

32.5

342.6

4.1

nc-TiC/a-C

10.5

2.7

0

-150

C64Ti36

31.8

324.5

2.1

nc-TiC/a-C(Al)

10.5

2.7

0.6

-150

C62Ti35Al3

27.3

297.5

1.3

nc-TiC/a-C(Al)

10.5

2.7

1.8

-150

C56Ti31Al13

19.5

220.4

0.5

The hardness and Young’s modulus of nc-TiC/a-C(Al) was less than that of DLC and ncTiC/a-C. However the big benefit here was the low residual stress of the nc-TiC/a-C(Al)
coatings. As investigated in sections 5.1 and 5.2, addition of Al or Ti into DLC
considerably reduced the residual stress of the coating. When Al and Ti were added into
DLC at the same time a low residual stress was obtained. It is interesting that C56Ti31Al13
had very low residual stress of 0.5 GPa while its hardness was at the relatively high level
of about 20 GPa. Such hardness is suitable for wear resistant applications in the
engineering. More importantly, the low residual stress allows thick adherent coatings to be
deposited leading to a long working life for the coating.
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Figure 5.29 plots the load and unload curve of a nc-TiC/a-C(Al) (C56Ti31Al13) coating.
The plasticity during indentation deformation was estimated to be 58 %. Such a very high
plasticity indicates a high toughness for the coating (which can be visually seen from
scratch tests). From Figure 4.38, it can be seen that the plasticity of DLC and bias-graded
DLC was considerably lower than that of nc-TiC/a-C(Al) (43 and 50 %, respectively).

6
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Figure 5.29. Load and unload curves from the nanoindentation of a nc-TiC/a-C(Al)
coating. The plasticity of the coating was 58 %

Figure 5.30 plots the adhesion strength (in terms of the lower critical load from scratch
tests) of DLC (deposited at a constant bias of -140 V), bias-graded DLC (deposited at a
bias rate of 2 V/min), nc-TiC/a-C (C64Ti36) and nc-TiC/a-C(Al) (C56Ti31Al13) coatings
deposited on 440C steel substrates. As can be seen from the plot, DLC deposited under a
high bias voltage of -140 V exhibited the lowest adhesion strength (118 mN). For bias-
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graded DLC, the adhesion strength was 3 times higher (381 mN). Since the surface
roughness was low for both DLC deposited under a constant bias of -140 V and biasgraded DLC (1.1 and 1.4 nm Ra on the Si wafer), the considerable increase in adhesion
was attributed to the combination of low residual stress and high toughness of the biasgraded DLC especially at the interface between the coating and substrate. The adhesion
strength of the nc-TiC/a-C coating was 253 mN, more than twice that of DLC deposited
under -140 V bias owing to a much lower residual stress and the toughness enhancement
of the nanocomposite configuration (the size of the cracks was limited and their
propagation was hindered). However, this critical load was still lower than that of the biasgraded DLC coating (381 mN) because of two reasons. Firstly, the residual stress of ncTiC/a-C was higher than that of bias-graded DLC (2.1 GPa compared to 1.5 GPa).
Furthermore, it should be noted that the residual stress was obtained from the change in
curvature of a whole [100] Si wafer, i.e., an average of the whole coating regardless of
possible variation due to structural grading in case of bias-graded deposition. In biasgraded DLC coatings, the sp3 fraction increases from the substrate-coating interface
towards the outer surface of the coating. The local residual stress at the interface should be
a lot lower than that close to the surface (where sp3 is the highest). Secondly, the
roughness of nc-TiC/a-C was 8.2 nm Ra (on a Si wafer), which was much higher than that
of the bias-graded DLC coatings (1.4 nm Ra on Si). This resulted in higher friction and
thus higher shear stress at the contact area. These two reasons gave rise to a higher critical
load for the bias-graded DLC compared to that of nc-TiC/a-C. In the case of the nc-TiC/aC(Al), a very high critical load of 697 mN was obtained. The extremely low residual
stress of 0.5 GPa played an important role in this. Another important contribution can be
attributed to the extremely high toughness as a consequence of adding Al to form an a186
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C(Al) matrix in which nanosized TiC grains were imbedded. In this case, the propagation
of the micro-cracks, which are generated in the scratch process, was hindered at the
boundaries between the matrix and the grains. Meanwhile, the crack propagation energy
was relaxed in the tough matrix. The smoothness of the surface (5.4 nm Ra on Si) also
contributed towards the high critical load.
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Tip radius: 15 µm
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Scanning speed: 10 µm/s
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400
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300
200
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a-C(Al)

nc-TiC
/a-C

Figure 5.30. Lower critical load obtained from scratch tests of DLC (-140 V bias), DLC
(bias-graded), nc-TiC/a-C, and nc-TiC/a-C(Al) coatings

As can be clearly seen from the optical micrographs of the scratch tracks in Figure 5.31,
DLC coating deposited under -140 V bias delaminated in a brittle manner as the load
reached 118 mN, and the lower critical load and the higher critical load were not
distinguishable. For bias-graded DLC and nanocomposite coatings, however, damage
inflicted on the coating was not continuous (sporadic) as load continued to increase (c.f.,
Figure 5.31 (b), (c) and (d)). The fractured surface of the nc-TiC/a-C(Al) coating appeared
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very “plastic” (Figure 5.31 (d)): the cracks formed but did not produce spallation - instead,
the tip was seen to plough into the coating. As the tip ploughed deeper, the scanning
amplitude decreased because the force exerted on the tip to vibrate in the transverse
direction was not enough to overcome the resistance created by the material piled up.

