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ABSTRACT

Titanium diboride (TiB,) has been investigated as a potential candidate for
several industrial applications, such as: cutting tools, electric devices, wear
parts and many more fields of application. The main drawback of TiB; is its
brittle nature, which has limited its range of applications.

Diamond-like Carbon (DLC) has been used in industrial applications, mainly for
wear resistant parts. However, the application of DLC films has been limited by
the level of internal stress accumulated during deposition.

This thesis investigates the deposition of TiB,/DLC multilayer wear resistant
coatings to overcome these limitations. The thesis focuses on the tribological
effects caused by different deposition techniques on TiB, ceramic used by the
coatings industry today, in order to overcome the brittle nature of TiB, and the
lack of adhesion of DLC films.

The multilayer coatings consisted of 25 bi-layers of TiB,/DLC. These TiB,/DLC
coatings were fabricated, maintaining a constant composition wavelength (sum
of two layers A =200 nm) for an array of ceramic fractions ranging from 25% to
95% by volume using as substrates, tool steel AlISI 1095 and powder metallurgy
aluminium alloys, type 2618. The effect of the DLC content on the structure and
performance (hardness, adhesion and wear) of the films was investigated. The
bi-layer thickness influences the failure patterns observed in the scratch testing.
These observations have been used to optimise the multilayered coating
structure.

Multilayer coatings have been manufactured to increase surface hardness and
wear resistance as applied to a commercial powder metallurgy Al alloys (Al
2618) used in the automotive industry. Optimum coatings have found hardness
values of 27.8 GPa, with a critical load of 20 N and a friction coefficient of 0.47.
As a result of wear tests the multilayer with 10% of DLC was found to be best
compromise between high hardness (23.8 GPa), good adhesion (critical load

higher than 20 N), low friction and low wear rate.
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THESIS INTRODUCTION

Surface engineering has been responsible for the introduction of numerous high
performance materials in many industrial applications. The use of advanced
coating systems to enhance surface properties of components that until now
have had a very limited life-time, has allowed a new generation of materials to

have a widespread application in different industrial areas.

The use of ceramic coatings has brought enormous commercial potential for
different applications, including: thermal barriers, wear resistant coatings,

corrosion protection, erosion resistance, and many more.

Titanium diboride is a transition metal based, hard refractory ceramic that has
unique properties including high hardness, high melting point, good wear and
corrosion resistance, high temperature stability and electrical conductivity.
These properties make titanium diboride a fascinating material. Although its
brittle nature is a drawback in many industrial applications, multi-layering has
offered a solution to this problem.

In recent times diamond-like carbon (DLC) coatings have been an active
element in the thin film market. Due to a set of outstanding properties like high
hardness, low coefficient of friction, high thermal conductivity and chemical
inertness, DLC coatings have been an ideal candidate for many industrial
applications. However, these outstanding properties have a severe drawback;
the internal stress accumulated during deposition of a DLC film, and this has
limited the use of DLC films to thicknesses up to 5um. Multi-layering can once
again offered a solution, enabling the production of high quality, high adhesion

and long-life DLC films in industrial applications.
In the last years the automotive industry has increased the number of

components manufactured from aluminium alloys. These alloys have desirable

properties like: high stiffness, low weight and inertia [1]. The use of such light
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components can have a direct impact on vehicle performance and therefore fuel
economy [2]. The advantage of using such alloys is that they are cheap and
easy to obtain. They can be manufactured by casting and by powder
metallurgy. The main disadvantage of such alloys it's their mechanical
properties, they are soft and lack of wear resistance. Due to these conditions
there is need to develop hard, high quality and well adherent lubricant coatings

for these alloys.

The objective of this thesis is to study the deposition of TiB, using all the main
sputtering techniques, thus comparing Radio Frequency (RF), Direct Current
(DC) and Pulsed DC deposition, and then explore the influence of the

deposition conditions on the tribological properties of the coating.

A further aim is to produce a range of TiB, /DLC multi-layers deposited by
magnetron sputtering, once again, using all the main sputtering techniques: RF,
DC and Pulsed-DC, under both reactive and non-reactive deposition conditions.
The hardness and reduced modulus of these coatings are tested using
nanoindentation. The tribological performance is also evaluated using a
tribotester, capable of performing scratch testing, to measure the critical loads,
and a range of wear tests to evaluate friction coefficient of the multilayer stacks
produced. Focused lon Beam (FIB) was used to provide high resolution

micrographs of the multilayers.

This thesis is divided into 9 chapters which cover the following aspects:

e Types of deposition processes and a review of the state of the art of
methods of magnetron sputtering techniques.

e Deposition of TiB, and DLC coatings

e Multi-layer coatings concepts.

e Materials used in the experimental section of the thesis.

¢ Nano-indentation and methodology used to assess and evaluate thin
films and multi-layers.

¢ Review of scratch testing and examination of failure modes
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Experimental methodology used to deposit and characterize these
multilayer thin films.

Experimental results

Discussion and comparison for TiB, deposition under a range of
conditions and for a range of TiB,/DLC multilayers.

Concluding remarks and suggestions for future development.
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1. Types of Atomistic Deposition Processes

In the Coatings Industry there are 4 groups of atomistic deposition processes.
These groups can be divided into: evaporative, glow discharge, gas-phase
chemical and liquid-phase chemical processes. The generic names of the
processes are: Evaporative Methods, Chemical Vapour Deposition (CVD),
Physical Vapour Deposition (PVD) and Liquid and Gas -Phase Chemical
Techniques, showed in Table 1 [3-7].

CVD and PVD processes were first used in industrial applications in the 1980’s
because these deposition technologies introduced significant improvements in
many tooling applications. These new coatings provided tools that would work

harder, faster and longer than before.

In the 1990’s these deposition methods have accompanied the technical
evolution of the semiconductor industry. These four thin-film deposition
technologies are used throughout the coatings industry worldwide. These
methods present variations as variations as listed in the table below [3-7]:

Evaporative Methods

e  Vacuum Evaporation
Conventional vacuum evaporation; Molecular-beam epitaxy (MBE);

Electron-beam evaporation; Reactive Evaporation;

Liquid-Phase Chemical Techniques

. Electro Deposition Processes

Electroplating; Chemical reduction plating;
Electroless Plating; Chemical displacement plating;
Electrolytic anodization; Electrophoretic deposition;

Glow-Discharge Processes

e  Sputtering e  Plasma Processes
Planar Diode sputtering; Plasma-enhanced CVD;
Sputtering ion plating; Plasma oxidation;

Magnetron sputtering; Plasma anodization;

Reactive ion plating; Plasma polymerization;

lon beam deposition; Plasma nitridation;

lon beam sputter deposition; Plasma reduction;

Cluster beam deposition (CBD); Microwave ECR plasma CVD;
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Gas-Phase Chemical Processes

. Chemical Vapour Deposition (CVD)
Atmospheric Pressure CVD (APCVD);
Low Pressure CVD (LPCVD);
Metal-Organic CVD (MOCVD);

e  Thermal Forming Processes
Thermal oxidation;
Thermal nitridarion;

Thermal polymerization;

Photo-enhanced CVD (PE-CVD)
Laser-induced CVD (LCVD);
Electron-enhanced CVD (E-CVD)
Hot Filament CVD (HFCVD);
Chemical Vapour Infiltration (CVI);

Chemical Beam Epitaxy (CBE);

Table 1 — Atomistic Deposition Processes [3-7].

1.1. Physical Vapour Deposition

Physical Vapour Deposition (PVD) processes are used for the deposition of:
metals, ceramics, ionic materials, various hard coatings, high melting
compounds and in the last years even polymers. They are used as well for the
deposition of ternary and quaternary compound coatings like (Ti,Cr)N,
(Ti,ALCr)N or (TIA)BN and (Ti,B)N. PVD offers a wide range of possibilities for
modification of the deposition parameters. The main difference between PVD
and CVD is that the precursors are solid. The material to be deposited is

vaporised from a solid target and deposited onto the substrate [3-12].

During PVD processes the film is grown by the deposition of atomic species.
The species taking part in the growth are: atoms, molecules, radicals and/or
ions which are deposited from the vapour phase. The most used PVD
techniques available are: Thermal Evaporation, lon Plating, Magnetron
Sputtering and Pulsed Laser Deposition (PLD) [5, 13, 14]. The microstructure of
the growing film can be amorphous, polycrystalline or single crystal, while the
growth mode can be “layer-by-layer” or “nucleation and growth”. The growth
and microstructure can be modified by the temperature of the substrate, the flux
and energy of the atomic species hitting the growing film [6].

These growth parameters can be chosen using the various PVD techniques.

When a specific microstructure is required only one of the available PVD
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techniques may be applicable. The same film microstructure can be reproduced
by several PVD techniques. In recent times there have been some hybrid-
processes developed for example, CVD with magnetron sputtering may also
incorporated in the chamber [15]. When depositing films by thermal
evaporation, the material is placed in an evaporation boat or crucible and
heated by resistive heating or an electron beam.

Physical Vapor Deposition

Gas Phase - Gas Phase

Tranzport

Evaporation Condeansation

Condenzad Phasa Condensad Phase
(solid or liguid) (usually =olid)

Figure 1 - PVD Overview [12].

In this thesis all multilayered coatings will be deposited using sputter deposition;
therefore the sputter deposition based processes will be reviewed in detail in
section 1.2.

1.2. What is Sputtering?

Sputtering was first described by W. Grove over 150 years ago. He described
the first recorded observation of the ejection of atoms from a given material
which results from its bombardment by positive ions, this is known by
sputtering. The paper was reported in the Philosophical Transactions, volume
142, page 87 in 1852 [5].

19



The working gas is usually argon (Ar) and the process is based on momentum
transfer from impacting positively charged gas ions, and it can deposit many
materials, whether metallic, intermetallic, ceramic refractory, ionic and, to a
limited extent, polymeric. The rate of deposition is a function of the sputtering
yield.

1.2.1. Sputtering Threshold

In Figure 2 [16], the graph indicates that in a low energy region threshold
energy exists for sputtering. The sputter yield shows a maximum value in a

high-energy region.

Plateau (E = 10—100 keV)

SxE (E >100 eV)

Sputter Yield (S)

S2«E (E<100 eV)
L Threshold

lon Energy (E)

Figure 2 - Variations of sputter yield with incident ion energy [16].

The sputtering threshold has been connected with the mechanism of sputtering.
The definition of sputtering threshold was reported when the Th-W (thorium-
tungsten) thermonic cathode in gas rectifier tubes was damaged by
bombardment with ions when the bombarding ion energy exceeded a critical
value, which was between 20 to 30 eV [8, 16].
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The threshold energy can be changed by the incident angle of ions and the
crystal orientation of cathode materials. Therefore the threshold energy is very

sensitive to contamination of the cathode surface.

Table 2 [4] summarizes the sputtering threshold energy measured by the

spectroscopic method for various target materials.

Tarzet Bombarding Ions Heat of

Material - - — sublimation

FLalEn Ne Ar Er He Hg (&)

= L El

Be 12 15 15 15 -
Al 13 13 15 18 18
Ti 22 20 17 18 23 4.40
v 21 23 25 28 23 528
Cr 22 22 18 20 3 403
Fe 22 20 25 23 23 412
Cao 20 25 23 22 - 4.40
N 23 2 25 20 - 441
Cu 17 17 15 15 20 353
Ge 23 25 22 8 23 407
il § 23 1 8 25 30 6.14
Kb 29 25 26 i2 - 77
Mo 24 24 28 27 32 6.15
Eh 25 24 25 23 - 508
Pd 20 20 20 5 20 408
Ag 2 15 5 7 - 335
Ta 25 26 30 30 30 g2
W 35 EX 30 30 30 B.EO
Ee 35 35 25 30 35
Pt a7 b il AT T & lﬁD
Au 20 20 20 8 - 380
Th 20 24 235 235 - 7.07
U 0 23 25 27 17 957
Ir g 512

Table 2- Sputtering Threshold Data for Various Target Materials [4]

When the incident ions collide with the surface atoms of the target of the

material to be deposited, therefore working in the low-energy near the
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threshold, a proportion is established between the number of displaced atoms
due to collisions and incident energy. During deposition, when working with
higher ion energies (10 to 100 eV) the incident ions travel under the surface, the
sputter yields are not influenced by surface scattering, but its influenced by the
scattering inside the target. Above 20 keV, the sputter yields will decrease due
to energy dissipation of the incident ions deep in the target [3-5, 16].

1.2.2. Sputtering Yield

The sputtering process is quantified by the sputtering yield, S. The sputtering
yield is the rate of atoms removed from the surface by the ion bombardment. It
can be defined as the average atom number removed form the target surface
per incident ion and can be calculated by [6]:

Mass of atoms removed
S~ : :
Incident ion flux

The sputtering yield can be influenced by the following factors [6]:

e Energy of incident particles

e Surface topography

e Target materials

e Incident angles of particles

e Crystal structure of the target surface

e Deposition temperatures

During sputtering ions are used because they are easier to produce and to
accelerate during a glow discharge process. At the bombarding energies used
for sputter deposition, molecular bombarding species behave as if the atoms of
the molecule arrive separately with the same velocity as the molecule and

initiate their own sputtering events. With high energy bombardment, when
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working in the spike regime, it can induce nonlinear behaviour and a sputtering

yield that is higher than twice the single particle yield [6, 17, 18].

4+ﬂ T T T T T

ARGON
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1.5

SPUTTERING YIELD (Atomsflon)
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0.5¢

Il —“—'— 1 __k ' i
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ION ENERGY (eV)

Figure 3 - Variation of sputtering yield with ion energy for Ar ions at normal
angle of incidence [17].

