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Abstract

Low friction, nanoscale multilayer carbon/chromium (C/Cr) coatings were
successfully deposited by the combined steered cathodic arc/unbalanced magnetron
sputtering technique (also known as Arc Bond Sputtering or ABS™) using a Hauzer
HTC 1000-4 PVD coater. The work described in this thesis has been directed towards
understanding the effect of ion irradiation on the composition, microstructure, and
functional properties of C/Cr coatings. This has been achieved by varying the bias
voltage, Ug, over a wide range between -65 V and -550 V.

C/Cr coatings were deposited in three major steps: (i) Cr' ion etching using a
steered cathodic arc discharge at a substrate bias voltage of -1200 V, (ii) deposition of a
0.25 pum thick CrN base layer by reactive unbalanced magnetron sputtering to enhance
the adhesion, and (iii) deposition of C/Cr coatings by unbalanced magnetron sputtering
from three graphite targets and one chromium target at 260°C. The coatings were
deposited at different bias voltages (Ug) from -65 V to -550 V in a non-reactive Ar
atmosphere.

C/Cr coatings exhibit excellent adhesion (critical load, L. > 70 N), with hardness
ranging from 6.8 to 25.1 GPa depending on the bias voltage. The friction coefficient of
C/Cr coatings was found to reduce from 0.22 to 0.16 when the bias voltage was
increased from Up = -65 to -95 V. The relevance of C/Cr coatings for actual practical
applications was demonstrated using dry high-speed milling trials on automotive
aluminium alloy (Al-Si8Cu3Fe). The results showed that C/Cr coated cemented carbide
ball-nose end mills prepared at Ug = -95 V (70 at.% C, 30 at.% Cr) enhance the tool
performance and the tool life compared to the uncoated tools by a factor of two,
suggesting the potential for use in dry high-speed machining of “sticky” alloys such as
aluminum. Different film morphologies were observed in the investigated bias voltage
range between Up = -65 and -550 V using XTEM. With increasing bias voltage from Ug
= -65 to -95 V, the structure changed from columnar, with carbon accumulated at the
column boundaries, to a dense structure which comprised randomly distributed onion-
like carbon clusters. A novel nanostructure was observed within this bias voltage range,
in which the basic nano-lamellae obtained as a result of substrate rotation in front of the
C and Cr targets were modified by an ion-irradiation induced nanocolumnar structure.
Further increases in the bias voltage to Ug=-350 V and Ug=-450 V led to segregation
and self-organisation of the carbon atoms induced by the high energy ion bombardment
and, finally, to the formation of a new type of self-organised multilayer structure. A
coating growth model accounting for the influence of ion bombardment on the growing
C/Cr film was introduced to explain the phase separation and formation of the self-
organised layered nanostructure.

A novel experimental set-up for the investigation of tribocorrosion was built
based on a modification of the conventional Scanning Reference Electrode Technique
(SRET). The device comprises a ball on rotating cylinder contact configuration
combined with a SRET electrochemical device. This combination may contribute

significantly to the understanding of wear-corrosion synergism.
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CHAPTER 1

Introduction

1.1 Motivation

New trends in today’s industries are leading to more stringent demands on
machining tools, machine components and design of machinery, to reduce friction.
Reduction in friction could result in better efficiency and service life of tools and
motors, improve the reliability of gears and roller bearings, and reduce the use of
hazardous liquid lubricants, such as coolants. However, the requirements on higher
loads, closer tolerances or the prohibition of lubricant on components can lead to
adhesive wear of surfaces, as a result of high tribological stresses. Therefore, lubricants
are indispensable in most cases. Although lubricants could effectively reduce friction,
they fail under extreme service conditions, such as under vacuum, at very low or high
temperatures and in corrosive environments. In addition, lubricants are detrimental to
the environment as they are released during machining in an ecologically and
economically undesirable situation. According to Sreejith [1], the use of lubricants costs
approximately 16-20% of the total manufacturing cost as a result of subsequent steps for
degreasing, surface cleaning, lubricant handling and recycling, and treatment of by-
products or waste.

As a result, alternative lubrication methods are sought to replace liquid
lubricants in machining. One possible way of reducing or even avoiding of liquid
lubricants is by using solid lubricant materials or tribologically active coatings which
possess high thermal stability and chemical inertness, increased wear and adhesion
resistance, improved toughness and a lower coefficient of friction, and that can take
over some of the functionality of the lubricant. Solid lubricants of great technological
interest are graphite and molybdenum disulfide (MoS;), because of their low friction
coefficient ranging from 0.05 to 0.25. MoS; offers an extremely low friction coefficient

of ~0.01 in vacuum. However, the susceptibility of such lubricants to degradation when
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exposed to a humid environments and vulnerability to oxidation [2] have limited their
use to more conventional applications. In comparison, carbon-based coatings are well-
known and widely used in many industrial applications under ambient conditions.
Carbon has been known for decades as a key element in reducing friction of thin films,
due to its layered-lattice structure that allows easy shearing between contacting surfaces
[3]. For this reason, solid carbon (more specifically a graphite target) and/or carbon
containing gas, such as methane (CHj) and acetylene (C;H,), have attracted
considerable research interest and have been widely used in conjunction with other
metals to synthesis carbon-based coatings, such as diamond-like carbon (DLC), metal-
DLC, and metal-graphite coatings. Among the current technologies, physical vapour
deposition (PVD) is the most promising technique to produce carbon-based coatings.
The PVD process produces DLC films that offer a smoother surface and use a
significantly lower deposition temperature (generally between 100 and 450°C) than the
chemical vapour deposition (CVD) technique (approximately 600°C is needed, to give
the required combination of properties [4]. The PVD process is also an ideal deposition
technique for temperature sensitive tribological materials, such as low carbon steels (<
0.2 %C, where typical uses are in automobile body panels and wire products), low-alloy
carbon steels (e.g. bearing steels), and martensitic grades of stainless steel (0.1-0.65
%C, 11-17 %Cr; e.g. springs, surgical blades, knives and cutting edges). From the
advantages offered by the PVD process, and the availablility of this technique at
Sheffield Hallam University, PVD was chosen as the coating deposition method to be

used in this research study.