Drag direction

118 mN

25 µm

a

Drag direction

381 mN

25 µm

b
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Drag direction

253 mN

25 µm

c

Drag direction

697 mN

25 µm

d

Figure 5.31. Optical micrographs of scratch tracks on the coating of (a) DLC deposited
under constant bias of -140 V, (b) bias-graded DLC, (c) nc-TiC/a-C and (d) nc-TiC/aC(Al)
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5.4. Thermal stability of nc-TiC/a-C(Al) coatings
C56Ti31Al13 (19.5 GPa hardness) was used as the object of this study. Figure 5.32 shows
the Raman spectra of the coating after 60 minutes annealing in an Ar environment at
different temperatures. The ID/IG ratio of a-C in the matrix increased with increasing
temperature. This behavior is the same for pure DLC where a more graphite-like structure
was formed at high temperature. The change of the a-C structure happened as temperature
exceeded 300

o

C. At high temperatures (>500 oC) carbon in the matrix was almost

graphite-like with a large cluster size. Further increase in temperature did not cause much
increase in ID/IG ratio (ID/IG ratio increased from 4.5 to 4.6 as the temperature increased
from 500 to 600 oC). Although the amount of graphite-like structure increased with
temperature the coating hardness did not change much and remained as high as the
original value of about 19 GPa up to 400 oC (c.f., Figure 5.33). Even after annealing at a
high temperature of 600 oC for 60 minutes, the hardness was still as high as 17 GPa. This
indicates good thermal stability for the coating. It should be noted that after annealing for
60 minutes at 400 oC, the hardness of pure DLC (32.5 GPa hardness) coating was only
half of the original value (c.f., Figure 4.42), and at 500 oC, the hardness was only about 8
GPa. For pure DLC, the major contribution to the coating hardness is the sp3 fraction,
which is sensitive to temperature. The hardness of nanocomposite coatings mainly comes
from the hard nanocrystalline phase of TiC, which is not influenced as the temperature
increases up to 600 oC. As can be seen from Figure 5.34, the XRD spectrum of nc-TiC/aC(Al) before and after annealing in Ar was not noticeably different. Therefore, the
hardness of the nanocomposite coating was less sensitive to temperature than pure DLC.
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Figure 5.32. Raman spectra of nc-TiC/a-C(Al) nanocomposite annealed at different
temperatures for 60 minutes in an Ar environment
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Figure 5.33. Hardness of nc-TiC/a-C(Al) nanocomposite as a function of annealing
temperature
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Figure 5.34. XRD spectrum of nc-TiC/a-C(Al) coating before and after 60 minutes
annealing in an Ar environment at 600 oC

Figure 5.35 shows XPS spectra (Al 2p) of the nanocomposite coating after annealing at
different temperatures in air. From the spectra, after unloading from the chamber, in
atmosphere, all Al on the surface bonded with oxygen to form aluminum oxide (the peak
at 74.2 eV). As the annealing temperature was increased to 600 oC, Al-O was the only
chemical bond of Al detected. The Ti 2p spectra are shown in Figure 5.36. The peaks at
454.9 and 461 eV were attributed to TiC (2p3/2 and 2p1/2, respectively), at 458.6 and 464.3
eV to TiO2, and at 456.2 and 462 eV to TiCxOy. As investigated in section 5.3.1, Ti in the
coating mostly bonded with C in the TiC nanocrystalline phase. From the spectra, when
the temperature was lower than 300 oC, the oxidation of TiC was very limited. The
oxygen existed in TiCxOy. The formation of TiO2 was seen at an annealing temperature of
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400 oC. From the results, it can be seen that TiC was considerably oxidized at about 400
o

C. The oxidation, which leads to the formation of TiO2 is expressed by the following

reaction:

TiC + 2O2 → TiO2 + CO2

(5.1)

At 500 oC, a large amount of TiO2 was formed (51 at.% Ti bonded with oxygen) and when
the annealing temperature was increased to 600 oC, almost all the TiC was oxidized to
form TiO2.
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Figure 5.35. XPS spectra (Al 2p) of nc-TiC/a-C(Al) nanocomposite coating at different
annealing temperatures in air for 60 minutes
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Figure 5.36. XPS spectra (Ti 2p) of nc-TiC/a-C(Al) nanocomposite coating at different
annealing temperatures in air for 60 minutes