Figure 3 shows the sputtering measured experimentally [17] versus the ion
energy of several materials sputtered with Ar ions. The sputtering yield depends
on the bombarding ion energy which exhibits a threshold of about 20-40 eV,
which increases in linear way and can reach energies of around 600 eV [17].
When using high bombarding energies the curves of the sputtering yield begins
to saturate and sputtering is more efficient when the ion energies are within the

linear part of the chart [4, 17-19].
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The sputtering yield, can be measured by the following methods [4, 17-20]:

e Weight loss of target
e Decrease of target thickness
e Collection of the sputtered materials

e Detection of sputtered particles in flight

Sputtering processes are calibrated to determine the deposition rate under a
given process conditions. However, yield data of the type described above are
often used in predicting deposition rate changes when the materials
compositions are modified. An advantage of the sputtering process is that the
composition of a sputtered film tends to be the same as that of the target,
providing that [4, 6, 17, 18]:

e Effective cooling of the target is provided to avoid diffusion of the
materials,

e The target material does not decompose,

¢ Reactive contaminants are not present,

e The target-to-substrate transfer is the same for all of the materials,

e The sticking coefficients at the substrate are the same for all of the

materials.

Many applications require a very accurate control in the film composition, which
has led to the wide use of sputtering in numerous industrial processes. When
sputtering alloyed materials, the different components are sputtered at different
rates due to the different sputtering yields. This creates a surface or altered
layer which has a different composition from the bulk material [4, 7, 17-19]. If
these conditions are satisfied, conservation of mass requires that sooner or
later the process reaches a situation where the sputtered flux leaving the target
has the same composition as the bulk material. Equilibrium is reached when the
composition of the layer is such that the sputtering yield and the surface

concentration for each material is proportional to the target composition.
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The thickness and composition of the deposited layer will depend on the target
material and sputtering conditions [4, 7, 17-19].

When depositing compounds materials the sputtering yield of the alloy will not
be the same as the individual component materials. The change in sputtering
yield is caused by the binding energies and the modification of the atomic

masses involved during the deposition of the compound material[4, 18, 19].

Targets of compound such as: borides, carbides and silicides should behave as
single phase alloys as soon as an equilibrated altered layer is formed in the
surface. Powder-pressed targets sometimes present contaminants because of

the raw materials from which they have been formed [18].

1.2.3. Sputtering theoretical models

Since its discovery two theoretical models were originally proposed for
sputtering [5]:

e The thermal-vaporization theory: where the surface of the target is
heated sufficiently to be vaporized due to the bombardment of energetic
ions.

e The momentum-transfer theory: the surface atoms of the target are
emitted when kinetic moments of incident particles are transferred to

target su rface atoms.

In the sputtering process gas ions, are accelerated towards a target, which
consists of the material to be deposited. Material is detached ('sputtered’) from
the target and deposited on a substrate placed in the vicinity. The process
occurs in a contained chamber, which is pumped down to a vacuum base

pressure before deposition [4, 5].
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Plasma ignition is possible because of an inert gas is used. The most common
inert gases used in PVD processes are Argon (Ar) Helium (He) and Krypton
(Kr).

The gas purity is an important parameter to consider because film purity
depends directly on the quality of the gas used. Argon is the most used
because it is cheap and easy to obtain. In sputtering processes the gas is used
as an ion source. It's easier to ionize atoms when they are in a gaseous state.
In sputtering, ions are used because it is easier to accelerate ions rather than
neutral atoms. Argon is fed into the chamber up to a certain pressure and flow.

Sputtering starts when a negative charge is applied to the target material
(material to be deposited), causing a plasma or glow discharge to be formed.
Ignition occurs due to some ionised Ar® ions available when an applied potential
iIs presented across the electrodes. Further ionisation leads to a stable glow

discharge plasma [4, 7, 17-19].

Atam, ion j
Alom ar on with kinetic enargy -

Figure 4 — Sputtering [21].

The Ar ions are then accelerated in the applied potential field. The high energy
incident particles impact the surface or near-surface atoms of the target. In the
plasma, the ions have sufficient energy to break bonds and dislodge atoms,
Figure 4. The impact of an atom or ion with a surface produces sputtering from
the surface, as a result of the momentum transfer from the in-coming patrticle.
Unlike many other vapour phase techniques there is no melting of the material
[5, 8, 18, 19].
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In magnetron sputtering, the magnetron electrode is placed in a chamber with
an inert gas, with a pressure of about 0.3 Pa. A negative current is applied to
the target mounted on the magnetron electrode, from which a plasma or glow

discharge is formed [6, 18].

The intensity of the plasma is amplified by a magnetic field created by the
permanent magnets in the magnetron as we can see in Figure 5 [12]. The
magnets are employed to trap electrons close to the cathode surface causing

further ionization and promote plasma densification [3-7].

~ Enhanced
/" Plasma /
Vs
_// Magnetic trap :

Target (material to //

, form the coating) \l(/_
IR

Cooling
water

\
' Magnets

Figure 5 - Magnetron sputtering overview [12].

As electrons in the plasma are pushed away from the target and an electric field
is formed, which accelerates positive ions towards the cathode. This ion
bombardment of the cathode results in sputtering of the target. The atoms leave

the target and hit the substrate with energy of a few eV [3-7].

Substrate ion bombardment is beneficial during film growth as we will see in
section 1.4.2. It can be obtained by applying a negative voltage to the substrate
by an independent power supply. The plasma is sustained between two
electrodes when a sufficiently high negatively charged cathode and positively
charged anode are placed in a gaseous environment [3-8].
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1.2.4. Sputtering Advantages and Drawbacks [3-5, 7, 9, 17, 22].

Advantages
¢ Film thickness can be easily controlled and repeated,;
e Coating uniformity;
e Can be fully automatic;
¢ Good adherence between the coating and substrate;
e Extremely versatile - A wide range of materials can be sputtered,
insulators, metals, polymers;

e |t can produce high purity coatings, dependent on the vacuum.

Drawbacks
e Energy inefficient compared with other processes;
e Depending on the process, the cost can be very high due to the
incorporation of non-standard equipment (D.C. sources, R.F. sources):

e System requires complex cooling systems.

1.3. Sputtering techniques

1.3.1. DC — Direct Current

In DC-sputtering a negative potential is applied to the target, usually a few
hundred volts are sufficient to start the process. As discussed before the Ar-ions
are accelerated towards the target and set the material free, causing secondary
electrons to be produced and being responsible for further ionization of the
working gas [3-6]. The gas pressure is an essential parameter during sputtering;
it controls the ionization probability, which rises with an increase in pressure,
meaning a higher number of ions and enhance the gas conductivity. The gas
pressure and the electrode distance determine a break-through voltage from
which a self-sustaining glow discharge starts. A sufficient ionisation rate means
a stable plasma. For this reason, a sufficient number of ions is available for

sputtering of the material [3-6, 11]. In sputtering the apparatus a magnetron is
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placed below the source material (target) is used, as we can see in Figure 6
[12].

The secondary electrons in the magnetic field are trapped in cycloids and
circulate over the target surface. It is also possible to form a plasma at a
pressure some hundred times smaller that the ones used in conventional
sputtering [3-6]. Another effect is that higher deposition rates can be achieved.
On the other hand fewer collisions occur for the sputtered material on the way
to the substrate, this happens because of the lower pressure and kinetic energy
at the moment of impact. The electron density and the number of generated
ions are higher where the B-field (magnetic) is parallel to the substrate surface.
The highest sputter yield happens on the target area right below this region. An

erosion zone is formed which follows the form of the magnetic field [3-8].

Water-cooled electrode  High Rate Magnetron
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Figure 6 — Section view through vacuum chamber [12].

The bombardment of an insulating target with positive ions would lead to a
charging of the surface and subsequently to a shielding of the electrical field.
Therefore dc-sputtering is restricted to conducting materials like metals or

doped semiconductors [3-8, 18].

But there are some strong limitations of the DC sputtering process [3-9, 12]:
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e If an insulating coating is deposited or the substrate is an insulator
DC sputtering can not be used,;

e If an insulating coating is deposited by a DC reactive process, the
growing insulating film on the substrate and anode area may charge

up, which then generates arcs;

1.3.2. RF — Radio Frequency

When sputtering with an insulating target, the material will block any DC current
and the current will build up on the target surface. By alternating the polarity of
the target electrode (Figure 7), charge build up can be eliminated. Such
sputtering is usually performed at 13.56 MHz, a frequency set by the Federal
Communication Commission for Industrial-Scientific-Medical for plasma

processing, at this frequency, and frequencies above 50 kHz.

ANVANYAW
\/ \J

Figure 7- Average negative voltage in RF Sputtering [23].

A standard RF sputtering system is constituted by an RF source, matching
circuit and a grounded or “directly coupled” electrode where the substrate is
usually placed, and a capacitive-coupled driven electrode, as we can see in
Figure 8 [3, 6, 8, 9, 16] . The plasma is generated when the alternating signal is
applied to the cathode, acting as a rectifier. It generates an average negative
voltage that is connected to the electrode, which is the target [5, 6].
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It is important to note that the target is not directly coupled to the RF source.
The potential at the target electrode does not have to have a time averaged
potential of zero relative to ground. If the target were directly coupled, it would
be flooded by the mobile electrons during the positive half of the cycle [3-6].
During the negative half, however, the positive ions would produce a small
current (they have large inertia, and the flux of positive ions is limited by the
diffusive flux to the plasma boundary). Since there cannot be a net current
through the capacitor, the target develops a negative self-bias. The time spent
at positive potential is just long enough to collect the electrons necessary to
neutralise the charge collected during the negative portion of the cycle. Since
the average bias is negative, it is reasonable to call the capacitive-coupled
electrode a cathode [3-6, 8, 11].

Matching

| Target |
®

| Substrate \

Figure 8- RF Magnetron Sputtering [23].

1.3.3. Pulsed DC

During the 1970’s DC sputtering was the well known coating technique, but in
the beginning of the 1980’s with the introduction of reactive depositions for
oxides this technique was further developed [24, 25]. Some of the major
problems with the reactive DC magnetron sputtering were the low plasma
density near the substrate and the complete coverage of the sputtering targets
with an insulating layer resulting from the sputtering process. As a consequence
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the process became unstable, with a tendency to arcing. With the development
of process engineering, and the increasing demand for the industrial deposition
of highly insulating materials, the need to deposit oxide films like: ITO (Indium
tin oxide), TiO,, Al,Os3, ZnO became apparent and resulted in many more

processes that are still used today [24-28].

With conventional DC magnetron sputtering the low plasma density near the
substrate is a well documented fact [29]. The magnetic field of the magnetron
concentrates ionization in the region near the target surface and only in this

region is material removed by the sputtering process [25].

Pulsed DC processes suppress arcing during the deposition of reactive material
and with this assure long term process stability [24-27]. If the surface potential
IS negative, ions are accelerated out of the plasma to bombard the surface and
in this situation sputtering occurs, while electron bombardment causes mainly
heating [24-27]. Secondary electron emission is less than the ion bombardment
and the surface then builds up a positive charge and the bombardment energy
will decrease. This build up of positive charge eventually causes an arc.
Reverse bias during the pulsed DC process helps eliminate such charge build
up [24-27].

Pulsed DC uses a potential with a variable frequency which can have an
operating range from 50-300 kHz. Some of the process variables are: voltage,
pulse width, shut off time, and pulse polarity [24-27]. The voltage increase and
decrease is very rapid during the pulse. The pulse can be bipolar or unipolar
[27, 30]. The bipolar pulse is symmetric, where the positive and negative
heights are equal and the duration of the pulse can be varied [27, 30]. The
unipolar pulse occurs where the voltage is negative with a shut off time, or
bipolar where the voltage changes between positive and negative and possibly
with a shut off time as well [27, 30]. During Pulsed DC sputtering, the positive
bias electrons can move to the surface from the plasma and neutralize any

charge build up generated during the negative portion of the cycle (effective
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sputtering period). The possibility of a transition between negative and positive
voltages applied to the target is the reason that Pulsed DC can sputter
insulating materials as by balancing the charge flow in each part cycle no net

current flow is required [24-27, 30].

Advantages of using pulsed DC power supplies for the reactive deposition of
oxide films are well recognized, especially in the elimination of arcing and
enhanced process stability. Cooke et al [29] and his co-workers used Pulsed
DC to bias the substrates. They used Pulsed DC for biasing the substrates for
surface cleaning (elimination of substrate arcing), and interface formation (ion
clean insulating oxide films present in the substrate, improving adhesion). The
coating of components has been investigated and optimized through adjustment
to various parameters like: voltage, frequency and pulsed width [31]. A major
conclusion reached by Cooke and co-workers [29] was that the usage of pulsed
DC sputtering, which allowed a decrease in the substrate temperature and an
increase in ion bombardment compared to regular DC supplies, could be

achieved.

1.4. Reactive Sputtering Deposition

Reactive sputtering occurs when a reactive gas mixture is injected to the
process chamber to react with a pure metal or alloy in order to deposit a
compound film. The forming films occur after the sputtered material reacts with
the gas species [3-8]. Reactive sputtering is a reliable way of depositing a wide
range of films with variable film properties [24, 26]. The most common example
is TiN and CrN/Cr coatings for wear resistance [32, 33]. Reactive sputtering is a
complex process, it involves the sputtering process, the physics of the plasma
discharge, the transport of the sputtered and gas species, the kinetics of film
growth and chemical interactions between the target and film surfaces affect the
properties of the film [4, 16, 34].

When using a high flow of gas reactive species it is possible to form an oxide
compound on the target surface that cannot be removed by the sputtering
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process, effectively contaminating it, therefore leading to the development of
Pulsed DC techniques as we seen before in section 1.3.3.

The target poisoning will only stop when the flow of reactive gas is reduced to a
flow where the sputtering of the target material occurs without reaction of the
gas, producing a pure film. This is known as hysteresis effect [35]. This process

depends of the total gas flow, and the pumping speed.

Pressure

fi. i

Flow rate of reactive gas

Figure 9 - Generic hysteresis curve for system pressure, P,
as a function of reactive gas flow rate, f [35].