1.1.1 Limitations of existing carbon-based coatings

DLC-coating is the most commonly used carbon-based coating due to their
excellent tribological characteristics, for example high hardness (5-70 GPa), low friction
coefficient (< 0.1) and good wear resistance (~10"7 m*N'm™). However, the major
drawbacks for DLC coatings use for machining and component-wear applications are
their poor adhesion to the substrate, the high compressive stress (0.5-6 GPa), the
brittleness (less toughness) and the low load-bearing capacity [see Table 2.3 in Chapter
2]. Because of the high compressive stress, DLC coatings are limited to a very thin
thickness (< 1 um [5]), so that good adhesion can be produced between the coating and

the substrate. This in turn limits their applications as protective coatings, because
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thicker films are usually preferred to prolong coating wear life [6]. To overcome the
limitations of DLC films, the two methods are commonly used. The first method is to
deposit a metal transition layer between the substrate and the coating to reduce the
effect of the difference in the coefficient of expansion of the film and the substrate upon
cooling down from the deposition temperature. The incorporation of metal transition
layers has been found to reduce the compressive stress, and to have adhesion promoting,
coating strengthening and higher load bearing functions. The second method is to
incorporate a metal, such as tungsten (W), chromium (Cr), titanium (Ti), into the
carbon-based coating to reduce the intrinsic stress. Inclusion of a small amount of these
- metals could lead to stabilisation of the coating structure by reduction of the internal
stress, improve film toughness, and allow growth of thicker and better adherent films
[7]. A coating produced by this second method is commonly known as either metal-
DLC (Me-DLC) or metal-Graphite (Me-Graphite).

1.1.2 Research opportunities

A number of techniques have been used to grow carbon-based coatings. More
detailed informétion is presented in Chapter 2 of this thesis. Until recent years,
investigations have been carried out to study the properties of these coatings under
different process parameters and/or testing conditions. This is summarised in Table 1.1,
which shows the recent research trend of carbon-based coatings produced using the
PVD technique, specifically the magnetron sputtering technique (this is discussed in
Chapter 2). Table 1.1 clearly shows that attention has focused on the investigation of the
mechanical properties and tribological performance. Although a structure zone model of
PVD coatings has been available [8-9], and substantial studies have been carried out to
gain a better understanding of the effects of process parameters, such as temperature,
pressure, ion flux and ion energy, on the evolution of the film microstructure [10-12],
particular attention has so far focussed on titanium-nitride (TiN) based coatings [13-14],
and fullerene-like carbon nitride coatings [15-16]. The understanding of the relationship
between the influences of process parameters on the structure, microstructure,
mechanical and tribological behaviour of carbon-based coatings, typically Me-Graphite
coatings is rather limited. Therefore, this research is aimed at closing this gap. This is
carried out by investigating Me-Graphite ie. C/Cr coatings deposited using the

combined steered cathodic arc/unbalanced magnetron sputtering available in the
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Nanotechnology Centre for PVD Research of the Materials and Engineering Research
Institute, at Sheffield Hallam University.
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1.2  Aims and objectives

The major aims of this research are first, to study the effects of ion irradiation on
the composition, microstructure, and functional properties of C/Cr coatings grown by
the combined steered cathodic arc/unbalanced magnetron sputtering method (also
known as ABS™). A second aim is to open up a new area of application for the ABS™
technique by establishing new coatings deposited using this process.

The objectives are:

1) To deposit C/Cr coatings at bias voltage ranging from -65 V to -550 V, using the
combined steered cathodic arc/unbalanced magnetron sputtering (or the ABS™)
technique.

2) To select the best techniques for coating characterisation.

3) To build a tribocorrosion test rig by modifying a conventional Scanning Reference
Electrode Technique (SRET).

4) To study the influence of bias voltage on the coatings properties, their
microstructure and the actual practical cutting performance of C/Cr coatings, based

on the characterisation methods identified in (2).

1.3 Methods of approach
This research work contains two parts. The first part, which is the core of this

research, is devoted to the development and investigation of low friction C/Cr coatings
deposited by the combined steered cathodic arc/unbalanced magnetron sputtering (also
known as Arc-Bond Sputtering, ABS) technique, using an industrial size Hauzer HTC
1000-4 PVD coater. Production of C/Cr coatings by this type of déposition process has
never been previously investigated. This research focused on the influence of process
parameters. Of particular importance in this respect is the substrate bias voltage (Up),
which controls the ion bombardment energy on the growing film and plays a crucial
role in determining the properties and the microstructure/structure of the coating. The
bias voltage range investigated within this project was between Ug = -65 V and Up = -
550 V. The effects of bias voltage on the mechanical properties, tribological behaviour,
structure, microstructure, oxidation and corrosion performance, and the actual practical
cutting performance of C/Cr coatings were studied.