As mentioned in section 4.8 (chapter 4), the reaction between carbon and oxygen at high
temperature (400 oC) resulted in the loss of coating thickness:

C + O2 → CO2

(5.2)

This also occurred on the surface of the nanocomposite coating where the carbon dioxide
was formed from the reactions between TiC and oxygen (equation 5.1) and between C (in
the matrix) and oxygen (equation 5.2). Aside carbon dioxide, aluminum oxide (formed at
room temperature) and titanium oxide (formed at high temperature) are also products of
the oxidation. These oxides remain on the coating and act as a barrier layer (especially
aluminum oxide [154]) to prevent the diffusion of oxygen into the coating. Therefore, the
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loss of coating thickness was not seen when annealing the nc-TiC/a-C(Al) nanocomposite
in ambient air, even at 600 oC for 60 minutes (c.f., Figure 5.37). Also, it can be easily
recognized that the formation of the oxide layer resulted in a very rough morphology.

o

600 C

200 µ m

W ithout annealing

100 µ m

Figure 5.37. The coating thickness of nc-TiC/a-(Al) nanocomposite coating before and
after annealing in air at 600 oC obtained from profilometer

The thickness of the oxide layer was determined from an XPS depth profile based on the
oxygen percentage detected. It is determined as the etching depth at which the oxygen
content was less than 4 at.% (this oxygen contaminated the coating during the deposition
process) and does not change when more etching is continued. Figure 5.38 shows the
XPS depth profiles of the coating without annealing, after 60 minutes annealing in air at
300 oC, and after 60 minutes annealing in air at 600 oC.
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Figure 5.38. XPS depth profile of nc-TiC/a-C(Al) nanocomposite coating (a) without
annealing (b) after annealing at 300 oC for 60 min and (c) after annealing at 600 oC for 60
minutes in air
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As seen from the figure, without annealing, the thickness of oxide layer was about 4.2 nm.
At 300 oC, the increase in thickness of the oxide layer was not significant (the thickness of
oxide layer was about 6.3 nm). It should be noted that without annealing the thickness of
oxide layer on the nanocomposite (Ti,Cr)CN/DLC was already about 20 nm [155]. At
high temperature of 600 oC, the thickness of the oxide layer dramatically increased to
about 55 nm. Under the same annealing condition, the oxide layer on the TiN coating was
reported to be 200 nm and that on TiAlN was 35-180 nm depending on the Al content in
the coating [154, 156]. These data illustrate the importance of Al in the oxidation
resistance of the nanocomposite coating. The addition of Al, even at low amounts
considerably enhances the oxidation resistance. As mentioned before, aluminum oxide is
a good barrier to prevent oxygen diffusing into and oxidizing the coating. From the
experimental results, nc-TiC/a-C(Al) exhibited much better oxidation resistance compared
to that of pure DLC, DLC-based nanocomposites which do not contain Al such as
(Ti,Cr)CN/DLC), and TiN. The oxidation resistance of nc-TiC/a-C(Al) was comparable to
that of TiAlN under testing temperatures up to 600 oC.

5.5. Tribology of nc-TiC/a-C(Al) coatings
Tribological properties of a C56Ti31Al13 nanocomposite were investigated in comparison
with that of pure DLC (deposited under -140 V bias) and nc-TiC/a-C (C64Ti36).

5.5.1. Dry condition
Figure 5.39 plots the coefficient of friction of nc-TiC/a-C(Al) (C56Ti31Al13) and nc-TiC/aC (C64Ti36) when sliding against a 100Cr6 steel counterpart in ambient air as a function of
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sliding distance. It should be noted that the amount of a-C in these nanocomposites was 23
and 30 at.% for nc-TiC/a-C(Al) and nc-TiC/a-C, respectively.

For these two

nanocomposite coatings, the a-C in the matrix was mostly graphite-like with a high ID/IG
ratio (3.1 for nc-TiC/a-C(Al) and 2.6 for nc-TiC/a-C, respectively). Therefore, the
graphite-rich phase was available for lubrication. This is different from pure DLC, where
the graphite-rich lubricant layer can only form after graphitization taking place.

Coefficient of friction

0.45

Sliding speed: 20 cm/s
Radius: 16 mm
o
Temperature: 22 C
Humidity: 75 %
Load: 5 N
Counterpart: 100Cr6 steel

0.40
0.35
0.30

nc-TiC/a-C

0.25
0.20
0.15
0.0

nc-TiC/a-C(Al)

0.2

0.4

0.6

0.8

1.0

Sliding distance (Km)

Figure 5.39. Coefficient of friction vs. sliding distance of nc-TiC/a-C(Al) (C56Ti31Al13)
and nc-TiC/a-C (C64Ti36)