In Figure 9 is shown the hysteresis cycle for Al deposition with O, as the
reactant gas. In order to achieve a hysterisis cycle a constant flow of reactive
gas, f, and chamber pressure, P, must be achieved [35]. In Figure 9 the dashed
line shows a linear increase as the gas flow is increased. Stage A can be
considered as a zone in which the sputtered metal is doped with reactive gas.
There is a small variation in the total pressure as the reactive gas flow f; is
varied. In stage B a constant volume of reactive gas is consumed independent
of the gas flow, so the formation of a compound film is the ideal, although being

lower than AP, the total pressure without any sputtering occurs [4, 11, 18, 35].
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1.4.1. Sputtering Target

Targets are the source of material during sputter deposition processes. Targets
are available in a wide range of materials such as metals, alloys and polymers.
They can be found in a wide range of purities and sizes depending on the type
of vacuum chamber and magnetron. The most used shapes are: flat rectangles,

squares, circles and many more as shown in Figure 10 [36].

Figure 10- Sputtering Targets [36].

1.4.2. lon Bombardment

Since the 1970’s ion bombardment has been used as assistance tool used in
thin film technology. lon bombardment was first developed to act as in-situ
surface cleaning, increasing in the surface coverage and adhesion. After this
well established use it started being regarded an effective tool to control film
properties like [4, 5, 7, 16-19, 22, 26]:

e Stress

e Stoichiometry
e Microstructure
e Hardness

e Density
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¢ Pinhole density

e Adhesion

This property control is achieved as the substrate surface and growing film are
placed under bombardment by a flux of energetic particles [4, 7, 16, 19]. This is
a wide concept because it does not specify the source of the depositing film
material and the source of bombarding [4, 19]. This particle bombardment
induces sputtering/re-deposition effects on film morphology/microstructure and
annealing effects on the film structure due to the heating caused by the
incoming particles [17, 18]. The technique was later shown to enhance chemical
reactions in the reactive deposition of compound thin films [26].

1.4.3. Gas Incorporation

When a thin film is being deposited, there are energetic gas particles present
during film formation. These gaseous patrticles can be incorporated into the film
depending on the process conditions: particle energy, substrate temperature [4,
7, 37].

These particles are incorporated in the film due to concurrent bombardment.
This incorporation can have severe effects in the growing film. The gas particles
can precipitate and form voids interphering with the overall performance of the
film [4, 7, 37].

1.5. Thin Film Growth

Independent of the PVD method, there are several film properties (e.g.
hardness, Young's modulus, adhesion) that are very important in coating
technology. These properties and parameters have an important influence on
the properties of the coating produced. There are mainly four aspects of the
deposition process that affect film growth, properties and performance [3-9, 12,
16-19, 22, 38-40]:
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e Substrate condition — roughness, composition, contaminants, flaws
caused by surface preparation, chemical stability of the surface,

e Deposition process — depositing flux, process temperature, deposition
rate, gas contamination, ion bombardment;

e Film growth — surface mobility, interface formation, defects creation, ion

bombardment, inert gas entrapment, deposition environment,

Surface preparation can consist of polishing to a required surface finish and
cleaning of the substrate. The surface preparation is an important factor to
assure film reproducibility and quality, and should be the first step in the design
of thin films. It is also necessary to assure that the preparation does not change

the surface in any undesirable or uncontrolled manner [3, 17, 22].

PVD techniques can provide environments with a reduced contamination level
and gaseous particle fluxes that can be carefully controlled and monitored [4, 7,
9, 12, 16-19, 22]. The plasma state provides ions that are accelerated towards
the target permitting particle bombardment to the growing film allowing
modification of the film properties [6] as we seen before in section 1.1.

During film formation/growth stages an important controlling parameter is the
surface mobility. The surface mobility of an atom depends of it's energy, the
chemical bonding, and the surface temperature [8]. This surface mobility can

change due to both the process chemistry and/or crystallography.

1.5.1. Thin film growth modes
Three distinct modes of film growth may be considered [16-19, 41, 42]:

1) Layer by layer growth or Frank-Van der Merwe, two-dimensional (2-D)
layer-bi-layer(Figure 11 — top); Growth occurs when the binding energy
between film atoms is equal or less than that between the film atoms and

the substrate;
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2) Three-dimensional (3-D) island, or Volmer-Weber growth (Figure 11 —
middle), where small clusters are nucleated directly on the substrate
surface.

3) Island growth mode and layer-plus-island growth mode, that is also
called Stransky-Krastanov (Figure 11 — bottom); each named after the

investigators associated with their initial description.

In the first mode of film growth the interaction between the substrate and the
layer atoms is stronger than between neighbouring atoms [16-19]. Each new
layer starts to grow, only when the last one is completed. Otherwise, the
interaction between neighbouring atoms is stronger than the overlayer-substrate
interaction. The particles will form aggregates over the surface that grow in size
and eventually coalesce during film growth. This is known as island growth

mode [16-19] as visible in Figure 12.

Frank-Van Der Merwe

Volmer-Weber

Stranski-Kranstanov

Figure 11 - Three modes of thin film growth processes [14].
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The layer-plus-island growth mode is an intermediate case where the film starts
to grow layer by layer in a first stage and only afterwards begins the formation
of island agglomerates due to a charge in surface energy and chemistry [16-19].
During island growth mode, each material island is a single crystal or it contains

just a few crystals usually with some crystallographic orientation [3, 14, 16-19].

If the surface atoms have high mobility, there is greater probability of finding low
energy positions consistent with crystal growth. With the rise of temperature
crystal growth is promoted, because of the surface mobility is increased [16-19].
The same effect can be achieved by reducing the deposition rate, which gives
more time for the adsorbed species to find an energetic favourable lattice
position. Epitaxial growth was also found to be promoted by electron or ion

bombardment and the associated increased energy of deposited atoms [16-19].

[é Migration .J\ . Island growth
. % Nucle.ation . . .

Single atom Evaporation | 4 ligion and . .
arrives Combination
Island Shape | ... jescence . Confinuity

. HoleiPore %
Channel Formationl Formation

Figure 12 — Film Growth [43]

1.5.1.1 Structure zone models

Mochvan and Demchishin [7-9, 16-19] studied the effect of the substrate
temperature on coating growth during both evaporation and sputtering
deposition. They divided the different structures in 3 zones (relatively to Ts/T,
where Ts is the substrate temperature and T, is the coating material melting

point measured in degrees Kelvin as we can see in Figure 13 [19].
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Figure 13 — Mochvan and Demchishin Model [19] .

Zone 1 (Ts/Ty<0.3): the film is composed of crystallites and surface is
characterized by domed shapes. These domes can increase in width with
deposition temperature and the internal structure of the crystals is not defined
and presents high dislocation density. This zone is characterized by low adatom
mobility [19] .

Zone 2 (0.3<Ts/Ty<0.45): the films are composed of columnar grains with a
smooth surface. The columnar structure is separated by dense crystalline
boundaries. The boundaries have a high dislocation density. The grain width

increases with the temperature ratios [19].

Zone 3 (T{/Ty>0.45): is composed of similar size columnar grains, and
presenting a bright surface. If there is stress accumulated during deposition re-

crystallisation may occur to form an equiaxed grain structures [19].

Thornton [3-5, 7-9, 16-19] extended these studies and studied the coating
structure dependence on temperature and pressure during the sputtering
process. He showed that during the time of deposition, the argon pressure
influences the coating morphology. In a low argon pressure zone, a new zone
(Zone T), was identified located between zone 1 and 2, the structure of this new
zone consists of densely packed fibrous grains as we can see in Figure 14.

Films formed in this zone are subjected to energetic reflected atoms or ion
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bombardment during growth giving the “Zone T” structure (Figure 14). This zone
exhibits high compressive internal stress [3, 9, 16-19] and has been described
as the limiting form of the zone 1 at zero T¢/T,, on smooth substrates. The
structure consists of a dense matrix of not well defined fibrous deposits with no-
voided boundaries. The structure presents a high dislocation density [7-9, 16-
19].
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Figure 14 — Thornton’s Model [19].

Metals deposited in the transition zone present high hardness, high strength but
with low ductility. The packed structure in zone 1 has the same hardness as in
zone T but with poorer strength. Ceramics at low T¢/Ty, (in zone 1) have low
hardness. The dislocation density and the hardness of metals decrease rapidly
with increase in T¢/Ty, until zone 2 develops. In zone 2 and 3, the size of the
columnar grains increases with Ts/T, and the hardness and strength of metal
films decrease. Metals deposited in the low Ts/T,, range of zone 2 can show low
strength and low ductility [3, 8, 16-20].

1.5.1.2 Growth Defects

Missing atoms (vacancies) or atoms clusters, and lattice misalignments such as

dislocations, Figure 15, are known as lattice defects [16-18].
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During film growth, vacancies are formed by the depositing atoms not filling all
of the lattice positions. These vacancies can agglomerate into voids in the
crystal structure [16-18]. Lattice defects in the films can be reduced by
increased substrate heating during deposition or ion bombardment during
deposition [16-18].

extra net plane o .
B direction of slip

dislocation -
Core

Figure 15 - Dislocation in a crystal lattice [37].

Lattice defects in the film may affect the electrical conductivity in metallic films
and lifetime in semiconductor materials [20]. Generally high defect
concentrations result in poor electro-migration properties. Lattice defects have
been shown to be important to the properties of the high transition temperature
superconductor films [20]. In depositing a film with ion bombardment, the defect
concentration is a function of the energy of the bombardment. The number of

lattice defects initially decreases with bombarding energy [16-18, 20].

1.5.1.3 Void Formation

During a PVD processes it is normal for the resultant film to have defects in the
lattice structure. Voids are visible in Figure 16 and can decrease film density
because they are pores inside the film and are not in contact with a free
surface. In some extreme cases these pores can be caused by gaseous
species trapped inside these internal cavities [37] as we saw in section 1.4.3.
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These cavities can assume a spherical shape to minimize their surface area
and therefore surface energy. These defects can be concentrated along grain
boundaries, around precipitated phases, and/or at the interface between the film

and the substrate these being preferential nucleation sites[4, 17, 18, 20].

Figure 16 - Void in crystal structure [37]

When a film is exposed to a heat treatment the defects can migrate to free
surfaces and agglomerate into larger voids. In multilayer film structures, the
porosity in the film layers are trapped and can collapse into voids. If the
deposited film has a high residual stress the stress can be relieved with time by
the formation of voids even at room temperature. If the film is encapsulated,
then the voids will precipitate along grain boundaries and at interfaces [4, 17,
18, 20].

1.5.1.4 Flaking

During or after deposition when a small area of the substrate suffers local loss
of adhesion (pinhole flaking) caused by geometrical shadowing, these are
called pinholes, which are uncovered areas of the surface [17]. Particles poorly
bonded to the surface can change the surface morphology. The pinholes in the
film are not visible until the nodule is disturbed and lands on the substrates
surface. The pinhole flaking can be a source of contamination both for the
chamber and the samples placed in the chamber, which can result in nodules in
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the film [17]. Nodules can be usually created during multilayer deposition. They
are caused by small particles (“seeds”) which arrive in the film surface, causing
a deformation in the film, sometimes until the surface [17], as visible in Figure
17.

')
Det Mag Scan Tilt 0218104 | ———m 2 um
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Figure 17 — Nodules in a Multilayer coating.

1.5.1.5 Columnar Growth

The morphology of a depositing film is determined by its surface mobility and
the substrate surface roughness [3-5]. When the surface is rough, the peaks
receive the adatom flux from all directions and, if the surface mobility is low, the
peaks grow faster than the valleys due to geometrical shadowing [3-5].

Some films exhibit a unique growth morphology that is similar to needles
aligned and piled together. This is known as columnar morphology, as visible in
Figure 18 [44]. This growth morphology develops due to geometrical effects and
is found whether the material is crystalline or amorphous [3, 16, 17, 44, 45].

A columnar morphology will be formed on a smooth substrate surface as long
as the roughness increases with the growing film due to the growth on
preferential crystal planes. In a rough substrate, the surface features (peaks
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and valleys) cause variation in the angle of incidence and in this case less
dense than on a smooth substrate [4, 17, 42]

bond coating

- - o - J 1 + %
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| superalloy
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Figure 18 — Thermal Barrier Coating cross section
with visible columnar growth [44].

1.5.1.6 Amorphous Film Growth
Amorphous materials are those that have no detectable crystal structure.
Amorphous film materials can be formed by [3, 5, 8, 16, 18]:
e Deposition of a natural glassy material such as a glass composition;
e Deposition at low temperatures where the adatoms do not have enough
mobility to rearrange and form a crystalline structure;
e Deposition of materials some of whose bonds are partially saturated by
hydrogen — for example, a-C:H (amorphous hydrogenated carbon);

e Sputter deposition of complex metal alloys
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2. Multilayer Concepts

Industrial and scientific interest in PVD coatings has been focused for many
years on producing ultra-hard coatings, with hardness values ranging over
70GPa [46]. A distinction has to be made between coatings which exhibit
intrinsic hardness like diamond (70-100 GPa), cubic boron nitride (50-70 GPa)
and some compounds, like B-C-N [47], and extrinsic effects due to morphology

and grain size of the thin films [46-49].

Multilayers can be considered a subclass of thin films where alternating layers
of different materials are deposited. An example of a multilayer is shown in
Figure 19. Two consecutive layers are described as a bilayer, and its thickness

is described as the composition wavelength (1).

CDM-E| 250 kX| H4526s | 34.6° | 14:08:32 TiB2/W cmsx-4

Figure 19 — Cross-section of a TiB,/W Multilayer Coating

Through the combination of different materials and an optimization of the
microstructure, hardness values well beyond the constituent materials can be
obtained [9]. The observed hardness enhancements are evident as the layer

dimensions reduce and reach the nanometer region.
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This has been shown by several researchers over the last decades, and
hardness increases exceeding 100% have been reported [50-52]. The hardness
enhancements are observed in a wide variety of material systems, e.g.
metal/metal multilayers [9] metal/ceramic [9, 12], and ceramic/ceramic [9, 12,
53-55] systems. The common aspect in all of these studies is that hardness
increases with a decrease in layer dimensions, and often this increase is

followed by a decrease for a further reduction in wavelength [50, 56].