In this research, chromium (Cr) was incorporated into the carbon-based coatings
system due to its high sputtering yield, low cost, good corrosion-, oxidation-, and wear-
resistances [31]. Cr is also used in a wide range of industrial applications as both a
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protective and decorative coating. Another reason for choosing Cr is the possibility to
grow a metal transition layer of CrN at a low temperature of 200°C [32] with low
internal stress, which may offer excellent adhesion to the substrate. During C/Cr coating
deposition, the formation of chromium carbides (e.g. Cr;3Cs, Cr;Cs, and Cr;Cy) is
possible under certain deposition conditions, which may result in an increase in coating
friction coefficient. However, the complete immiscibility below 1000°C (see C-Cr
phase diagram shown in Figure 1.1 [33]) and different crystal structure of metallic
partners in comparison to carbon offers the possibility to grow compositionally
modulated multilayer structures (non-isostructural superlattices). It has been widely
reported that a superlattice approach leadslto a hardening effect of the carbon based

layers, which provides a solution to the wear and adhesion problem [34].
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The second part of this research work is focused on the modification of the
conventional Scanning Reference Electrode Technique (SRET), which aims to provide
a novel method for characterising the real-time localised tribocorrosion behaviour of
uncoated and Physical Vapour Deposited (PVD) coated samples. A tribocorrosion test
rig has been constructed using a ball-on cylinder contact configuration, and was used in
a preliminary study of uncoated and C/Cr (Us = -75 V) coated stainless steel. If
successful, the modified SRET will provide a novel tribocorrosion test rig that can be

used to study the tribocorrosion behaviour of other materials and coatings.

14 Struéture of thesis

Chapter 2 is the review of literature, which was divided into four sub-sections.
Section 2.1 gives a brief introduction to the selected Physical Vapour Deposition (PVD)
techniques mainly focused on unbalanced magnetron sputtering and cathodic arc
evaporation, which are the principle of the Arc Bond Sputtering (ABS) technique. The
growth and development of thin films and the influence of process parameters on
microstructure evolution are given in Section 2.2. Section 2.3 gives a brief introduction
to nanocomposite structure, which is further divided into nanolayered or superlattice,
nanocrystalline and self-organised structure. Section 2.4 gives a general introduction to
carbon and its allotropes, the properties, deposition methods, and applications of the
three major groups of carbon-based coatings, such as diamond-like carbon (DLC),
metal-DLC, and metal-graphite.

Chapter 3 describes the experimental details of this research. Section 3.1
presents the materials used, procedures for substrate preparation prior to coating
deposition, procedures for coating deposition and the process parameters used to grow
C/Cr coatings. Section 3.2 focuses on the modification of the conventional Scanning
Reference Electrode Technique (SRET) to provide a tribocorrosion test method. This
includes the design, experimental set-up, and tribocorrosion calibration procedures. The
analytical techniques used for characterising C/Cr coatings are presented in Section 3.3.
Some of the analysis work was performed with the support from members of Centre for
Microanalysis of Materials at University of Illinois, USA, and Corus in Rotherham.
These were mentioned in the acknowledgements.

The results of the experiments are presented in Chapter 4. The discussions and

conclusions are given in Chapter 5 and Chapter 6, respectively.



CHAPTER 2

Review of Literature

This chapter aims to give fundamental knowledge to the selected physical vapour
deposition (PVD) coating processes; these include magnetron sputtering, cathodic arc
evaporation, and the combination of these two techniques which led to the development
of the Arc Bond Sputtering (ABS™) technique. The principle behind each of these
deposition processes was studied in order to understand the importance of deposition
parameters, such as substrate temperature, gas pressure, bias voltage, and ion-to-neutral
ratio, on the film microstructure, properties and performance during real-life
applications. The mechanisms during coating growth and the microstructure evolution
were also studied as a function of deposition parameters to gain a better understanding
of PVD coating growth. In this chapter, coating microstructures were classified into
nanolayered or superlattice, nanocrystalline, and self-organised structure. The last
section of this chapter covers the fundamental knowledge of the bonding configurations,
structure, and properties of carbon allotropes, and categories, the current development,

properties and applications of carbon-based coatings.

2.1 Physical Vapour Deposition (PVD) coatings technology

Physical Vapour Deposition is widely used to deposit coatings for various
functional and decorative applications. It involves the creation of material vapour from
the coating material target and its subsequent condensation onto a substrate to form a
thin film. The process is discussed in more detail in the following sections. Figure 2.1
shows two of the most important methods for depositing thin films, these are sputtering
and evaporation. In sputtering, atoms (neutral) are dislodged from the solid target
surfaces through the impact of gaseous ions, whereas in evaporation, atoms are removed

from the target surfaces by thermal means [35].
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Figure 2.1  PVD techniques (Note: RF = radio frequency; e-beam = electron beam)

2.1.1 Introduction to plasma

The terms ‘glow discharge’ and ‘plasma’ are often used interchangeably used in
thin film processing. Plasma is a conductive quasineutral (approximately equal numbers
of electrons and ions) ionised gas, which can respond to local changes in potential. An
external energy source, such as an electric field (acting directly on the charged particles
only) is required to maintain the necessary equilibrium in the plasma. The dominant
charge carriers in the plasma are electrons, which are generally much more energetic
than the ions. This is due to the low mass of electrons which can respond much more
quickly to electric fields than can the heavier ions [36]. To generate a plasma, generally
argon is fed into the chamber while a high voltage is applied to two electrodes (cathode
and anode). Argon is usually used as the preferred bombarding gas due to its low cost,
higher atomic weight and because it is easier to ionise than the other two inert gasses,
such as neon and helium. The discharge is usually maintained in an Ar atmosphere in
the pressure range between 1 — 500 x 10° mbar, and in the negative cathode voltage
range between 0.3 — 5 kV [37]. Under the applied potential and an appropriate gas
density, two processes may occur. These are: free electrons will be accelerated towards
the anode and due to electron impact ionisation, further electrons and ions are produced.
It is important to note that the gas density must not be too low (otherwise the electron
will strike the anode without having a gas phase collision with a gas atom) or too high
(otherwise the electron will not have gained sufficient energy by the time it strikes a gas
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atom to cause ionisation). The positively charged ions (Ar") will strike the cathode and,

if their energy is high enough, the emission of electrons known as secondary electrons

(important for the initiation and further self-sustaining of the glow discharge due to their

contribution in the intensive ionisation of the background gas by collisions with

neutrals) will occur. These electrons will be accelerated across the sheath and will
attain energies of the order of the discharge voltage.