As seen from the figure, the running-in stage of nc-TiC/a-C(Al) was shorter (about 0.1
Km) with much lower coefficient of friction compared to that of nc-TiC/a-C. A 32 GPa
hard nc-TiC/a-C has a rougher morphology (8.2 nm Ra on a Si wafer, c.f., Figure 5.23)
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than that of a 19.5 GPa hard nc-TiC/a-C(Al) coating (5.4 nm Ra on a Si wafer, c.f., Figure
5.28). Such a rough surface with hard and large asperities (the size of TiC grains in ncTiC/a-C is 5-11 nm compared to less than 6 nm in nc-TiC/a-C(Al)) in the nc-TiC/a-C
resulted in higher friction with more vibration observed. It required considerably longer
duration to reach a steady state. At steady state, the coefficient of friction of nc-TiC/aC(Al) was about 0.23, a bit lower than that of nc-TiC/a-C (0.24) even though the amount
of a-C was lower (23 at.% compared to 30 at.%). The main reason was the high hardness
and roughness of the nc-TiC/a-C caused more wear of the steel counterpart as seen from
the optical micrographs of the wear scars after the test (c.f., Figure 5. 40). The higher wear
rate of the counterpart contributed more iron oxide into the tribolayer formed between the
two sliding surfaces. The wear of the steel counterpart was lower when sliding against ncTiC/a-C(Al) and the wearing coating contributed not only a-C but also Al (in the form of
aluminum hydroxide since the tribotest was carried out in a high humidity condition) into
the contact. As mentioned in section 4.6, aluminum hydroxide has lower shear strength
compared to that of iron oxide giving rise to a slightly lower friction observed in ncTiC/a-C(Al). From Figure 4.30 (chapter 4), at steady state, the coefficient of friction of
pure DLC when sliding against a steel counterpart was 0.11-0.15 depending on the
deposition conditions (bias voltage). Compared with these values, the friction of
nanocomposite coatings was higher. This is due to the smoother surface of the pure DLC
and much more graphite in the tribolayer (pure DLC contains 100 % C). However, the
coefficients of friction of DLC nanocomposite coatings were much lower than that of
popular ceramic coatings, which are currently used in industry such as TiN, TiC, CrN, etc.
The coefficients of friction of these generally are from 0.4 to 0.9 [9, 42-44].
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The wear track profiles on the coatings and wear scars on the balls after the tribotests for
nc-TiC/a-C(Al) and nc-TiC/a-C are shown in Figure 5.40. For comparison, those of the
DLC coating deposited under -140 V bias (32.5 GPa hardness) are also added. From the
wear track profiles, it can be seen that the wear of nc-TiC/a-C and DLC coatings was very
low and the wear track was not detectable. These coatings have much higher hardness
(about 32 GPa) compared to that of 8 GPa of the steel counterpart. Wear of the
counterparts, therefore, was very high with big wear scars observed. However, the wear
scar on the ball sliding against DLC was smaller than that on the ball sliding against ncthe TiC/a-C (the wear scar diameter was 498 and 575 µm, respectively). Understandably,
pure DLC has a much smoother morphology compared to that of nc-TiC/a-C and it
contains 100 % a-C, which produces a larger amount of graphite-like lubricant in the
contact area leading to a lower wear of the counterpart and lower coefficient of friction.
Softer than nc-TiC/a-C and DLC, nc-TiC/a-C(Al) exhibited a lower wear resistance. The
wear track on nc-TiC/a-C(Al) was observable. However, the wear of the counterpart, with
the wear scar diameter of 387 µm, was much lower than that formed by sliding against ncTiC/a-C and DLC (where the wear scar diameter was 498 and 575 µm, respectively).
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Figure 5.40. Wear track profiles on the coatings and wear scars on steel balls after 1 Km
ball-on-disc tribotests in ambient air (22 oC, 75 % humidity)
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5.5.2. Oil-lubricated condition
Under oil-lubricated conditions, the lubrication mechanism is totally different from that
under dry conditions. With oil lubrication, the oil prevents the formation of the
tribologically beneficial layer, changes the friction mechanism at the contact and governs
the friction behavior of the oil-lubricated contact. Therefore, the thickness and stability of
the oil film between the coating and counterpart surface plays an important role in friction
and wear of coatings and counterparts. In oil-lubricated tribotests, because the oil is not
pressurized into the contact, the oil film between the two surfaces is not thick enough to
separate the coating surface and the counterpart. The lubrication regime, therefore, was
boundary but not hydrodynamic and contacts between the asperities of the two surfaces
occurred. Under such lubrication conditions, the interaction between the coating surface,
counterpart surface with lubricating oil and the additive is vital in order to maintain the oil
film (even very thin) for lubrication. Generally, the mechanism of boundary lubrication
includes [157]:
● Formation of a layer of molecules adsorbed by Van der Waals forces. To form such
layers a molecule must have a polar end, which attaches to the metal and a non-polar end,
which associates with the oil solution. Therefore, to assure good adhesion of the oil to the
tribo-surfaces, the first condition is that appropriate metal(s) must be added into
lubrication oil (in Shell Helix oil Ca, Mg, and Zn are added).
● Formation of high-viscosity layers by reaction of the oil component in the presence of
rubbed surfaces. This film may give a hydrodynamic effect and may be linked to the
surface by Van der Waals forces.
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● Formation of inorganic layers due to reactions between active oil components and the
tribo-surface materials. These layers (sulphides, phosphides) have low shear strength and
help to prevent scuffing (for this, in Shell Helix oil S and P are added).