Veprek and co-workers [46-49, 57-59] describe materials which exhibit extrinsic
hardness from their microstructure. These are the heterostructures known as
the multi-layer superlattices [58]. These structures have an artificial
arrangement of epitaxial layers; the layer thickness can be in the nanometer
range, as long as the deposition method provides a controlled range of layer
thicknesses. In multilayers hardening effects can occur, which are not predicted
by conventional metallurgical theory. In 1970’s Koehler [60] reported this work
with the objective of producing a strong solid. Koehler [60] and Lehoczy [61, 62]
while studying nanolayered heterostructures of binary metal systems (i.e. Al/Cu
and Al/Ag) reported that the dislocations were unable to multiply or propagate
from layer to layer [61]. This phenomena was explained based on strain
coherency effects at layer interfaces, although other mechanisms have been
reported, like the Hall-Petch effect [63, 64] where the hardness increase is a

result of grain size reduction.

The Hall-Petch effect [63, 64] leads to an increase in grain boundary area and
these grain boundaries subsequently act as dislocation obstacles. Depending
on layer thickness they may show Orowan-like strengthening [65] where plastic
deformation occurs by dislocation movement and bowing inside individual

layers.
Helmerson [50, 52, 66] and co-workers have contributed considerably to the

knowledge of the behaviour for superlattice coatings and have demonstrated

the deposition of these coatings on the laboratory level.
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Nanolayered superlattice coatings present great theoretical possibilities, the
processing aspects of coating active engineering components with well-
controlled epitaxial nanolayers can present practical problems, for example,
meeting the coating requirements for high speed and dry cutting applications
[67]. When these requirements are met there are considerable mechanical
property improvements to have from these polycrystalline and even amorphous
multi-layer coating structures, as demonstrated, for example, by Springer and
co-workers [68, 69]. One of the first research groups to systematically study the
multilayering concept for tribological coatings was led by Prof. Holleck, from the
Institute of Materials Research in Karlsruhe. They used multilayers of different
ceramic materials, such as SizNg4, SiC, TiN, TiC, ZrN, and TiB,. These materials
were selected on the basis of their dominant bonding mechanism: metallic,
covalent, or ionic [70-73]. Holleck confirmed improvements in mechanical
properties like: hardness, indentation toughness, adhesion and wear
performance with optimised layer thicknesses and compositions [72, 73]. They
have attributed these improvements to the crack deflection and stress relaxation
mechanisms for the TiC/TiB, system [74]. Several research groups [75-79] have
since demonstrated that multilayer coatings in the nanometer and
submicrometer layer-spacing range can potentially be extremely effective in

improving wear in a range of metal cutting and sliding-contact applications.

Holmberg, Matthews and co-workers [80-82] have described how multilayer
stacks with alternating high and low Young's modulus layers can provide
improvements in situations were substrate deformation occurs. For coatings
which are thick, hard and brittle, under bending conditions the internal stresses
created in the coatings can be high. Under the same conditions, thin coatings
can bend to the same radius and not have the same bending stress levels [81].

When alternating materials with high and low modulus [12], the harder materials
can slide over each other and this prevents the build-up of high-bending
stresses [12, 80]. The soft layers act as deformable zones permitting sliding in a

way similar to bending paper sheets stacked together. Coatings with
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discontinuous properties can combine high hardness with a capability to
accommodate deformation and have been shown to perform well in a range of
wear conditions, including erosion and abrasion (Ti/TiN, HfN/TIN, TiB,/W) [83,
84]. Metal carbide/DLC multi-layers are an effective solution in bearing and gear
applications, where substrate deformation has to be accommodated by the

coating system [15].

When bending hard/soft multilayer coatings the layer interaction does not
depend on a discrete interface between the layers. It could be argued that a
graded interface is to be preferred, as the possibility of delamination or
interlayer separation can occur in sharp layer systems under deformation
conditions [85]. This is true for systems using layers with very different chemical
compositions. The advantages in multilayering materials with high modulus and
low modulus have been demonstrated in erosion and impact tests [83, 84, 86,
87]. Such publications have confirmed that a multilayer stack provides an
advantage in transition of mechanical properties from the substrate to the

surface.

2.1.1. Multilayer Advantages
Multilayer films are advantageous when compared to alloying and monolayer
films for many applications [9, 12, 70-73]. The main advantages of multilayer

coatings are summarized below [9, 12, 70-73]:

e Increase compatibility between film and substrate.

e The ability to produce films with low or no chemical reactivity.
¢ Increase hardness of the coating.

e Increase adhesion between film and substrate.

e Overcome any lack of toughness of the coating.

e Act as a diffusion barrier.

e Interrupt layer growth.
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Multilayer coating materials with different shear modulus allow the
composite strength to be greater than predicted by rules of mixtures.
Multilayers with optimum interface strength should enable an optimum
hardness/toughness ratio, fatigue strength and adherence.

Auxiliary effects — the layer material can influence the microstructure of
the overall coating. Multilayer coating on drill bits present enhanced

performance than most with monolayer coatings [73].

However the processing aspect multi-layers are much more demanding with

respect to the manufacturing process control and material selection, and the

challenges are outlined below [9, 12, 70]:

The number of layers required can range from two to superlattices.
Ensuring sufficient interface quality (adherence between layers).
Auxiliary layer effect - interface compatibility/ stability.

Avoiding interfacial reactions between layers that can decrease
interfacial strength.

High amount of favourable, low-energy interfaces, suitable for energy
dissipation in the layer should be used where possible.

Coherency of the phases forming the layer and the chemical bonding

may be used to advantage.
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3. Titanium Diboride

Materials can be classified as a function of their mechanical, chemical and
physical properties. Properties like hardness, Young’'s modulus, transverse
rupture strength, and other characteristics, like corrosion resistance, melting

point, are essential to material selection.

There are several categories of hard materials: super-hard materials that can
include diamond-like composites, cubic boron nitride (c-BN), and boron
carbides, like tetra-boron carbide, boron carbide (B4C, BC). These materials
have high hardness, for example: B4,C has a hardness of 39.2GPa, over a
range of temperatures between 200-1400 °C. The hardness of BC is between
29.4GPa to 68.6GPa depending on it’s route of manufacture [9].

Such materials are used mainly in wear resistance applications. Pure carbides
are not used for tool applications because they are too brittle. Titanium carbide
(TiC), is a transition metal carbide that is at the low strength limit, but has high
hardness. Tungsten carbide (WC) to the contrary, has high strength but lower
hardness. Silicon carbide (SiC) is available in two allotropic forms; cubic and
hexagonal, with hardness variations between 27.5GPa, and 44.1GPa. Alumina
based ceramics are the most used and most thoroughly studied with
hardnesses between 14GPa and 19GPa. Metal can be classified according to
their composition; adding to the carbides are metals like Fe, Co, Ni, which are
characterized by high strength and can form a first group of metals. Another
group is formed by adding light metals, which are abundant and cheap (e.g. Al,
Mg) [9, 12].

The borides have a good combination of thermal, mechanical, electrical and
chemical properties [88]. Borides were identified more then 65 years ago. They
belong in a group of interstitial alloys, and are a compound of a metal and boron
with the ability to form a wide range of structures and compositions, TiB, TiBy,
Ti,Bs, HfB,, ZrB,, VB,, NbB,, TaB,, CrB,, MoB,, [9, 88]. One of the biggest
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drawbacks is the fact that they are brittle. Another disadvantage is that the
application of these materials may be inhibited by economic factors, particularly
the cost of densifying a material with a high melting point. The boride,
composition is controlled by the ratio of atomic sizes of the boron and metal
atoms. This electrochemical factor is linked to the electronic transition, electron
concentration and by the distribution of electrons around the boron atom.

Titanium diboride (TiB,) may be considered as a hard-metal which is classified
in the first group, combining an expensive metal (Ti) and a light element (B),
giving a unique set of fascinating characteristics, such as high hardness, high

Young’'s modulus, good corrosion resistance and high melting point.

The formation of Titanium diboride results from the combination of TiO, and
B,O3, with methane gas as a reactant of the process. TiB, can be produced by a
variety of methods, sintering, hot pressing, hot isostatic pressing and microwave
sintering. In the past few years some new techniques to form titanium diboride
have been developed [9, 89-91]. Welman [91], formed titanium diboride from
rutile (the most abundant of three naturally occurring forms of titanium dioxide)
by room temperature ball milling. In this case he used a powder mixture of
rutile, boron oxide and magnesium which were ball milled together. After milling
for 10 to 15 hours titanium diboride was formed as shown by XRD analysis. The
reaction also formed MgO and left no residual Mg. The MgO, which is an
unwanted phase, was removed by leaching in acid, leaving a fine powder
composed of aggregates of titanium diboride. The crystallite size of the products
after annealing the milled powders was approximately 18nm for titanium
diboride and 40nm for MgO. This technique has proved not to be commercially
viable because of the time expense in milling, and also because the high-

energy and inefficiency of the process.
Brinkman et al [90] studied the reaction mechanisms and phase formation

sequence of the reactive sintering of AI-TiB, composites from elemental

powders. The in-situ formation of reinforcements is easier in this reactive

52



sintering of a composite in an exothermic reaction between powders. One of the
main advantages of reactive sintering by this process is the possibility of
obtaining small-sized reinforcements over a wide range of volume fractions. In
terms of reinforcement capabilities Al and its alloys are attractive due to their
low melting points and wide liquid temperature range. Titanium diboride is
suitable as an reinforcement phase for Al-based reactive sintered composites
because of the high exothermic heat of formation and the thermodynamic
stability of TiB, in Al. In the reactive sintering of an Al-40vol%TiB, composites
from elemental powders, AIB, and Al;Ti are identified as transient phases in the
reactive process. The AIB; is formed before the AlsTi phase. Brinkman et al [90]
proved that if there was no unreacted Al left after the formation of those two
compounds. The reaction did not take place until the decomposition of the AIB,
in to a more stable AlIBi, phase and an Al liquid phase which had a small
amount of B in the solution. That liquid phase enabled the reaction between Ti

and the B in solution to form TiB,. The reaction sequence can be written as [90]:

A|(|)+2 B(s): A|Bz(5)
3A|(|)+Ti(5): A|3Ti(s)
7Al Bz(s)+4B:A| B1o+6Al B(|)

Ti+2B=TiB,.

Lu et al [92] studied that the formation of TiB, via a thermodynamic salt reaction.
The study showed that the chemical reactions that occurred during the
formation of TiB, are similar to those that occur in the grain refinement of Al
using an Al-Ti-B master alloy [92, 93]. The formation of TiB, was found to be
function of the reaction time. By using TEM analysis, the TiB, particles were

found to have a size between 0.5 and 1um.
Gu et al [94] formed TiB; in an autoclave using a benzene-thermal reaction of

metallic sodium, with amorphous boron and titanium tetrachloride at 400 °C.

The advantage of this technique was that the process temperature was much
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lower than other methods, such as direct reaction of titanium, its oxides or
hydrides, with elemental boron which occurs over 1000°C. As a result, they
were able to produce nanocrystaline TiB, of 15 to 40 nm with a hexagonal cell
structure. Gu et al [94] demonstrated that solvothermal synthesis could be a

method for preparing Titanium Diboride nanomaterials.

It is also possible to find some examples of how TiB;, can be formed by CVD
techniques, just by using different chemical compounds [95, 96]:

The reactions are illustrated in the following example regarding the formation of
Titanium diboride using either boron trichloride or diborane as a boron source
[95, 96]:

Reaction (1) TiCl, + 2BCl3 + 5H, —»TiB, + 10HCI

Reaction (2) TiCly + BobHg —»TiB, + 4HCI + H,

In the case of Reaction (2), it is possible that B,Hs may already decomposed to
boron and hydrogen and the equilibrium of the reaction might be closer to:

Reaction (3) TiCls + 2B + 3H, — TiB, + 4HCI + H,

By using any of these techniques Titanium diboride is formed. The unit cell is
visible in Figure 20 and the properties are described in Table 3 [9, 97-99] .
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Property [unit] 20°C [500°C |1000-°C
Bulk Modulus [GPa] 240 234 228
Compressive Strength [GPa] 1.8
Density? [g/cm”] 4.5 4.449 | 4.389
Elastic Modulus [GPa] 565 550 534
Flexural Strength [MPa] 400 429 459
Fracture Toughness [MPa m*“] 6.2
Friction Coefficient 0.9 0.9 0.6
Hardness® [GPa] 25 11 4.6
Lattice Parameter® a [A] 3.029 [3.039 |3.052
Lattice Parameter® c [A] 3.229 [3.244 |[3.262
Poisson's Ratio 0.108 | 0.108 0.108
Shear Modulus [GPa] 255 248 241
Sound Velocity, longitudinal [km/s] 11.4 11.3 11.2
Sound Velocity, shear [km/s] 7.53 7.47 7.40
Specific Heat [J/kg-K] 617 1073 1186
Thermal Conductivity [W/m-K] 96 81 78.1
Thermal Diffusivity [cm?/s] 0.30 |0.17 0.149
Thermal Expansion ©, a axis [10°K™] | 6.4 7.0 7.7
Thermal Expansion ®, ¢ axis [10°K™] [9.2 9.8 10.4
Thermal Expansion ', average [10°K™] | 7.4 7.9 8.6
Wear Coefficient °[107] 1.7
Melting point [ °C] 2850
Structure HCP
Table 3 - Titanium diboride properties [9, 12, 97-99]
Caption:

a) Single crystal density;

b) Density =4.32 g/cms, grain size =2 pm, Vgjige/Ploag = 0.2 m st MPa™;

c) Vickers indentation, load =5 N;

d) Single crystal, hexagonal unit cell;

e) Single crystal, for cumulative expansion from 293 K (20°C);

f)

CTE = (1/X293)(X-X293)/(T/K - 293), x = a or c;
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K.L. Tee et al [100] studied the in-situ TiB, reinforcement of aluminium
composites. In their studies they have been successful in synthesising chemical
reactions between Al, B and Ti. The incorporation of carbon in Al;Ti decreased
because of the formation of TiC. Al3Ti is more stable in the presence of TiC,
because TiC is more stable in the presence of carbon. In this way mechanical
properties were improved, including Young’s modulus and ductility. Ductility
improved in terms of elongation of the composite as the incorporation of carbon
increased. It gave a 26% improvement in comparison with the composite
without carbon. This increasing in ductility can be explained by the decreasing
amount of AlzTi and the increase amount of TiC. The composition of Al-
4.5%Cu-15% vol TiB;, incorporated with 3%C, was found to produce a tensile
strength of 258MPa, and a yield strength of 203MPa [100].