Figure 2.2 is the classical architecture of a DC glow discharge [38], showing
several distinct regions within the plasma between the cathode and the anode. These
include:

@) Cathode glow region. The cathode glow region adjacent to the cathode is
luminous due to neutralisation of both the positive and negative ions at the
cathode surface. The emitted light is the characteristic of the target material and
the sputtering gas.

(i)  Cathode dark space or cathode sheath. An adjacent layer between the cathode
surface and the plasma due to potential variation. Across this region, most of the
voltage drop occurs, providing the accelerating force which drives the positive
ions into the target.

(ili) Negative glow region (an illuminated bright glow region). This is the region

where intensive excitation and recombination occurs.

Beyond the negative glow region is another dark space (known as the Faraday dark
space), the positive column, an anode dark space and the anode, which are essential for
connecting electrically the negative glow to the anode but are not essential in the

sputtering process because the negative glow usually fills the chamber.
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Figure 2.3 shows the current—voltage relation for various types of glow

discharge [39]. The initial part of the curve shows the Townsend discharge (the current

increase with a small increase in voltage) [40] and the transition zone. In the normal

glow region, the discharge current increases significantly with a small increase in the

voltage. The discharge is self-sustained by electron ionisation avalanches. As a

consequence it increases the coverage of the cathode. When the entire cathode surface is

covered, any subsequent increase in current requires much larger increases in voltage.

This is known as the abnormal glow, typical of magnetron sputtering devices, which is

the most often used mode in thin film deposition for processing plasmas. Further

increase in the discharge current leads to the occurrence of an arc discharge (high

current, low voltage discharge mode).
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2.1.2 Sputtering

Sputtering is one of the most versatile PVD techniques for applying coatings on
metals, alloys, non-metals, intermetallic compounds and ceramics. It is a non-thermal
vaporization process. The surface atoms of the target material are physically ejected by
momentum transfer from energetic bombarding particles, usually gaseous ions
accelerated from a plasma or ion gun. Most of the energy of the bombarding particle is
converted to heat in the near-surface region.

In non-reactive sputtering, the positively charged gas ions are noble gas ions,
which are generated when the free electrons collide with the gas (such as Ar) introduced
into the chamber. These high-energy ionised Ar' particles are accelerate towards the
target and eject neutral target surface atoms by momentum transfer. These atoms enter
and travel through the discharge or plasma to eventually deposit on the negatively
biased substrate, in a process called ion plating [41-42]. The sputtering process is
schematically represented in Figure 2.4. The adsorbed atoms (adatoms) on the substrate
surface will move to the lowest energy position to initiate or continue the coating
growth process. The adatom life-time depends strongly on its Kkinetic energy and the
thermodynamic conditions on the substrate surface, hence the deposition temperature
and the gas pressure become the significant process parameters, which influence the
growth and the structure of the coatings, and determine the probability of collisions in
the plasma respectively (see Section 2.2 for coating growth and microstructure

evolution).
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Figure 2.4 Sputtering mechanism

Sputtering can be quantified in terms of sputtering yield, Y, which is defined as
the number of target material atoms that are sputtered for each incident energetic
bombarding ion. The sputtering yield is dependent on the relative masses of the
bombarding and target species, bombarding ion energy, the cohesive energy and the
chemical bond strength of the target surface atoms. The sputtering yield can increase 2-
3 times when the angle of incidence of the bombarding ions becomes off normal [43].
On the other hand, the sputtering yield can reduce substantially at high collision angle
due to little momentum transfer. Table 2.2 [38] shows the sputtering yield of the
elements commonly used for target materials. For 500 eV Ar", carbon has the lowest

sputtering yield of 0.12, which is about 10 times less than that of chromium i.e. 1.18.
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Ion

Element He Ne Ar Kr Xe
C 0.07 - 0.12 0.13 0.17
Cr 0.17 0.99 1.18 1.39 1.55
Nb 0.03 0.33 0.6 0.55 0.53
Al 0.16 0.73 1.05 0.96 0.82
Ti 0.07 0.43 0.51 0.48 0.43
A% 0.06 0.48 0.65 0.62 0.63
Fe 0.15 0.88 1.1 1.07 1
Ni 0.16 1.1 1.45 1.3 1.22
Cu 0.24 1.8 2.35 2.35 2.05
Y 0.05 0.46 0.68 0.66 0.48
Zr 0.02 0.38 0.65 0.51 0.58
Mo 0.03 0.48 0.8 0.87 0.87
Ta ' 0.01 0.28 0.57 0.87 0.88
w 0.01 0.28 0.57 0.91 1.01
Au 0.07 1.08 24 3.06 3.01

Table 2.2 Sputtering yield of elements at 500 eV ions

2.1.2.1 Ion-surface interactions during sputtering

During bombardment of the target by positive ions, various interactions can
occur on the target surface. This is illustrated in the Weissmantel model, shown in
Figure 2.5 [44]. The interactions include liberation of ionised atoms, neutral atoms,
secondary electrons, backscattered particles, x-ray emission, photon generation and gas
desorption. Several other processes can occur in the target itself, which include the
generation of collisional cascades (occurs when the surface atom that is struck attains
enough energy to displace other atoms), the creation of point defects, compound

formation, implantation, amorphisation, and local heating.
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sputtering process: Weissmantel model (after [44])

2.1.2.2 Magnetron Sputtering

Magnetron sputtering is based on maintaining a glow discharge in a crossed
electric (¢) and magnetic field (B) [45]. When an electron is ejected from the target
surface, it is accelerated away from the surface by the electric field but is trapped and
forced to spiral around the magnetic field lines generated from the permanent magnets
near the target (cathode) surface. The most common types of magnetron are circular and
rectangular planar magnetrons, however, the use of a rectangular planar magnetron

(Figure 2.6) is more practical for most applications.