It is well known that the interaction between oil and tribosurfaces, which results in good
boundary lubrication occurs when tribosurfaces are metallic (e.g. steels or pure metals)
and active metals produce a much better effect than inert metals [158].

Figure 5.41 plots the coefficient of frictions of nc-TiC/a-C(Al), nc-TiC/a-C and DLC
coatings as a function of sliding distance. For the oil-lubricated condition, very low
vibration allowed the accuracy in estimation of the coefficients of friction to be up to 3
decimal digits. From the figure, after the running-in stage, all three coatings exhibited
very low coefficient of frictions (0.04-0.05) compared to that under dry conditions (0.15,
0.23 and 0.24 for DLC, nc-TiC/a-C(Al) and nc-TiC/a-C, respectively). nc-TiC/a-C(Al)
exhibited the lowest friction followed by nc-TiC/a-C and DLC exhibited the highest
coefficient of friction. The experimental results can be explained from the nature of the
three coatings. DLC is a chemically inert material. Therefore the interaction between the
oil and DLC coating was very limited. The DLC surface therefore was the “passive
member” in the contact and such interactions occur only with the mating surface (steel
ball counterpart). In the case of nanocomposite coatings, there is not only the interaction
between steel counterpart and oil but also that between the oil and the coating’s surface
due to the metals in the nanocomposite coatings. This resulted in a thicker and more stable
oil film leading to the observed lower coefficients of friction. It can be easily seen that the
nc-TiC/a-C(Al) coating has the best interaction with oil since Al is an active metal and it
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exists in the coating as elemental Al. Therefore, it is not surprising that nc-TiC/a-C(Al)
exhibited the lowest friction in the oil-lubricated condition. The wear tracks on all three
coatings were not detectable after the tests indicating the excellent wear resistance of
DLC, nc-TiC/a-C and nc-TiC/a-C(Al) under the boundary lubrication regime with engine
oil.
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Figure 5.41. Coefficient of friction of nc-TiC/a-C(Al), DLC and nc-TiC/a-C as a function
of sliding distance in the oil-lubricated condition

The wear scars on the ball after oil-lubricated tests are shown in Figure 5.42. The smallest
wear scar was the one sliding against nc-TiC/a-C(Al) (with a diameter of 220 µm). The
effective boundary lubrication, as mentioned above, resulted in the low wear of the
counterpart. The wear of ball sliding against nc-TiC/a-C was highest (the diameter of wear
scar was 246 µm) and that of the ball sliding against DLC was a little bit smaller (the
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diameter of wear scar was 240 µm). The high wear observed on the ball when sliding
against nc-TiC/a-C probably was the consequence of the rough morphology of nc-TiC/a-C
coating. It is clear that nc-TiC/a-C(Al) possesses excellent tribological properties under
oil-lubricated conditions with low friction (0.04) and excellent wear resistance (the wear
was not detectable after 1 Km sliding against a 100Cr6 steel ball). Also, the wear of
counterpart was much lower compared to that sliding against DLC or nc-TiC/a-C
coatings.

(a)

(b)