Figure 20 - The hexagonal unit cell of single crystal TiB,, space group in the following
conditions: P6/mmm, a =b =c,a = = 90°, y= 120°, 1 formula unit per cell, Ti At (0,0,0), B at
(1/3,2/3,1/2) and (2/3,1/3,1/2) [98].

A wide range of studies has been made concerning the use of TiB,. A few of
these studies used different types of deposition processes to produce TiB;
coatings. Pfhol et al [101] used PACVD (Plasma Assisted Chemical Vapour
Deposition) to deposit coatings on substrates with complex shapes. The main
application was wear protection in the diecasting of Al, extrusion or dry cutting.
The coatings showed crystalline structures with grain size of 2nm. The
hardness reached 33GPa and the critical load in a scratch test was 35N. Karner
et al [96] developed a new type of reactor for the PACVD. This new type of

reactor permits deposition on all surfaces of objects of complex geometry. The
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films were deposited in different gas mixtures, Ar, H,, N,, TiCl, and BCl; as the
plasmas used were both R.F. and pulsed direct current. The coatings presented
hardness values up to 29.42GPa. The coatings also exhibited an amorphous
fracture pattern when deposited by R.F. or a fibrous structured if deposited by

direct current.

Riviere et al [102] deposited TiB; coatings of stoichiometric composition at room
temperature using Dynamic lon Mixing. The films were obtained by ion beam
sputtering of a composite TiB,+B target in an argon atmosphere. The authors
concluded by TEM and XPS analysis that the internal structure of the films
corresponded to the hexagonal TiB, phase. The XPS analysis showed that a
large amount of oxygen was present in the first layers, but after sputter cleaning

TiB> material was found.

substrate

plume of energetic

material \ ,

Pulsed
UV laser

rotating target

Pulsed Laser Deposition

Figure 21 — Pulsed Laser Deposition Overview [103]

Argawal et al [104, 105] studied the deposition of TiB, ultra-hard ceramic by
using a Nd:YAG laser on to AISI 1010 steel with fixed processing parameters.
The coating was composite in nature. By analysing the coatings, they
concluded that the coatings were hard and tough and TiB, possessed a high
interfacial energy.
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Zergioti et al [106], deposited refractory TiC and TiB, on different substrates,
steel and silicon. The substrates were held at a range of temperatures, from
40°C-650°C. The films were grown by pulsed laser deposition, viewed
schematically in Figure 21. TiC and TiB; films produced by this method had a
fine morphology, with a grain size of 10nm-70nm at all substrate temperatures.
The XRD analysis peaks presented some shifts, which were attributed to the
presence of residual stresses in the films that decreased as the substrate

temperature was increased [106].

3.1.1. Practical Applications for Titanium Diboride

Titanium diboride is being studied to perform as a high-temperature material.
There are many industrial applications for TiB,, where enhanced mechanical
properties are required like: erosion resistance, corrosion resistance, high
temperature stability and electrical conductivity. These are some of the
applications identified for titanium diboride [9, 101, 107-109]:

» Impact resistant armour, due to high Young's Modulus and good fracture
toughness;

Cutting tools;

Crucibles;

Wear parts;

Mechanical seals;

Electric devices;

Thermoelectric material,

Heat resistant ceramics with high electric conductivity;

YV V. V V V V V V

Diffusion barriers between ohmic metastable contacts and the
semiconductor substrate Si or GaAs;

Used as a reinforcement;

Sliding electrical contacts;

Applications in the Aerospace industry;

Wear protection in the diecasting of Al;

YV V. V V V

Surface coatings on first wall components ;
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» Applications in the Magnetic recording industry.

Agarwal et al [104, 105], compared the tribological properties of TiB, deposited
by two methods: the Pulsed Electrode Surfacing (PES) and Laser Surface
Engineering (LSE). PES is characterized by high current and a short duration
pulse via a discharge capacitance and a voltage circuit which results in melting
the electrode and depositing the material on the substrate. LSE uses a pre-
placed powder precursor which is melted along with a thin layer of the substrate
to produce a laser melt zone of desired composition. They concluded that the
wear resistance for LSE coated TiB, is better than the PES deposited TiB;
coating. The friction coefficient values for the LSE method (u=0.6) is lower than
the PES method (u=0.7). Wear occurs in the PES deposited coating by the
brittle fracture and attrition type mechanisms. On the LSE adhesive-abrasive
wear occurs by localized plastic deformation.

Berger et al [110] compared TiB, coatings in dry sliding against PVD titanium
nitride (TiN), titanium aluminium carbonitride (TIAICN) and titanium carbonitride
(TICN). The test used two cross elongated cylindrical with test specimens
forced to slide axially against each other. The sliding was performed at a
constant sliding speed and a gradually increasing normal load, while recording
the friction. They performed the tests on coated cemented carbide cylinders
sliding against cylinders of titanium alloy (Ti-6Al-4V), Al alloy (Al7075) and
Inconel 718. The TiB, surface displayed superior friction and anti-sticking
properties, when tested against the aluminium alloy. Against the Ti alloy and
Inconel there was no significant difference. They concluded that in this case the
friction coefficient is determined by the plastic properties of the counter material.
When sliding against aluminium the TiB, coating gave a significantly lower
friction value in the load range studied, except for the highest load (750N).
Below 500N the friction coefficient was 0.3 against TiB,. All others coatings

display friction coefficients around 0.4-0.5.
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Data on the fretting wear behaviour of bulk TiB; is limited. Praskah et al [111]
studied the friction and wear behaviour in fretting wear tests. They studied the
coatings after annealing in air for 600°C for 1 hour. The coatings showed a
better wear resistance (2000 um®J) than a hard TiN coating (23000pum?/J) for
tests performed in ambient air. The annealed TiB, coatings showed a low wear
resistance (14000pm?®/J) due to cracking and oxidation. The main phase that
they detected on the surface after annealing was TiO, and B,O3;. The higher
wear rate of annealed TiB, was attributed to the formation of TiO, on the
surface during annealing. The same reason was presented for the presence of
cracks. One phenomenon that the authors could not explain was the formation

of a low friction B,O3 which is a type of glass.

The industrial application of TiB, coatings is limited due to the high compressive
stress present in the coatings. Berger et al studied TiB, [107, 108, 110, 112],
with the aim of reducing the high compressive stress present in the films. They
decreased the amount of stress in the coatings by depositing them with
magnetron sputtering using electrons to enhance the adatom mobility of the
growing film. The authors changed the nature of the stress just by switching the
polarity of the substrate bias from negative to positive. By changing the bias, the
substrate bombardment by positive ions stops, instead the high electron current
passing through the substrate causes energy to be released due to electron
bombardment and leads to an increase in temperature from 350°C to 500°C. As
a result the amount of stress is reduced. They compared the coatings produced
using negative bias and using positive bias from which they concluded that the
mechanical properties were not affected. The only difference was the amount of
stress in the coatings.

Gilmore et al [113-115] have studied the application of TiB, for low friction
applications. The authors produced low friction coatings by combining a
lubricant phase (C) and a hard wear-resistant phase (TiB,). They deposited the
coatings in the form of a multilayer (TiB,/C) or as homogeneous (TiB,-C) films.

The co-sputtered coatings had two phases: diamond like carbon (DLC) and a
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hexagonal MoS,-type structure in which carbon is incorporated. The
concentration of carbon (C) needed to produce a friction-reducing effect was
high, as high as 50%. The high concentration of carbon leads to the preferential
incorporation of carbon atoms in the TiB; lattice and results in the lubricating
phase of DLC starting when the saturation is reached. In the multilayer
coatings, the increase of the overall carbon content required to obtain a friction-
reduction effect varies from 10-50%. This effect is caused by an increase in the
relative proportion of carbon bonded with the TiB, in the interface regions. The
same authors had also studied the incorporation of MoS, into the coating. The
reduced friction effect was obtained even at low concentrations of MoS,. Low
friction was obtained at temperatures up to 400°C for the TiB,-Mo0S, coatings.
The TiB,-C coatings exhibited a sharp increase in the friction coefficient above

150°C. This is a typical behaviour for graphite containing coatings [114].

In order to overcome the brittleness of TiB, and to have a more wide industrial
range of applications, several authors have been working with multilayering
TiB,. Holleck et al [72, 73] fabricated multilayer coatings with titanium diboride
(TiB,) and titanium carbide (TiC) prepared by magnetron sputtering coupled
with ion bombardment during deposition. The authors have prepared multilayers
composed of 10, 100, 250, 500 and 1000 individual layers with an overall
thickness of 5um. The multilayers produced were TiC/TiB,, TiN/TiB, and
TiC/TIN. These coatings were produced using magnetron sputtering without
biasing the substrates. They reported that the microhardness changed with the
number of layers. For a specific number of layers 100-200 for a total thickness
of 5um, it was shown that the number of layers had a beneficial effect on the

crack propagation resistance and hence improved the wear behaviour.

Lee et al [54] also have deposited multilayer coatings using titanium diboride
and titanium carbide. The authors have deposited coatings using unbalanced
magnetron sputtering with stationary and rotating substrates. The coatings
produced with a rotating work table exhibited a high compressive stress (4-

7GPa). The same stationary coatings presented a much lower value of
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compressive stress (<2GPa) and with a high hardness (60GPa). The authors
reported that the mobility of the surface species was improved and there was
more time for surface diffusion with the substrate rotation. The films that were
produced under these conditions had improved density and lower void

concentration.

Wolf et al [116] deposited 4um and 14pm thick polycrystalline multilayer
coatings of titanium carbide and titanium diboride. The coatings were deposited
using ion assisted, electron beam — physical vapour deposition. The hardness
increased with the increasing number of layers. The adhesion of the coatings
was tested using a scratch test. The adhesion was greater than 50N for the
4um thick and less than 30N for the 14um thick. The grain size, the
compressive stress and the fracture toughness was found to decrease with the

increasing number of layers.

Lim et al [54] prepared multilayer coatings of titanium nitride (TiN) and titanium
diboride. The coating thickness was 2um on steel substrates. Using Plasma
enhanced — CVD (PECVD) they prepared the coating by alternating depositions
of TIN and TiB,, using a gas mixture of TiCls, H,, Ar, N, and BCls. The hardness
of the coatings increased with the decreasing thickness of the layers of TiN and
with the increased thickness of the layers of TiB,. The hardness values had a
linear relation with the titanium diboride volume fraction. The wear resistance
increased with the thickness of TIN layers. They also reported that the
multilayer coatings with periods <24nm showed better wear resistance than the

monolayer coatings.
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4. Diamond and DLC films

Recently great progress has been made in the deposition of diamond and
diamond-like carbon (DLC) coatings for industrial applications. Natural diamond
with its high hardness, low coefficient of friction, high thermal conductivity, good
visible and infrared transparency, and chemical inertness has long provided a

goal for the thin film deposition industry [117].

Two companies in the US have perfected techniques for creating cheap artificial
diamonds, virtually indistinguishable from the real thing. The story of how they
got there is fascinating - retired army generals purchasing cold war soviet
technology, indirect death threats to scientists at conferences and best of all, a
very real threat to the De Beers diamond cartel/monopoly [118].

The most important application for this technology is likely to be semi-
conductors, biomedicine and wear resistant coatings. Kato et al [119],
researchers at the Diamond Research Center (DRC) and the National Institute
of Advanced Industrial Science and Technology (AIST), have succeeded in
synthesizing n-type diamond semiconductors on (001) oriented diamond
substrates through vapour deposition. They have successfully realized
ultraviolet emission with a UV emitting device prepared on the basis of a p-n
junction using the (001) n-type diamond semiconductor. This is a very
significant achievement eliminating the restriction by the substrate orientation,
which has been a blockage in the development of electronic devices derived
from diamond semiconductors [119].

Diamond is characterized by high thermal conductivity, high breakdown voltage
and very high mobility for electrons and positive holes; proving to be a
promising requirement for the application as electron devices based on
diamond materials [42, 120-122]. In the area of power devices and short-
wavelength light emitting devices, good performance may be expected among

these various types of semiconductors, and for this reason, a number of
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research organizations are racing for the development of diamond
semiconductor devices. Diamonds can handle far higher temperatures than
silicon, implying increased chip speed resulting in chips so fast that silicon

would just melt under the strain [121, 122].

Polycrystalline diamond films can be formed with a variety of methods of PVD
and CVD, such as sputtering, ion beam deposition, PACVD, HFCVD just to
name a few [120]. The deposition temperature needs to be higher than 600°C to
allow atomic rearrangement [121, 122]. If the deposition temperature is lower,

the atoms rearrangement does not occur and the film becomes amorphous.

Diamond presents a very specific crystal structure and chemical bonding. When
a film possesses a bonding majority of sp* bonds it is also know as Diamond-
like carbon (DLC), which can also be called amorphous diamond [42, 45, 120-
122].