Magnetic Field Lines
Magnet Poles Area of Erasion /

Hopping Electrons

Figure 2.6 Schematic diagram of rectangular planar magnetron showing the
arrangement of magnets, the electric and magnetic fields, and the plasma

(shaded area)
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In comparison to the conventional glow discharge, magnetron sputtering has
additional ionisation as a result of the crossed electric and magnetic fields that confine
the plasma near to the target surface. Therefore, the sputtering and the deposition rates
are higher due to the increased ionisation and plasma density in the region adjacent to
the target [37]. However, the major disadvantage of the use of the conventional
magnetron (the magnetic field is equal in the centre and the periphery of the target, see
Figure 2.7(a)) is that it is restricted by the sharp decrease in ionisation with increasing
distance from the target to the substrate, because the high plasma density is confined to
the vicinity of the target. To overcome this drawback, Window and Savvides [46]
introduced the unbalanced magnetron concept where the magnetic field is stronger at
the periphery than in the centre of the target. This is achieved by designing the
magnetron array in such a way that the magnetic flux from one of the magnets is
unequal to that from the other. As a result, the plasma glow expands outwards and
ionisation and ion bombardment of the substrate is increased. The unbalancing effect
can be precisely adjusted by the magnetic field generated by electromagnetic
coils. Figure 2.7 shows the schematic representation of the plasma localisation and
confinement for a conventional magnetron and an unbalanced magnetron. Figure 2.8
illustrates schematically the distribution of magnetic field, the plasma confinement
region near the target surface during balanced magnetron sputtering and the resulting
erosion track on the target surface. In order to further increase the ion flux, to prevent its
loss to the chamber walls, and to maintain a dense plasma in the substrate region,
closed-field unbalanced magnetron sputtering (CFUBMS) was introduced (an example

is shown later in Figure 2.10).

substrate substrate

l B*/////
/
dg v //éaé L0/ ;p}a; /
X /*\ -\ /- /77\//‘/\ 57

Electromagnetic coils

(a) (b)

Figure 2.7 Plasma localisation and confinement for (a) conventional magnetron and

(b) unbalanced magnetron; ds.r is the distance between the substrate and the target
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e High current densities in the cathode spot, up to 10510 A/m?,
e High ion densities in the cathode region and electron density up to 10 m?

e Maximum temperatures of 4000 to 7000°C in the cathode spot

The arc evaporation process (see Figure 2.9(a)) begins when a high current, low
voltage arc strikes on the surface of a cathode, and gives rise to a small (usually in a size
of a few micrometers [48]) highly energetic emitting areas known as cathode spots
(spots of plasma). Cathode spots are initiated at micro-protrusions (or tips) on the
surface of the target, which may be located either at random points or the spot can be
steered on the cathode surface. Steering of the arc can be achieved by using a magnetic
field [49], the main challenge in this method is to reduce the amount of macroparticles
(see next paragraph) deposited on the substrate. The continuous striking of electric arcs
on the surface of the target (cathode) caused high local cathode surface temperatures
(between 4000-7000°C) which evaporate the target materials from the cathode spots.
The evaporated species are ionised and accelerated away from the cathode towards the
substrate, because of the potential distribution and plasma expansion [50].
Theoretically, the arc is a self-sustaining discharge capable of sustaining large currents
through electron emission from the cathode surface and the bombardment of the surface
by positive ions under high vacuum conditions. The plasma generated in an arc
discharge is dense and contains electrons, energetic ions, atoms (neutrals), and
macroparticles in the form of droplets, these are schematically shown in Figure 2.9(b).
The main drawback of the cathodic arc evaporation technique is the production of liquid
droplets and macroparticles formed by the arc source during evaporation. It has been
shown that target materials with higher melting point produce fewer droplets [51-53].
Macroparticles or droplets can lead to the initiation of growth defects, this is illustrated
in Figure 2.9 (c) [54]. It was reported [54] that the film on top of the droplets grows
under more intense ion irradiation and is deposited at higher rates than the material
deposited near the lower part of the droplet, which is subjected to negligible ion-
irradiation and is deposited at much lower rates due to the smaller acceptance angle.
Therefore, the microstructure near the lower part of the droplet is of severely under
dense as compared to the film grown on top of the droplet.

In PVD, the formation of macroparticles in the coatings has been shown to
initiate corrosion and deteriorate the performance of the coating [55]. Therefore, great

effort is concentrated on the suppression or elimination of macroparticles in the
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coatings. This can be done by steering the arc using a magnetic field, reducing the
temperature on the cathode surface near the cathode spots by providing effective
cooling, and applying various filtering methods [56-57]. The commonly used filtering
method is to insert a curved magnetic filter (‘duct’) between the source and the samples
to guide the vacuum arc plasma from the source to the substrate by a curved magnetic
field. This prevents the macroparticles from reaching the substrate because they move
along nearly straight lines. The cathodic arc evaporation technique has been found to
provide a useful tool in etching the substrate prior to coating deposition, due to its dense
plasma and highly charged ions. The etching step has been proved to enhance the
adhesion between the substrate and the subsequent coating [58]. In order to utilise the
advantages of the arc and the magnetron sputtering techniques, the Arc Bond Sputtering
(ABS™) technique has been introduced [59-61]. |
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2.1.4 Arc Bond Sputtering (ABSTM ) Technique

Arc Bond Sputtering (ABS™) is the coating deposition technique used to
produce C/Cr coatings in this research work. The ABS™ PVD coating technology has
been available to the hard coating market since the first installation in 1991 [59-60].
This coating method combines two different coating techniques of steered cathodic arc
and unbalanced magnetron technology in a single system, which offers substantial
industrial advantages [61]. The idea behind the ABS™ technique was to combine the
advantages of arc technology with the unbalanced magnetron technique, which aimed to
combine the excellent adhesion offered by the arc technology with the versatility of
material selection and reduced droplet formation offered by the magnetron source [59-
60].