(c)
Figure 5.42. Wear scars on steel counterparts after 1 Km sliding against (a) DLC, (b) ncTiC/a-C and (c) nc-TiC/a-C(Al) sliding under oil-lubricated condition
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5.6. Summary
Studies in this chapter can be summarized as follows:
● At the same power density and process pressure, the negative bias voltage does not
considerably influence the composition of coatings deposited via co-sputtering of
graphite, Ti and Al targets. Therefore, changing the power density is an effective way to
deposit nanocomposite coating with different compositions.
● Co-sputtering of Al and graphite targets results in a very low stress and tough Al“doped” DLC (or a-C(Al)) coating at the expense of its hardness. Al exists as clusters of
atoms in the coating.
● Co-sputtering of graphite and Ti forms a nanocomposite with TiC nanograins embedded
in the amorphous matrix of DLC (nc-TiC/a-C). The size of the nanograins is strongly
dependent on the Ti content (thus the power density of Ti target) and varies from a few to
about 30 nm. Higher Ti content (higher power density on the the Ti target) results in a
larger grain size and rougher surface morphology. The hardness of the nanocomposite
coatings is not only dependent on the sp3 fraction of the DLC matrix but also (mainly) on
the TiC nanograins (the size, the volume fraction and the DLC interface thickness). At low
Ti contents (less than 8 at.%) the formation of nanograins is very limited with very few
nanograins scattered in the a-C matrix. At high Ti contents (more than 45 at.%) the
coatings mostly consist of nanocrystalline TiC and they exhibit TiC-like properties (rough
surface and high friction). A high hardness of 32 GPa can be obtained with 36 at.% Ti
added (the grain size is 3-11 nm and the DLC interface thickness is less than 5 nm) while
the residual stress of this coating is only 2 GPa (half of that of pure DLC).
● Nanocomposite nc-TiC/a-C(Al) coatings where the randomly oriented nanograins of
TiC (the grain size is less than 6 nm) are embedded in the matrix of Al-“doped” DLC were
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deposited by co-sputtering of graphite, Ti and Al targets. A relatively high hardness of
about 19.5 GPa was obtained. This coating has a very low residual stress of 0.5 GPa,
smooth morphology (5 nm in Ra for a 1.2 µm-thick coating deposited on a Si wafer) and
exhibits very high adhesion strength (lower critical load of almost 700 mN). Furthermore,
this nanocomposite exhibits “plastic” behavior instead of brittle as is usually observed in
DLC or hard ceramic coatings. The plasticity during indentation of nc-TiC/a-C(Al) is as
high as 58 %.
● Since the hardness of nc-TiC/a-C(Al) mainly comes from the TiC nanocrystallites, it is
not sensitive to the temperature and remains at the original value (about 19.5 GPa) after
annealing up to 400 oC for 60 minutes. At annealing temperature of 600 oC, the hardness
still remains at a high value of 17 GPa.
● The oxidation resistance of nc-TiC/a-C(Al) coating is much better than that of pure
DLC and TiN and is comparable to that of TiAlN.
● nc-TiC/a-C(Al) exhibits a low coefficient of friction in dry (0.23) and extremely low
under oil-lubricated conditions (0.04). It exhibits good wear resistance in both dry and oillubricated conditions. Also, the wear of the steel ball when sliding against nc-TiC/a-C(Al)
is much lower than that of the balls sliding against DLC and nc-TiC/a-C in both dry and
oil-lubricated tests. nc-TiC/a-C(Al) is a good candidate for tribological applications,
especially in poorly lubricated conditions.
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CHAPTER SIX
PRELIMINARY CASE STUDY: APPLICATION OF ncTiC/a-C(Al) NANOCOMPOSITE AS PROTECTIVE
COATING FOR PISTON RING IN INTERNAL
COMBUSTION ENGINE

So far, to the best knowledge of the author, there has not been any systematic
investigation concentrating the application of DLC or DLC-based composites as
protective coatings for piston rings in internal combustion engines. From the studies in
chapter 4, pure DLC could not be used as a protective coating for piston ring since the
high residual stress does not allow thick coatings to be deposited. The thickness of less
than 1.5 µm or even, a few µm (if bias-graded deposition is applied) could not meet the
requirement of an acceptable mileage within one overhaul life of the engine. Furthermore,
pure DLC coatings exhibit brittle behavior, bad thermal stability, and bad oxidation
resistance. In chapter 5, the characterization of nc-TiC/a-C(Al) indicates that this material
possesses excellent properties for tribological applications. The low friction in dry and
boundary-lubricated conditions (much lower than that of conventional nitride and carbide
coatings) will contribute much to the reduction of friction losses in the engine leading to a
considerable decrease in fuel consumption. A high hardness of 20 GPa (comparable to
TiN and higher than CrN) combined with good thermal stability and oxidation resistance
(much better than TiN) gives the coating good wear resistance under extreme working
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conditions of piston rings. Last but not least, low residual stress allows thick coatings to
be deposited for a long working life.

In this study, the engine tests were carried out with a C56Ti31Al13 nanocomposite coating.
The deposition conditions and mechanical properties of this coating were stated in table
5.5 (section 5.3.2, chapter 5). As a control coating, an 18 GPa hard TiN was also deposited
by reactive magnetron sputtering on a piston ring at a power density on the Ti target of 4
W/cm2, bias voltage of -80 V and process pressure of 0.6 Pa (40 sccm Ar + 10 sccm N2).

6.1. The engine
The engine used in this test is a two-stroke gasoline engine (c.f., Figure 6.1) with cylinder
capacity of 41 cc, cylinder bore of 39.8 mm and stroke of 32.5 mm. The cylinder bore is
plated with Cr.

A propeller with size of 18-10 (diameter: 18 inches, pitch: 10 inches) was installed to
apply the load to the engine. An output of 2 HP is required for a revolution speed of 5000
RPM for this propeller. The maximum combustion pressure is 5.2 MPa. Referring to
Figure 2.16, the maximum pressure on the working surface of the first piston ring (thus,
on the coating) is estimated to be about 4 MPa (0.76 x 5.2). During the tests, the RPM of
propeller was maintained at 5000 ± 100 by controlling the fuel feeding. The fuel used for
the engine was M92 gasoline mixed with 4 % Shell Helix Plus engine oil. The
specification of Shell Helix Plus engine oil was stated in table 3.1 (section 3.2.4.4, chapter
3).
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(a)

(b)

Figure 6.1. The engine (a) without propeller (b) installed with propeller for testing
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6.2. Piston ring
The piston ring (c.f., Figure 6.2) was made from cast iron with alloying elements. The
chemical composition is shown in table 6.1.