The mechanical properties of DLC films are controlled by the amount of sp? and
sp® bonding present in the film. Carbon is a versatile element because it can
present different types of bonding. This variety in bonding structure is only
possible due to three different bonding configurations as we can see in Figure
22 [123]. This bonding control can be done using reactive deposition with
hydrocarbon gases such as CH,4, C,H;, [124-127]. The inclusion of hydrocarbon
gases during deposition provides the hydrogen component which etches the sp?
(graphite) bonds [42, 45, 120, 124-127].

DLC films are being the subject of extensive research and are being used in
many industrial applications such as abrasion resistant coatings, infrared optics
and optical products, sensors, cutting tools, recording media and protection of
polymers[124, 125, 127-131]

In nature, elemental carbon is usually found in one of its two allotropic forms,

graphite and diamond. In the sp* configuration the covalently bonded electrons
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are in orbitals directed along the x-axis while the other two electrons are along y
and z directions, forming much weaker bonds in these directions. In the
diamond crystal structure carbon atoms are sp® bonded and densely packed:
the lattice is fcc (face-centered cubic) with strong bonds in a tetrahedral
coordination. In amorphous DLC coating, the carbon atoms are arranged so
that no long range order is present [123, 132]. In diamond, the carbon atom’s
four valence electrons are each assigned to a tetrahedral directed sp® orbital,
which makes a strong covalent bond with an adjacent atom. In graphite, three
valence electrons enter trigonally directed sp? orbitals and form covalent bonds
[123, 132].

Figure 22 — Three different bonding configurations of carbon [123].

The fourth valence electrons form a 2D electron gas and the sp? bonded planes
interact via weak Van der Waals forces. The strong and equivalent covalent sp®
bonds in diamond explain its extreme physical properties. In graphite the
weaker bonds between the covalently bonded planes explain its more brittle
behavior and also its use as a solid lubricant because its covalently bonded
planes are able to move with respect to each other as a result of the weaker
interplane Van der Walls bonding. Differences between graphite, diamond, and
DLC are reproduced in Table 4 [42, 45, 95, 120, 122, 123, 132]:
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Graphite Diamond DLC
o Essentially carbon Up to 50 at. %
Composition Pure carbon
(<1 at% hydrogen) hydrogen
Microstructure Crystalline Crystalline Amorphous
I 2 3 .
sp-, sp°, sp” (variable
Atomic bonding stage sp® only sp® only PSP p (
ratio)
Stability Stable Stable Metastable
Sharp peak at 1580 | Sharp peak at 1332 Broad peaks at 1330
Raman spectrum 1 1 1
cm cm and 1550 cm
Electrical conductivity | Conductor Insulator Insulator
Thermal conductivity Good V. Good Poor

Table 4 — Comparison of Graphite, Diamond and DLC properties [42, 45, 95, 120, 122].

4.1.1. Deposition conditions

The conversion between lower energy and density of graphite to higher energy
and density of diamond occurs due to energetic particles involved in the
manufacturing process, generated by a glow discharge or ion beam, which
promotes and controls the bonding changes from sp? to sp°. When depositing
DLC films in a hydrogen containing atmosphere (a-C:H), the ion bombardment
and the hydrogen presence are influential factors to promote the sp® bonds
within the film [132, 133].

Graphite and diamond have well defined crystal structures and mechanical
properties. The variations in mechanical properties between DLC and diamond
are expected depending on the manufacturing route. This variation is a sign of
versatility due to the mechanical properties control. This control allows the
mechanical properties to be manipulated to fit a particular application. Diamond
DLC and properties are similar but may differ as can be seen in Table 5 [42, 45,
95, 120, 122, 127].

As a result of the high compressive stress the DLC coatings have a tendency to

delaminate and separate from the substrate when a few microns thick. These

high stress levels are influenced by the presence of hydrogen in the films and
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when using steel substrates due to the Fe-C interdiffusion [134, 135]. The
adhesion of DLC to most substrates is good if suitable cleaning by ion
bombardment is undertaken prior to deposition. Adhesion to carbide formers
like Ti, Cr, W, Mo, Ta and iron alloys is sometimes good [120], but depends on

the compressive stresses generated in the film and across the interface.

CvD Diamond DLC
Density, g/cm® 3.40+0.1 1.8-2.8
Thickness range, pm 1-1000 0.1-5
Internal stress Tensile Compressive
1.3-1.6GPa
Thermal conductivity, W/m°K >1300 400 - 1000
Bandgap, eV 5.48 0.8-3
Index of refraction, @10 pm 2.34-242 1.8-24
Electrical resistivity, Q cm 10" - 10™ 10°- 10"
Vickers hardness, kg/mm? 5000 — 10000 2000 - 9000
Friction coefficient 0.05-0.15 0.01-0.3

Table 5 — Properties of DLC and CVD Diamond Coatings [42, 45, 95, 120, 122, 127].

In order to avoid or minimize the stressing of the films hydrogen free films have
been produced by several authors. Wang et al [136] developed Ti-doped and
hydrogen-free DLC fiims (a-C:Ti) which were synthesized by unbalanced
magnetron sputtering using graphite targets. The high residual stress of the
DLC films was dissipated through a compound interface consisting of a series
of Ti, TiN, TiCxNy graded interlayers. The substrates were cleaned by ion
bombardment before deposition and pre-heated. Directly on to the substrate a
Ti/TiN layer was deposited and the transition from TiCxN, to DLC was done by
reducing first the nitrogen flow and the Ti deposition was reduced and co-
deposited with the start of the DLC film. Adhesion strength of 70N was achieved
with this graded layer configuration. These a-C:Ti films had low surface
roughness and high adhesion strength. Another relevant aspect of this work

was the improvement in residual stress control.
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Several authors [15, 133, 136-139] have proposed the addition of a transition
metal within the matrix of DLC films, which can leads to some improvement of
their mechanical properties. The insertion of Me (Metal) atoms in the DLC
matrix helps reduces its high intrinsic stress. Multilayered structures,
composition graded or the deposition of a buffer layer constitute alternative
solutions to the poor adhesion in DLC films. Corbella and co-workers have
studied [137, 138, 140] the addition of W to the DLC matrix. They prepared the
films using pulsed DC reactive magnetron sputtering in an argon-diluted
methane environment. This gas variation in the methane dilution led to the
deposition of Metal-DLC films (Me-DLC), with either metal-rich or carbon rich
films. Metal carbide particles were embedded within the film. These Me-DLC
films were homogeneous, although they lost their uniformity when grown under
high methane flow conditions. The films deposited with 25% dilution on a thin
metal-carbon interlayer were continuous and uniform. The W-DLC films were
the least stressed films comparing with the other metal films examined (Mo-, Ti-,
Nb-). The stress reduction was caused by the columnar structures generated by
the W component in the multilayer. The route to minimal stress, coming from
the Me-DLC, film is accompanied by a loss of hardness. The minimum
hardness appears to be associated with a change in structure from a columnar

to more granular morphology [137, 138, 140].

Another metal that has been used successfully as a bond layer for DLC films is
Chromium, by deposition of a Cr intermediate layer using magnetron sputtering
with substrate bias. Intermixing at the Cr-steel interface was further achieved by
ion bombardment, thus improves the adhesion. Chen et al [141, 142] chose Cr
as a bond layer because the thermal expansion coefficient is closer to Fe (The
dominant elements in steel are Fe, Cr and C). The melting point of Cr is lower
than TiN or TiC which is used in other bond layers, suggesting that Cr exhibits
better toughness and acceptable strength. The matching of thermal expansion
coefficients between Cr and steel substrates reduces thermal stress and
improves the adhesion of Cr on steel. The ability to form Cr-Fe alloys is a

further positive aspect in order to improve adhesion. The intermixed Cr-steel
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interface can be further enhanced by the deposition of a Cr interlayer at high
temperature and at high bias applied to the substrate. Chen et al [141] found
that the optimum thickness of the Cr layer in order to achieve good adhesion
was 300nm [141]. The Cr layer was deposited with bias applied to the
substrate. When it exceeded 700V, the DLC film had the highest adhesion. For
high bias a greater inter-mixing at the Cr-substrate interface occurred,

improving the adhesion [141].

Ryeol Lee et al [15] showed that chemical compatibility between carbon and the
intermediate layer element and microstructure control of the intermediate layer
are important factors to improve adhesion. Columnar grains were found to
induce a rough surface, which enhanced mechanical interlocking. When a W-C
mixed layer was deposited, an excess fraction of hydrocarbon gas can result in
a mechanically weak carbon layer due to target poisoning [15].

Yang et al [139, 143] reported that the tribological properties of Cr/Carbon films
are characteristic of the deposited carbon and not dependant on the Cr, but are
dependant on the thickness of this bonding layer. The C/Cr multilayer produced
had a microstructure consisting of amorphous graphite and possessed a low
friction coefficient giving a low wear rate, with little dependence on the loads up
to 140N during pin-on-disk tests, corresponding to a counter pressure of
3.4GPa. The pure carbon coatings were harder than the Cr containing coatings,
and had similar friction coefficients and wear rate at lower loads; the difference
related to the behaviour at high loads [139, 143].

It is difficult to obtain metastable structures, such as DLC, by magnetron
sputtering without the use of the substrate bias, because of the low ion energy
and neutral particle density in the plasma, hence the use of substrate bias as

reported by several authors.

Capote et al [124, 125] studied the effects of the dilution of precursor methane

atmosphere by noble gases on the mechanical properties and the
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microstructure of hydrogenated amorphous carbon films. Amorphous
hydrogenated carbon films are obtained by plasma decomposition of a
hydrocarbon-containing precursor atmosphere. In a-C:H films deposited by
methane plasma decomposition, the structure is composed of sp® clusters
(graphite like) interconnected by sp® hybridized carbon atoms (diamond like).
The authors [124, 125] reported that the precursor atmosphere, when diluted
by different noble gases, did not induce any substantial modification in the
microstructure or in the mechanical properties of the films. The authors [124,
125] further reported that the films produced by rf-PECVD are dependant on the
self-bias voltage attained as this has a strong effect on microstructure and

mechanical properties of the films [124, 125].

Ahmad et al [144] reported that the usage of ion bombardment applied to the
substrate during deposition, results in the occurrence of structural changes due
to a substrate effect, revealing the key role the substrate plays on film
microstructure. The substrate structure was shown to be significant for PECVD
growth and a similar effect may be appropriate in the situation described by the
authors. Elastic collisions between ions and substrate atoms are responsible for
atom displacements and energy transfer. Inelastic collision energy is rapidly
converted to thermal and is not available for nonequilibrium processes (such as
sp® bond creation), although it may lower the effective activation energies for
surface adsorption/diffusion These authors [144] reported that applying a
substrate negative bias voltage had a strong influence on the formation of
chemical bonds in a-C films. The bias voltage affects the carbon ion
bombardment energy, the degree of argon ion bombardment and the substrate
temperature. Substrate temperature, in turn, will affect the adsorption/reflection
of ion and atom species. Thus, the use of higher temperatures during deposition
can lead to an increase in sp? content. At low bias voltages, a low substrate
temperature can be maintained. When using higher bias, etching of carbon films

occurs leading to a reduction in growth rate [144].
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From the foregoing it can be seen that the stepwise graded layer concept
solves the problem of high compressive stresses in diamond-like carbon (DLC)
films by generating a graded constitution through stepwise increasing the bias
voltage, during sputter deposition. As mentioned before, in sputter deposition a
strong ion bombardment of the growing carbon film is used to provide a strong
densification of the depositing amorphous carbon material [42, 124, 125, 144,
145]. This is necessary to increase the fraction of diamond-like sp® bonds. The
high compressive stresses that can be developed in the DLC films may limit
either their maximum thickness or their maximum sp® bond fraction. While ion
bombardment provides a high density and high hardness, the modification of
the interface regions between the substrate and the graded layers ensures
good adhesion [42, 145]. Ziebert et al [145] deposited DLC films with a
maximum thickness of 10 ym and a maximum hardness of 5300Hv. The
deposition started with a bias voltage of OV to initiate a high adhesion of the
growing film. Then the bias was increased to -150V and finally to -300V to
produce a hard film surface. The authors reported that the hardness values of
the individual graded layers are independent of the thickness ratio of the graded
layers, while expansion of the interface regions showed a strong influence on

this ratio and on the applied load [145].

Zhang et al [146, 147] also proposed the use of substrate bias-graded
deposition during the deposition of DLC. The bias voltage was applied to the
substrate in a graded manner, gradually increasing as the deposition
progressed and coating thickness increased, creating in this way a graded
sp*/sp? bonding throughout the thickness of the coating. The result was a
coating of high adhesion with graded hardness, the lowest value at the coating-
substrate interface, increasing as the coating thickens, with the highest
hardness at the coating surface. The films produced with such graded bias
resulted in a smooth and crack free surface. The Raman spectra of the coatings
produced indicated that an increase in bias voltage results in a decrease in Ip/lg
ratio. The Ip/lg ratio is not a direct measurement of sp? or sp® bonds; however

the Ip/lg ratio is proportional to the sp?/sp°® ratio. The degree of plasticity was
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also measured, reported as the ratio of the plastic displacement over the total
displacement in a nanoindentation test and the authors showed that the degree
of plasticity decreased from 59.3% to 47.3% as the bias increased. The
increased bias grading had a practical effect on the variation of the sp*/sp?
bonding and it reduced the residual stress. The sp® percentage was found to be
the lowest at the interface between the coating and substrate (due to low
energetic ion bombardment) and gradually increased to a maximum at the
surface of the coating (due to high energetic ion bombardment). This improves
the bonding adhesion of the coating on the substrate surface and at the same

time provides high hardness at the coating surface [146].
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5. Nanoindentation

Indentation tests were first performed by Brinnel in the 20" century. He used
spherical and smooth ball bearings as indenters to measure the plastic
properties of materials. The need to characterise, understand and optimise the
properties of thin films for particular applications has become greater since
then. In the past three decades, a great deal of effort has been directed towards
the development of techniques for characterizing the mechanical properties of
thin films and small volumes of material. Load and depth sensing indentation,
commonly referred to as nanoindentation, is a way by which this has been
achieved [12, 148, 149].