This technique allows the cathode to be used as an arc source by operating the
cathode in a cathodic arc mode (see Figure 2.10) during simultaneous metal ion vacuum
pre-cleaning (also known as ion-etching) of the substrate surface and metal-ion
implantation prior to coating deposition. Coating deposition is then carried out in the
unbalanced magnetron sputtering (UBM) mode. The schematic diagram of ABS™
coating chamber and the position of the magnetron array for alternative arc and
unbalanced magnetron process modes are illustrated in Figure 2.10. The system
comprises four rectangular cathodes, which have the advantage of operating either in
steered cathodic arc or in unbalanced magnetron (UBM) mode by switching the power
supplies and adjusting the magnetic field strength. The cathodes are surrounded by
external electromagnetic coils which are inagnetically coupled in a closed field manner
to produce the unbalancing effect of the magnetrons and to increase plasma density in
the vacuum chamber. The samples are mounted on a planetary rotating turntable in the
centre of the chamber, which can be operated in 1, 2, or 3-fold rotation (1) to ensure

uniform coating thickness.
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Figure 2.10 Schematic cross-section of ABS™ coater

2.2 Coating growth and microstructure evolution

characterised by specific processes of microstructure evolution, which involves
nucleation, island growth, impingement and coalescence of islands, formation of
polycrystalline islands and channels, development of continuous structure and thickness
growth [10, 62]. This is schematically shown in Figure 2.11 [63]. In general, PVD

The growth of PVD thin films proceeds through consecutive stages

coating is grown following three general steps [8]:

1)
2)

3)

transport of the coating species to the substrate,
adsorption of these species onto the surface of the substrate or the growing coating,
their diffusion over this surface, and their incorporation into the coating or their
removal from the surface by evaporation or sputtering,

migration of the coating atoms to their final position within the coating by bulk
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Figure 2.11 Coating growth process

It is known that deposition process parameters such as substrate temperature
[64], gas pressure, bias voltage (energy of ion bombardment) [12] and ion-to-neutral
ratio [65], play a dominant role within the growth of PVD films, influencing coating
microstructure and properties of the coating. All of these parameters affect the energy
delivered to the growing film, which, in turn, control the mobility of the deposited
atoms that is crucial in determining the final coating microstructure. In addition to the
process parameters, the presence of alloying or impurity elements (for example oxygen)
and their segregation to surfaces and grain boundaries can also strongly affect the final

structure by inhibiting or promoting the structure evolution [62]. A recent review on the
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microstructural evolution during film growth as a function of deposition parameters can
be found in {10].

The effects of the process parameters on coating microstructure are briefly
discussed as follow:

Effects of substrate temperature, gas pressure, and bias voltage

During the PVD process, the working gas pressure controls the transport step of
the coating atom, for example the coating atom arrival direction, while the substrate
temperature controls the adatom diffusion step but this may be significantly influenced
by the energetic ion bombardment. Figure 2.12 schematically presents the
microstructure zone model introduced by Thornton in 1973 [8] illustrating the
correlation between working gas pressure and substrate temperature. According to this
model, at low T/T,, temperature (T = substrate temperature; Ty, = coating material
melting temperature), a pronounced columnar structure consists of tapered open voided
growth boundaries, known as zone 1 (also shown in Figure 2.11(d)) is formed. This is
due to atomic shadowing and low adatom mobility where incident atoms adhere where
they impinge, in this zone. With increasing T/Tw, the structure transforms to the zone 2
structure (columnar grains structure, see also Figure 2.11(e)) via zone T (a transition
state between zone 1 and zone 2, which consists of dense, poorly defined fibrous
grains). Within zone 2, the width of the grain boundaries increases in accordance with
activation energies or surface diffusion. At high T/T,, (zone 3), the structure consisted
of equiaxed grains, for which the size increases in accordance with activation energies
for bulk diffusion.

Messier et. al. [9] included an additional ion energy (E;) contribution to the film
growth model by replacing the pressure axis with a bias voltage (V;) axis as shown in
Figure 2.13. They found that at low T/Ty, an increase in the bias voltage (parameter that
controls the ion bombardment energy) suppressed the formation of zone 1 and widened
zone T (more densely packed structure), due to the increase in average energy of the
bombarding ions which enhanced adatom mobility. Ion bombardment is a non-
equilibrium process which provides energy to the growing film at an atomic level [66].
This process significantly differs from conventional heating due to the rapid transfer of
the kinetic energy of the bombarding ions to a very small area of atomic dimensions and
subsequent rapid cooling at the rate of about 10' K/s [66]. Ar" jons are the dominant
bombarding ions incident at the growing films with energy, E; corresponding

approximately to the applied negative substrate bias voltage, Vs, where E; = e(Vs-Vpi) =
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eV, since Vi — 0 (the plasma potential which is nearly the same as that of the
grounded anode under conventional magnetron sputtering conditions [67]). Therefore,
energetic ion bombardment influences the surface and bulk diffusion processes, and
plays a crucial role in controlling the structure evolution during film deposition. It has
been shown that an increase of the bias voltage changes the film microstructure from a
porous to a dense structure due to increased adatom mobility. For example, it was found
that, by varying the substrate bias voltage from -80 V to -160 V during TiN film
deposition at 300°C, the film microstructure changed from a columnar structure with
open column boundaries at =V < 80 eV, to a void-free dense columnar structure at —V;
=120 eV, and finally to a fully dense structure at -V = 160 eV [68].