Table 6.1. Chemical composition of cast ion piston ring
Element

Fe

C

Si

Mn

Content (%)

92.1

3.9

2.4

0.6

Cr
0.2

W

V

Ti

0.15

0.15

0.05 0.4

The geometry of the ring:
Inside diameter: 36.32 mm
Outside diameter: 39.37 mm
Thickness: 1.65 mm

Figure 6.2. Piston ring and the ring gap area
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The ring gap area (see Figure 6.2) was investigated since the wear of the ring gap area is
more serious compared to other areas on the circumference of piston ring [106].

6.3. Testing procedure
There were two types of samples. One type was the whole piston rings, which were
utilized for engine tests. The other was pieces cut from the rings, after deposition, these
pieces were polished to measure the coating thickness.

The engine tests were carried out for 610 hours. After the first 30 hours of running the
piston rings were removed from the engine, then ultrasonically cleaned for 20 minutes to
estimate the running-in wear by SEM. After that the rings were reinstalled and another
580 hours testing was carried out. Finally, the piston rings were removed then polished for
SEM investigation.

6.4. Results
The cross-sections of TiN and nc-TiC/a-C(Al) coatings deposited on piston rings are
shown in Figure 6.3. From SEM images, 20 points were randomly chosen for measuring
the coating thickness and the average was considered the coating thickness. Coating
thickness of 23.2 ±0.3 and 21.3 ±0.3 µm was estimated for TiN and nc-TiC/a-C(Al)
coatings, respectively.

The thickness of both coatings was consistent along the

circumference of the piston ring. It can be recognized that nc-TiC/a-C(Al) exhibits a
denser structure compared to TiN.
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Figure 6.4 shows the fractography of TiN and nc-TiC/a-C(Al) coatings on piston rings
after the first 30 hours testing. The remaining thickness was averaged from the values
measured at 20 random points. The remaining thickness was estimated to be 19.9 ±0.8
and 18.4 ±0.5 µm for TiN and nc-TiC/a-C(Al), respectively.

10µm
(a)

10µm
(b)

Figure 6.3. SEM cross-section images of (a) TiN and (b) nc-TiC/a-C(Al) coatings
deposited on piston ring. The thickness was estimated to be 23.2 ±0.3 and 21.3 ±0.3 µm
for TiN and nc-TiC/a-C(Al), respectively
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10µm
(a)

10µm
(b)

Figure 6.4. SEM images of TiN (a) and nc-TiC/a-C(Al) after 30 hours engine test. The
thickness remaining was estimated to be 19.9 ±0.8 and 18.4 ±0.5 µm for TiN and ncTiC/a-C(Al), respectively

Figure 6.5 shows the SEM images of the remaining coatings after a total 610 hours
testing. The TiN wore out whereas the nc-TiC/a-C(Al) coating remained at a thickness of
214
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2.1±0.2 µm. The nc-TiC/a-C(Al) coating still adhered very well to the piston ring and no
sign of spallation or peeling-off was observed.

The results from engine tests are

summarized in table 6.2.

5µm
(a)

5µm
(b)

Figure 6.5. Remaining coating after engine test for 610 hours. The TiN wore out (a) and
for the nc-TiC/a-C(Al) a 2.1±0.2 µm thickness remained (b)
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Table 6.2. Results from engine tests

Thickness after (µm)

Wear rate (µm/100h)

Coatings

Specific fuel
consumption (g/HP.h)

0

30 h

(30+580) h

First 30 h

Next 580 h

First 30 h

Next 580 h

TiN

23.2

19.9

0

11

> 3.4

236

225

nc-TiC/a-C(Al)

21.3

18.4

2.1

9.6

2.8

227

221

Assuming that the TiN coating just wore out right before the test completing, the wear
rate would be 3.4 µm/100h. Therefore, the real wear rate of the TiN coating will be higher
than that value. From the table, the wear of the nc-TiC/a-C(Al) was considerably lower
than that of TiN (13 % in the first 30 hours running-in and more than 17 % in the next 580
hours). Better wear resistance, considerably lower fuel consumption were seen when the
piston ring was coated with nc-TiC/a-C(Al) as compared to TiN. With nc-TiC/a-C(Al)
coated ring about 3 % fuel was saved for the first 30 hours and about 2 % for the next 580
hours. The lower fuel consumption strongly relates to the lower friction when nc-TiC/aC(Al) was used as a protective coating for the piston ring.

6.5. Summary
A novel DLC-based nanocomposite nc-TiC/a-C(Al) exhibits a much better performance
compared to TiN, which is considered one of the best material for protective coating of
piston rings. The experimental results indicate that when the piston ring is coated with nc216
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TiC/a-C(Al), a reduction of more than 17 % in the wear rate and 2 % in fuel consumption
is obtained compared to that coated with TiN.