When performing a hardness test, all hardness measurement should indicate
which load was applied. When using a medium load range, test reproducibility is
achieved but depends on the load used to do the test. To account for the
dependence of the hardness value on the load used on the test, several models
have been proposed [150-152] for both bulk materials and coated samples. The
material’s properties can be accessed by nanoindentation but the results
depend on the indenter tip geometry used for the test. Conventional hardness
tests (Vickers, Rockwell, Knoop) are used to measure the hardness of different

materials.

Considering the width and depth of the indents of the measurement type, the
hardness measurement cannot be conclusive on thin films. For a thin film
analysis, a very small load has to be applied, because of the effect caused by

the interaction between the indenter, the coating and with the substrate [12].

Conventional hardness tests involve an optical imaging of the indent. This
causes a limitation on the scale on the length of the indentation. In general,
sharp, geometrically-similar indenters such as the Berkovich triangular pyramid
are useful when the objective is to probe properties at the smallest possible

scale. The Berkovich tip is frequently chosen over the Vickers for hardness
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measurements because the highest point can be more readily shaped to meet
at a point rather than the expected line that occurs with the Vickers four-sided
geometry. In addition, it has no major defects and is easier to calibrate.
Therefore, the force/area relationship can be reliably calculated at very low
loads [17, 22]. The nanoindenter was developed in order to measure the force
and displacement as indentation take place. This instrument provides a
continuous record of load and displacement as an indenter is pushed into the
surface. This method has proved to be useful in thin films because the typical
load range is approximately 0.1-100 mN, and displacements are small, 0.2 nm

displacements can be measured [9, 153, 154].

The advantages and disadvantages of analysing thin films by the method of

nanoindentation are [9]:

Advantages:

» Nanoindentation can be performed on a thin film;

» Film properties can be determined at variable displacements so that
properties can be determined as function of the changing substrate
effect;

» A wide range of properties can be measured without removing the film
from the substrate;

» The size of contact impression can be small compared to the film
thickness in order to avoid the substrate effect;

» No special sample preparation is necessary.

Disadvantages
» The mechanical properties measured by indentation do not eliminate the
substrate effect caused by the substrate;

» An imaging method needs to be included with a nanoindenter;

Y

Long calibration time;
» Long walit, to allow a total thermal stabilization.
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The properties measured with the Berkovich indenter are the hardness and the
elastic reduced modulus. When the specimen temperature can be controlled, it
is also possible to determine parameters characteristic of thermally-activated
plastic flow, such as the activation energy and stress exponent for creep. With
cornered indenter tips (i.e. Vickers, Knoop), it is possible to make indentations
in brittle materials at a load high enough to produce radial cracks extending
from the edges of the contact. This method allows measurement of the fracture
toughness and the state of surface stresses at the sub-micron scale in small
volumes of material. However, in some cases the Vickers indenter is not
suitable for assessing the fracture toughness. As Veprék [155] has shown for
superhard nanocomposites, due of their high elasticity and high toughness, only
circular cracks within the crater but no radial ones are formed, even when the

indentation depth is larger than the coating thickness.

5.1. Theoretical Indentation Models

As the nanoindentation test progresses, the indenter is pushed at a
predetermined load against the substrate. This results in elastic and plastic
deformation. As a result, an impression is left with the shape of the indenter. As
the indenter is taken out, the elastic portion of the displacement is recovered. In
order to determine the hardness and elastic properties of a material using load
and depth sensing indentation techniques, several methods have been
developed since the mathematical foundations started being presented in the
19" century until today [156-170]. Nanoindentation presents a significant
advantage to conventional hardness tests, as it is not necessary to use an
optical microscope to measure the area of impression. The contact area and the
mechanical properties are determined from the data of one complete cycle of
loading and unloading. The unloading data is treated assuming that the
displacement recovered is mostly elastic. Then, the hardness and Young's
modulus can be determined by solving the elastic contact problem [161, 166,
170].
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Tabor et al [161] performed experiments in with load and displacement sensing
indentations using conical indenters. The authors reported that the shape of the
impression was still conical during unloading. After Tabor’s findings [161] the
elastic modulus and the size of the contact impression could be derived from
the shape of the unloading curve and the total amount of recovered
displacement. Another key progress was the definition of reduced modulus (E),
a composite Young’'s modulus, which takes into account the effects of non-rigid

indenters on the load-displacement behavior, using [161, 170]:

dP 2
S=—=—"—"FE BJA
- ﬁrﬂf

where E and ¥ are the Young's modulus and Poisson's ratio for the specimen.
Ei and V', are the corresponding quantities of the indenter.
P - Applied load.
h — Indentation depth.
A — Projected area of the elastic contact measured from the indentation
hardness impression.

B - Dimensional parameter of the indenter.

S - The stiffness of the contact between the indenter and the specimen,

i.e. the slope of the upper portion of the unloading data.

In the late 1980's Nix et al [166, 167] presented a methodology to determine
hardness and reduced modulus using the load-displacement curve. The authors
[166, 167] reported that the indentation contact area is similar to a flat cylindrical

punch and remains constant during initial unloading [166, 167].

Nix and co-workers [166, 167] extrapolated the initial part of the unloading curve

to zero loads and determine the extrapolated depth, in order to evaluate the
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contact area. Then, using the indenter shape function, the contact area can be
calculated. Knowing the indenter contact area, the hardness, H, which is
equivalent to the average pressure under the indenter, is calculated from [166,
167]:

where, Pmax - The maximum load.

A — Projected area of the elastic contact

At the present time, there is an agreement in the scientific community that the
unloading curve typically deviates from a straight line, especially for hard
ceramic materials such as Ti-based coatings [165].

When analyzing thin coatings, the slope of the unloading curve and the
consequent projected area of the elastic contact decreases continuously during

unloading due to elastic recovery within the indentation.

Oliver and Pharr [162] have developed a methodology that accounts for the
elastic recovery expanding the findings of Loubet [171] and Doerner and Nix
[166, 167]. This methodology [162] is applied to any type of indenter as long as
the indenter could be described geometrically as a body of revolution. The
unloading curve can be expressed by a power law due to the unloading curve if
often non-linear in the initial stage, is shown schematically in Figure 23 [167]
and described by the following equation [167, 172, 173]:

P=a(h—h,)"

where: h — The elastic displacement of the indenter
h; - The final displacement after complete unloading

a, and m are constants
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Figure 23 — Illustration of elastic and plastic deformation during nanoindentation: a)
indentation at maximum load; b) unloading indenter with a smaller contact area. The
darker zone shows plastic deformation [167].

A drawback of the analysis proposed by Oliver and Pharr [162] is that the
suggested power law relationship does not take into account any residual

plasticity present in an elastic/plastic material.

The unloading stiffness is calculated by differentiating the load-displacement

relation at the maximum depth of indentation, h = ha, leading to [172, 173]:
dP -
S:%(h: h.)=ma(h_ —h)™"

The contact depth he, is estimated from the load-displacement data through the
equation [173]:
P

h, =h, —&——=-
c max S

The previous equation depends on the indenter geometry, being €=0.72 for a
conical indenter, € =0.75 for the Berkovich tip and € =1 for a flat punch. Figure
24 [172] represents the cross section of an indentation and a schematic load-

displacement curve, where the parameters used in the analysis are identified.
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Figure 24 - Representation of a cross-section of an indentation :(a) A typical load—
displacement curve and (b) the deformation pattern of an elastic—plastic sample during
and after indentation [172].

The Oliver and Pharr [162-164] method is based on an elastic analysis and
takes into account for sink-in only. The accuracy of this method depends on the
correct estimation of the contact area, which depends on the amount of pile-up.
When the remnant depth is higher than 0.7, the accuracy of the method relies
on the work-hardening characteristic of the material. If the material does not
work harder, the method underestimates the contact areas by as much as 60%
[162-164]. However, the contact areas for materials with a large amount of work

hardening are predicted very well by this method.

When using a Berkovich indenter, visible in Figure 42 and Figure 43, the shape
function is complex due to tip rounding caused by its use. The contact area is
calculated for different indentation depths in a material with well-known elastic
properties (usually fused quartz or silica). The contact depth values are fitted to
a polynomial function and the new values of the machine compliance are then
calculated by using the obtained area function and the procedure is repeated
until the curves convergence. Then, the contact area can be determined from
the load-displacement data, and the hardness and reduced modulus are

calculated from previous equations.
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Testing certain materials using this methodology can lead to significant errors of
the mechanical properties. The underestimation of the contact area and the
occurrence of pile-up in the vicinity of the indentation can result in measurement
errors. The underestimate of the contact area occurs because of the purely

elastic contact solution and may not work well for elastic/plastic indentation.

In the last decades with the improvement of the hardware and software, the
mechanical properties can be measured using this method with accuracies
around 10% [162].

Ding et al [174] studied multilayer hard coatings. They showed that the load-
penetration depths are necessary in order to have a more thorough
understanding of the coating system. The interfacial failure and the critical load
of interfacial failure of the coatings were showed. They also found that a step
occurs in the force-displacement curves at the onset of coating fracture and a

straight line segment occurs in the load-penetration depth squared curves.

In nanoindentation, measurement errors related to the direct measurement of
the indentation diagonals are eliminated, as the data is obtained directly from
the data measured by a computer. In the nanoindentation technique Veprek et

al [59] showed a possible source of errors:

1. Indentation size effects (indenter tip blunting, non-representative small
volume of the material to be tested upon nanoindentation and a too small
stress under the indenter which does not reach the yield stress of that
material if a too low load is used);

2. The composite effect of the system of super-hard coating on a softer
substrate;

3. High compressive or tensile stress in the coatings, drifts and/or stiffness

of the indenter.
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They concentrated on the load—depth sensing automated indentometers which
introduce further sources of possible errors of the measurements on super-hard
(Hy > 40 GPa) coatings, such as severe elastic deformation of the diamond
indenter which falsifies the measured indentation depth obtained from the

extrapolation of the unloading curve.

Chudoba et al [175], found that the creep depends on the material and normally
diminishes to very low values within seconds. It influences the maximum depth
and the upper part of the unloading curve. It can incorporate measurement
errors of more than 20%. They showed that creep during nanoindentation can
be reproducibly determined if the temperature drift during the measurement is
corrected. The amount of creep for a distinct time, divided by the maximum
depth (relative creep), is approximately constant for homogeneous materials
and does not depend on the maximum depth or maximum load. The creep
behaviour of a layer is influenced by the substrate, when the ratio of the plastic
depth to film thickness reaches approximately one-tenth.

Herrmann et al [176] studied the key calibration problem at nanoindentation
measurements-the determination of the indenter tip geometry. To reduce this
error, they used SFM (scanning force microscope) techniques. When the area
function of the indenter is known, an iterative procedure, by high load
indentation in tungsten is able to yield reliable and reproducible values of frame
compliance. Using a combined iterative approach based on the Oliver and
Pharr method [162-164, 177], using tungsten and fused silica as reference
materials, the area function obtained agreed well with that obtained by SFM. In
both cases, this technique detected the aberrant tip geometry of a Berkovich
indenter. As a consequence, the value of frame compliance obtained in the
latter method also corresponds to that obtained by using the SFM area function

directly.

The substrate roughness is also a factor of great importance in nanoindentation.
Cekada et al [178], proved that the indentation is strongly dependant upon

81



sample preparation. In Figure 25 [148] llustrates three potential
nanoindentation cases:

1. on an ideal polished horizontal surface;
2. arough valley;
3. on arough peak;

The resulting contact areas in each of the three cases are different in shape,
leading to different consequent penetration depths under the same penetration
load. An indentation on a rough valley results in a contact area that requires a
lower penetration depth in comparison to the penetration on a polished
horizontal surface. On the other hand, an indentation on a rough peak, for the
same contact area, results in an indentation depth increase in comparison to
the indentation on an ideal plane horizontal surface. Under such circumstances,
when indenting on rough specimens, indentation depth scatter may occur as a

consequence of the surface topography.

CA: contacl area F: indentation force

indenter

Figure 25 — Effect of the substrate roughness in nanoindentation [148].

Saha et al [179, 180] examined the effects of the substrate on the determination
of mechanical properties of thin films by nanoindentation. By studying soft films

on hard substrates and hard films on soft substrates they were able to assess

82



the effects of elastic and plastic inhomogeneity, as well as material pile-up, on

the nanoindentation response.

The effect of the substrate hardness on the film was negligible in the case of
soft films on hard substrates because the plastic deformation was contained
within the film and the substrate yielded plastically only when the indenter

penetrated the substrate.

5.2. Analysing the Coatings

Depending of the properties for the materials used in a coating and in the
substrate, the nanoindentation technique in this case differs from the “normal”
indentation and depends on the strength of the coating compared to the

substrate.

5.2.1. Soft coating

In the case of a substrate coated with a soft material, during the indentation, as
the indenter goes deep, the coating is pushed aside by the indenter. Xu et al
[181] shown that the indentation process can be divided into two stages,
according to the critical penetration depth for every soft coating. For penetration
depth smaller than the critical depth, the soft coating behaves the same as the
bulk material. For penetration depths larger than the critical depth, the influence

of the substrate is triggered and deviation from the dislocation model occurs.

The dislocation model was developed by Nix et al [182] based on mechanism-
based strain gradient (MSG) theory [183]. According to MSG theory, the
deformation resistance depends on the densities of both statistically stored
dislocations and the geometrically necessary dislocations introduced by

indentation.
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The deformation behaviour of the coating would be expected to be different
from bulk material and certain deviation from the prediction of the Nix et al [183]

dislocation model would be expected.

1. The dislocations would accumulate at the interface of the coating and the
substrate. This dislocation accumulation would increase the hardening of
the coating and the stress at the interface of the coating and substrate,
which would trigger a larger influence of the substrate.

2. Pile-up of the indented surface would increase with the increasing
penetration depth because of the truncation effect of the hard substrate
and a significant underestimate of the contact area would thus be

introduced.