Transition structure
consisting of densely ]
packed fibrous grains Columnar grains

Porous structure
consisting of tapered
crystallites separated
by voids 7z,

Recrystallized
grain structure
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Figure 2.12 Thornton’s microstructure zone diagram of sputtered deposited films (after
(8D
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Figure 2.13 Messier’s model for thin film microstructure (after [9])

The other effects of ion bombardment include [69]:
e  modifying the substrate surface, such as cleaning (via ion etching), defect
formation
e  momentum transfer processes in the surface region, such as sputtering, desorption,
recoil implantation, defect formation
. change in residual stress of film due to lattice defects and variation in film density
e  addition ofheat to the surface region

. formation of secondary electrons that can affect chemical reactions

However, by applying the correct deposition conditions, ion bombardment has been
shown to give the following advantages [10]:

e increased nucleation rates and film density

e  decreased in average grain size (finer grains)

e  inhibition of the formation of columnar structures associated with high surface

roughness

e  changed defect density and orientation of coatings in a controllable manner
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Effect of ion-to-neutral ratio (Ji/J,)

The ion-to-neutral ratio determines the average energy carried by the arriving
ions per condensing atom. A higher ion-to-neutral ratio (ion flux) at the substrate has
been shown to result in grain refinement [68] and produce a dense film with more
equiaxed grain structure [65]. The effects of ion-to-neutral ratio on the morphology of
the growing film bombarded by Ar" has been shown using molecular dynamics
computer simulation, see Figure 2.14 [70]. The model clearly demonstrated porous
microstructure in the absence of ion bombardment (Figure 2.14(a)), which resulted from
inhibition of surface diffusion. However, increased ion bombardment and/or Ji/J,
promote a dense structure as a result of enhanced adatom mobility and surface diffusion.
This is shown in Figure 2.14(b) and (c), which presents the simulated microstructure
formed at constant ion bombardment energy of 50 eV, and an increased Ji/J, from 0.04
to 0.16, respectively. More recently, a novel structure zone model relating to the
closed-field unbalanced magnetron sputtering (CFUBMS) system was developed [71].
This model takes into account the ion-to-neutral ratio (Ji/J,) incident at the substrate, in
addition to the homologous temperature (T/Ty) and the substrate bias voltage, to
describe the coating microstructure, see Figure 2.15(a). According to the example given
in the paper [71], for a constant bias voltage V, or V; (see Figure 2.15(b)), zone 2 or
zone 3 structures defined by the previous models (Figure 2.12 and Figure 2.13) can be
produced by varying the Ji/J, ratio at any particular homologous substrate temperature.
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2.3 Nanocomposite structure

Nanostructure coatings are a novel class of materials. Nanotechnologies of the
future will demand the creation of large arrays of nanoscale structures and morphologies
due to the novelty of their physical and chemical properties [66]. In order to obtain a
nanostructural features, the dimensions of morphological elements such as the average
diameter of grains on thickness of layers, should be within the nanoscale range, usually

between 2 and 100 nm [72].
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Nanocomposite structures are two- or multicomponent systems containing
additive(s) of varying concentration in addition to the film material and are normally
composed of segregated phases [73]. The phases of nanocomposite thin films are
determined primarily by the type and concentration of material constituents, the
methods of preparation and process parameters [74]. A nanocomposite coating
comprises of at least two phases either two nanocrystalline materials or a
nanocrystalline material in combination with an amorphous phase. In general,
nanocomposite structures can be classified into two groups [72]:

(i) Nanolayered or superlattice, and

(i) Nanocrystalline

A brief section on self-organised structure is also included in this chapter.

() Nanolayered or superlattice structure

Nanolayered composite or superlattice structure is defined as a repeating layered
structure of two different materials with nanometre scale dimensions [75]. The total
thickness of the two successive pairs of layer, known as the bilayer thickness or
superlattice period (A) depends on the substrate rotation speed and the deposition rate.
The bilayer thickness of a film is in the nanometre scale normally within 5-25 nm [76].
Since the late 1980s, rapid progress in the early fundamental research on superlattice
structured hard coatings has been achieved to produce nanoscale compositionally
modulated coatings with hardness values exceeding S0 GPa [77-79]. Figure 2.16 shows
the schematic structure of monolithic (which refers to first e.g. TiN and second e.g.
TiAICIN generation coatings) and superlattice coatings produced by the ABS™
technique, where the ion implantation zone was generated during the ion etching

process.

L2250 bilayer thickness

-single layer coating

f-base layer , : @-base layer

‘ Tion implantation Non implantation
substrate zone substrate Zone
(a) superlattice coating (b} monolithic coating

Figure 2.16 Coating structures produced by the ABS™ method
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The interest in superlattice coatings, either isostructural (layered structure of two
materials with the same crystal structure) or non-isostructural (layered structure of two
materials with different crystal structure) originated from the possible generation of
significant enhancements in mechanical and elastic/plastic properties (e.g. hardness,
elastic modulus etc.) [75, 80]. These properties enhancements are believed to be due to
the interfaces between the layers which provide energy barriers to the motion of
dislocations (line defects that are mainly responsible for the plastic deformation of
crystalline solids) and energy dissipation sites for crack propagation and deflection.