Note that a nc-TiC/a-C(Al) coating can be easily deposited by magnetron sputtering
(which is considered as a “clean” technique compared to electroplating). This novel
material shows a high potential for applications in the industry.
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CHAPTER SEVEN
CONCLUSIONS AND FUTURE WORK

7.1. Conclusions
The following conclusions can be drawn from this project:
● Magnetron sputtered DLC coatings can be deposited at high deposition rate (6 Å/s or 2.2
µm/h). The mechanical properties of DLC coatings strongly depend on the deposition
parameters (target power density, substrate bias voltage and process pressure). DLC
coatings have high hardness and exhibit excellent tribological properties. However, high
residual stresses (can be more than 4 GPa) limit the coating thickness to less than 1.5 µm
and results in poor adhesion strength. At high applied load, DLC coatings exhibit brittle
fracture. Poor thermal stability and oxidation resistance limits the working temperatures
of DLC to less than 400 oC.
● Bias-graded deposition, where the bias voltage is gradually increased from a minimum
to a maximum value as the deposition is progressing and coating thickness is increasing, is
a solution to overcome the problems of residual stress and toughness. When bias-graded
deposition is applied, the DLC coating will have a gradual increase of sp3 fraction from
the substrate-coating interface to the coating surface. The resultant coatings, therefore,
have better adhesion strength and higher toughness (compared to the coatings deposited
under constant bias voltage) meanwhile a hard surface for a good wear resistance is
assured. However, the average stress of bias-graded DLC is still relatively high (more than
1 GPa) and the problems of poor thermal stability and oxidation resistance cannot be
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solved. Therefore, magnetron sputtered DLC is not suitable for protective coatings of
piston rings in internal combustion engines.
● The design of novel DLC-based nanocomposites (nc-TiC/a-C(Al)) has been developed.
This new generation of coating inherits the desirable properties of DLC in combination
with low residual stress, high hardness, high toughness, good thermal stability and
oxidation resistance. The formation of a high volume fraction of TiC nanograins helps to
maintain the coating hardness at a high level of about 20 GPa. The decrease in the energy
of incoming ions due to more collisions occuring when co-sputtering is carried out, the
decrease in sp3 fraction and the presence of Al in the matrix result in a very low level of
residual stress (0.5 GPa) in the coating. The nanocomposite configuration, which hinders
crack propagation and supports grain boundary sliding at high applied loads, is combined
with a tough matrix of Al-“doped” DLC to enhance the coating toughness. The plasticity
during indentation deformation of nc-TiC/a-C(Al) is as high as 60 %. The nanocomposite
shows a stable structure, after annealing at 600 oC for 60 minutes and not much decrease
in coating hardness was observed. The oxidation resistance of nc-TiC/a-C(Al) is much
better than that of pure DLC and TiN and comparable to that of TiAlN under testing
temperatures up to 600 oC. The a-C in the matrix ensures self-lubrication, which results in
very low friction (less than 0.25) in dry (non-lubricated) conditions. The existence of
metals supports the formation of bonds between the lubricating oil and coating, which
results in a stable oil film between the coating and the counterpart. Consequently, an
extremely low coefficient of friction of 0.04 (even lower than that of DLC) was obtained
with nc-TiC/a-C(Al) coatings when sliding against a steel counterpart under boundary
lubrication conditions.
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● The engine tests, which were carried out with a 41 cc gasoline engine, showed that ncTiC/a-C(Al) is a promising material for protective coatings of piston rings in internal
combustion engines. Much lower wear rate compared to that of TiN (which is presently
considered one of the best materials for protective coatings of piston rings) was observed.
Compared to TiN coated piston rings, nc-TiC/a-C(Al) coated piston rings result in a 2 %
decrease in fuel consumption. This novel DLC-based nanocomposite shows great
potential for protective coatings of piston rings in internal combustion engines.

7.2. Future work
To bring nc-TiC/a-C(Al) coating to industry, further work should be done on the engine
tests, including:
● Investigation and evaluation of the wear of the cylinder liner when the piston rings are
coated with the nanocomposite.
● Undertaking engine tests with various engine types and sizes under different regimes of
operation. Applying the theory of probability to estimate the working life of the
nanocomposite coatings in comparison with TiN and CrN coatings.

That work could be future M.Eng projects.

For better control of coating properties and for development of carbon-based
nanocomposite coatings with other metals added to the DLC matrix, further work can be
carried out, including:
● Development of mathematical models to simulate the stress relaxation when Ti and Al
are co-sputtered with carbon.
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● Development of mathematical models to simulate the contact between nanocomposite
coatings and steel counterparts in boundary oil-lubricated conditions. The influence of
sliding speed, surface roughness and the interaction between the coating and the
counterpart with lubricating oil and additives on the stability of oil film should be
included.

That work could be future Ph.D projects.
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