In the case of miscible and isostructural coatings (e.g. TIN/NbN), where the
multilayer structure is made of two different materials with the same crystal structure
either body-centered cubic (bcc), face-centered cubic (fcc), or hexagonal closed-packed
(hep), the property strengthening effects may due to the difference in elastic modulus
between the two layers, E and Eg (where Ea > Ep). According to Koehler’s model [81],
the critical stress required to move a dislocation across an abrupt interfaces is
proportional to (Ea - Eg)/( Ea + Eg). If (Ea - Ep) is large, greater critical stress is needed
to move the dislocations, therefore the coating hardness is enhanced.

Figure 2.17 [77] shows the effect of superlattice period, A, on the hardness of
superlattice coatings. It was noted that the hardness enhancement increases with
increasing A until an optimal value is reached where further increases in A cause a
decrease in hardness. At very small superlattice period, A (1-2 nm) the hardening effect
of the interfaces is reduced owing to two main reasons [75]:

e  Layers nearly interdiffuse and the elastic modulus of each layer becomes the same,
thus no hardness enhancement can occur
e  Very close interfaces can exert opposing forces on a dislocation at an interface,

which lowers the stress needed to move the dislocations

However at larger superlattice period, A, the hardness decreases because the

dislocations can move within the individual layers.
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Figure 2.17 Hardness as a function of superlattice period

In comparison, immiscible, non-isostructural superlattices (e.g. combining bcc
with fcc) such as Mo/NbN and W/NbN have substantial advantages over miscible and
iso-structural superlattices especially in terms of strength/hardness. This is because of
[75]:

e  the formation of more abrupt interfaces, which lead to more stable structures at
high temperature

e  the formation of sharper and flat interfaces due to no intermixing of the interfaces
(that is near zero width interfaces)

e the inhibition of motion of dislocations across interfaces because dislocation glide
systems vary with varying material structures

Unfortunately, this type of superlattice is difficult to prepare due to poor crystal-lattice

matching at the interfaces between non-isostructural materials.

(i) Nanocrystalline structure

Nanocrystalline composite coatings are coatings that consist of nanocrystals or
nanograins (e.g. TiN) embedded predominantly in the crystalline or amorphous matrix
(e.g. DLC, a-Si3N4) of another material [72]. The dimensions of the nanocrystals or

nanograins should be within a nanoscale range usually between 2 and 100 nm [72]. The
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hardness of nanocomposites is related to a complex interplay of size of the
nanocrystallites.

The concept for the design of hard (Hv > 20 GPa) or superhard (Hy > 40 GPa
[66]) nanocomposites is based on the grain-boundary hardening described by the Hall-
Petch relationship [82-83]:

Hardness, H = H, + kd**

where H, and k are material constants, and d is the average diameter of the crystallite.
According to this equation, grain boundary hardening increases with decreasing
crystallite size. This is due to blocking of grain boundary sliding by the formation of a
strong interface between the two components in various nanocomposites [84]. One
limitation of this relationship is that it is only prominent for crystallite size > 10 nm,
because work hardening does not occur in small nanocrystals of < 10 nm [85].
However, for nc-TiN/a-Si3N; nanocomposites (nc stands for nanocrystalline), a
maximum hardness was found between 40 and 60 GPa for mean crystallite sizes

between 5 and 10 nm [86-87]. Figure 2.18 shows the relationship between the hardness

and the grain size [88].
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Figure 2.18 Hardness as a function of grain size

Self-organised structure

As the name implies, self-organised or self-assembled structural evolution is
controlled by kinetically self-driven mutual segregation and surface diffusion of the
condensing species to form pure or compound phases [89]. This structure evolves

usually in multicomponent, multiphase thin films or films with artificial structures, for
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example nanoscale multilayers or nanophase composites. According to Barna and co-
workers [73], the structure evolution in a multicomponent composite follows the same
phenomena as that of polycrystalline films. This includes nucleation, crystal growth,
grain growth by grain-boundary migration, process-induced kinetic segregation of the
species of insoluble minority components, and chemical interaction occurring on the
growth surface, or within the uppermost layer of the developing film. Surface chemical
reactions occur when the impinging species integrate themselves into the growing
compound phase. The species that are not consumed and not dissolved in these
reactions are segregated by the atomic processes, which results in an increased surface
concentration of these species during growth and in the formation of new phase(s) either
elemental or compound [73-74].

The theoretical study of the self-organised structure requires the investigation of
two aspects [90]: (i) the mechanisms that drive the dynamics of the self-organised

structure and (ii) the geometry i.e. the shape of the self-organised structure.

2.4 Carbon-based Coatings

The demand for high quality tribological coatings has led in the recent years to
intensive research in further development of the carbon-based coating family. Carbon-
based coatings, such as diamond-like carbon (DLC), metal-DLC, and metal-graphite are

attractive in a wide range of applications due to the following reasons [91-93]:

. naturally low coefficient of friction combined with excellent chemical inertness

o excellent properties such as high hardness and good wear resistance [18-19, 30,
33, 94-96]

e the possibility of changing their properties by tailoring the microstructure, for
example from graphite-like to diamond-like with an amorphous or crystalline
structure

e the possibility of varying the sp’/sp’ ratio based on the deposition techniques and

conditions used

The applications of carbon-based coatings include cutting tools, automotive
components, precision parts, bearings [18, 30, 97-98], and recently exploiting the
biomedical applications [20, 99-100]. In order to understand the properties of carbon-
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based coatings, it is important to know the background of carbon, its structures and

properties. These are discussed in the following sub-section.

2.4.1 Background of carbon

The word carbon is derived from the Latin “carbo” which means charcoal. The
term “carbon” means only the element, because carbon has several material forms
which are known as polymorphs or allotropes. There are four types of carbon allotropes,
two allotropes of carbon are found on earth as minerals: natural graphite and 