N
% 7%

Figure 26 - Indentation of a soft coating [12].

Saha et al [179] studied the pile-up on the indentation properties of soft films on
hard substrates. They observed that the pile-up occurs only along the flat faces
of the indenter, and only along the sides of the triangle and not at the corners.
They assumed that the piled-up material forms an arc around the edge of the

indentation as we can see in Figure 26.

As we can see in Figure 27, the substrate curve is displaced to the right by an
amount close to the coating thickness (t).
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Figure 27 - Coating yields before the substrate[154].

5.2.2. Hard Coating

In case of a substrate being softer than the coating, during indentation the

coating bends and flexes to accommodate the substrate deformation.

i

Figure 28 - Indentation of a hard coating,
coating only deflects due to the indentation [12].

\

In this case, the coating fractured in some parts and the load displacement
curve will show displacement by steps or “pop-in”, represented in Figure 29 by
the horizontal line. Ohmura et al [184, 185] performed nanoindentation tests in
hard substrates, sapphire, coated with aluminium, platinum and gold. The
plastic deformation of films was constrained by the hard substrate in penetration
depth range deeper than 1/5 of film thickness, using a Berkovitch indenter. The
pop-in phenomenon was often found in aluminium films, caused by the natural

oxide layer of the film surface.
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Figure 29 - The substrate yields before the coating
and we get local fracture [154].

New indentation techniques have been researched to access more properties of
thin films. Interfacial adhesion is becoming a critical material property for
improving the reliability of multilayer thin film structures used in
microelectronics. Sanchez et al [186] have been working on Cross-section
nanoindentation (CSN) for measuring the fracture toughness of thin film

interfaces.

Interfacial fracture is achieved by nanoindentation in the structure cross-section.
A model based on the elastic plate theory has been developed to calculate
numerically the interfacial critical energy release rate for ceramic systems from
CSN test results. The model inputs are the thin film elastic properties, thin film
thickness, interfacial crack area and maximum thin film deflection during the

test.

5.2.3. H3/E?

Nanoindentation is a well established technique to measure mechanical
properties in thin film. In the last few years the coating industry has focusing on
the production of nanostructured films. This accurate control has permitted the
control of mechanical properties such as hardness and reduced modulus. By
being able to control these essential mechanical properties, the production of

hard coatings with excellent wear behaviour is possible. As was discussed in
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section 1.1 PVD processes allows very accurate control of deposition
parameters and conditions, enabling researchers and industry to develop new
coatings with optimized properties. For many years it was thought that hardness
was one of the main properties to evaluate the wear resistance of a thin film
[187, 188]. In most hard materials the Young's modulus is also high. The elastic
strain to failure can be described as a ratio between hardness and Young’'s
modulus (H/E), a high value of which is an indicator of a long elastic strain to
failure. Also the resistance to plastic deformation (H*E? is an important
parameter to consider when manufacturing coatings, testing and then predicting
their wear resistance. An increase in H¥E? can indicate an improvement in the

elastic recovery of the coating [189].

Mayrhofer et al [190] studied the influence of deposition conditions on the
mechanical properties of hard coatings, with the objective of comparing the
different single- and dual-phase coatings. They established a correlation
between the coating structure and the mechanical properties of the thin films.
This correlation is a first step to the development of coatings with a high
hardness and a high H*/E? ratio (resistance to plastic deformation).

Several researchers [173, 188-190] have reported that low Young's modulus
and high hardness can be favourable in industrial applications such as the
magnetic recording industry. These researchers have used nano-indentation to
measure the hardness and the Young’s modulus of the coatings. These studies
show that H/E or the H%E? describes well the coating properties in terms of

wear resistance.
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6. Scratch Test — Introduction

In the last decades the thin films have had a widespread use in several industry
sectors like electronic, optical, biomedical and aerospace. Thin films can show
resistance to abrasion; good erosion, corrosion, wear and high temperature
oxidation properties; reduced friction, electrical resistance or thermal
conductivity, good self-lubrication, and dielectric properties. When applying a
thin film to a particular application one of the most important aspects is the

adhesion between the coating and the substrate.

Adhesion can be defined as the state in which two surfaces are held together by
interfacial forces. These forces can be Van der Waals forces, electrostatic
forces or chemical bonds across the coating-substrate interface [191-194].

When testing a coating, if the break occurs at the interface then the failure is
adhesive, otherwise if some coating still is attached to the substrate then is

cohesive failure as observed in Figure 30 [195].

LTI r frrrirrr7rrirry

a) Adhesive Failure b) Cohesive Failure

Figure 30 — a) Adhesive vs. b) Cohesive failure [195]

6.1. Scratch testing

With the widespread use of thin films in the 1980’s it was crucial to develop a
reliable method of measuring the adhesion of coatings to the substrate [196].

The scratch test set-up is a simple concept. It is a diamond indenter (usually a
Vickers or a Rockwell C) which is placed in contact with the film and then it's
loaded to a user defined value. Then the indenter is dragged across the surface
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(as visible in Figure 31 [197] at a certain load (can be continuous load or
increasing load) with a user defined speed, with a well defined length until some
failure pattern occurs [198]. The test causes elastic and plastic deformation on
the film until damage is monitored by the apparatus and visible in the coating
surface. The critical load (L;) quantifies the adhesive strength between the
coating and the substrate. The first sign of failure is referred as lower L. while
upper critical load corresponds to a region where the coating is completely

removed along the scratch track.

Diamond stylus

Figure 31 - Schematic illustration of the scratch
tester stylus drawn along the coated sample [197].

Once critical load has been exceeded, the coating fails according to a pattern
which is conditioned by the nature of the coating and substrate, the coating
thickness, internal stress [191-194, 196, 198-200], as we will see in section
6.1.2.

6.1.1. Testing modes

When performing adhesion testing three modes of testing are currently
employed depending on the apparatus available, the apparatus available is
visible in Figure 32. In the progressive loading scratch test mode, the load on
the indenter increases linearly as the indenter moves across the test surface. In

the constant load scratch test, the normal load is set by the user (usually a
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value between 2N and 60N) and several scratches are carried out under a pre-
defined loads at different locations on the sample until failure occurs as visible
in Figure 33 [197].

Figure 32 - Schematic of a scratch tester.

The most realistic test on a material or coating is to test it in service. If the piece
or the machine are produced in quantity, it will be possible perform these tests

in the machine or in the work piece, but it takes time and it is expensive.

Exposed
substrate

a) b) ¢c) d) e)

Increasing normal load

-

Figure 33 - The surface cracks generated in a scratch test track can be classified as a)
angular cracks, b) parallel cracks, c) transverse semi-circular cracks, d) coating
chipping, e) coating spalling, and f) coating removal [197]
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The most important objective in a scratch test is to access the critical load and
the failure mode in order to quantify and qualify the adhesion.

6.1.2. Failure Modes in Scratch Test

In scratch test there are two main groups of possible failure patterns. There is
brittle failure and ductile failure. Brittle failure is associated with the hard
ceramic materials while ductile failure occurs in samples coated on ductile
substrates. In the case of ductile failure, the area of film detached by the
indenter is small and confined within the track. With brittle failures, the damaged

area extended to the vicinity of the scratch track [201, 202].

The critical loads for ductile failure are higher when compared with the brittle
failure. For ductile substrates interfacial failure can occur due to compressive
stress if the interfacial adhesion is poor, but if the adhesion is good, failure
usually occurs in the coating. For brittle substrates interface decohesion is
observed if the adhesion is poor [201, 202].

A number of failure modes have been observed in the case where the substrate
is brittle. The main brittle failure modes are show below in Figure 34. Large area
spallation (Figure 34 a)) is a common failure mode if the adhesion is poor or if
the residual stress level in the coating is high. In this case, as the indenter
contacts the coating surface, cracks are formed at the coating/substrate
interface which can propagate at considerable distance on either side of the
track. These crack’s may nucleate at an interfacial flaw/void or be created from
through-thickness cracking [201, 202].

When coating spallation occurs the coating is detached to minimize the amount
of elastic energy stored by the large compressive stresses created directly in
front of the moving indenter. This reveals poor adhesion and leads to
semicircular cracks which propagate outward from the centre line of the track,
Figure 34(b). This failure mode leads to chipping at the track side (for brittle

substrates) if the interfacial crack propagates outside scratch track before the
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diamond stylus passes over it. Once the stylus has reached the spalled region,
it will either press the coating back into contact with the substrate or cause a
chip to be removed. This type of failure leaves signs of damage in the track as
well as chipping along the edges. As the coating thickness increases, this type

of failure becomes more likely [201, 202].

In addition to the chipping in the track, chipping may be observed but is not
related to any delamination initiated ahead of the indenter. This is the result of
the differential elastic recovery of the coating and the substrate, Figure 34(c).
Such recovery tracks can often be found along the scratch scar with

compressive spalling cracks on a prearranged crack segment [201, 202].

——

a) |

b) C) d)
[ | | i)

D

Figure 34 — Brittle failure modes in scratch testing: a)gross spallation, b) spallation
ahead the indenter, c) recovery spallation, d) Hertzian cracking, e) tensile cracking [201,
202].

As the level of residual stresses in the coating increases, the compressive
spallation failures become more visible. Both types of failure depend on
coating/substrate adhesion and can be used to determine the critical load. They
will both lead to different values since the recovery cracking occurs at lower
applied loads. The occurrence of elastic recovery spallation can be enhanced
by increasing the difference in elastic modulus between the coating and the
stylus[201, 202].

Figure 34(d) shows a failure mode typical of very brittle substrates. The tensile
radial stresses at the edge of the diamond contact generate a ring crack which

92




propagates from the surface through the coating into the substrate (Hertzian
cracking). As the stylus moves, several of these rings are formed which interact
and create a network along the edge of the crack. Considerable chipping occurs
where such cracks overlap. These Hertzian cracks may provide the through-
thickness cracking that initiates the elastic recovery cracking. This may also
originate from the cracks which form at the rear of the diamond contact in
response to the tensile stresses generated during sliding, Figure 34(e). If no
scratch crack is formed, this looks identical to the Hertzian cracking. Once a
crack channel is formed, the shape of the contact between the indenter and
coating changes and the load is then mostly supported on the front half of the
indenter. This will lead to cracks that run perpendicular to the sliding direction

with less curvature than in the Hertzian case [201, 202].

Since brittle failure modes tend to occur for hard substrates, very little plastic
deformation of the substrate occurs during the test. The failure modes
associated with the bending of the coating into the scratch track are only

observed at relatively high loads [201, 202].
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Figure 35 — Ductile failure modes during scratch testing: a) spallation, b) buckling, c)
conformal cracking, d) tensile cracking [201, 202].

The ductile failures are usually characterized by smaller crack areas, chipped or
spalled regions and a larger number of failure events. Typical failure mode
schematics are shown in Figure 35. The spallation and buckling failure modes,
Figure 35(a) and (b), are similar to the spallation mode for brittle failure except

that the magnitude of failure is smaller and is generally confined within the
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scratch track for very thin coatings. Both of these failure modes occur ahead of
the moving indenter with spallation being promoted by the pile-up of soft
substrate material ahead of the moving indenter. In general, spallation occurs
where the adhesion is poor or for thicker coatings where the driving forces to
reduce stored elastic energy is larger. Elastic recovery spallation initiated
behind the stylus is not usually observed for ductile failure[201, 202].

Two other common modes of ductile failure are conformal cracking and tensile
cracking. Considerable groove formation is observed for ductile materials since
the load on the diamond indenter is transferred to the front half of the indenter

once sliding starts, effectively doubling the contact stress.

Since there is virtually no load on the back of the indenter, Hertzian cracks will
not be found in this region. Two factors then contribute to the stress ahead of
the indenter [201, 202]:

(1) The pile-up of materials ahead and to the sides of the indenter
causes bending of the coating, placing its surface in tension;
(2) The friction between coating and stylus causes the maximum radial

tensile stress to occur at the sides of the indenter.

This is supported by a tensile stress at the rear of the contact where the
indenter separates from the deformed material. The tangential friction adds
compressive stresses ahead of the indenter which may lead to spallation and
buckling failures. Tensile cracking will thus occur initially at the sides of the
indenter and this is marked by cracks at the track edge parallel to the scratch
direction. Partial ring cracks can occur ahead of the indenter which it then
passes over and pushes into the track. The coating can become cracked ahead
of the stylus as it is bent into the scratch track. This leads to through-thickness
cracking or conformal cracking, Figure 35(c). Cracking also occurs at the rear of
the contact due to the tensile stress generated on sliding as observed for brittle
materials, Figure 35(d) [201, 202].
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6.1.3. Acoustic emissions

Acoustic emissions (AE) are used to detect the first signs of damage [203].
When the critical load, L, is reached as a result of formation and propagation of
cracks, the AE curve presents a shape of a wave burst as we can see in Figure
36 [203]. These cracks can originate in intrinsic defects within the coatings,
created during deposition, as described in section 1.5, where the internal stress
is higher than the fracture stress of the coating [200, 203]. The damage caused
by the moving stylus is related with the amount of AE released by the coating as
visible in Figure 36 [201, 202].

Figure 36 — AE signal curves during scratch testing [200].

Large amount of AE monitored during a scratch test is a clear indication that
failure has occurred in the coating, from which a critical load value can be
estimated [200-203]. When testing a brittle coating, the AE curve usually

presents a wide interval, due to the cracking of the film.

The AE emissions during the scratch test of a ductile failure present usually a
much narrow interval [201, 202]. Therefore in this case the other parameters
recorded during the test (friction force and first derivative of friction force) must
be considered to assist in a accurate determination of the critical load [201,
202].
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6.1.4. Good practice guide to identifying critical loads

When assessing the adhesion in thin film there are critical steps to be
considered to evaluate the critical loads. The data monitored in the test are
important, like the friction force, acoustic emissions, and the resulting scratch

scar is also very important.

The friction force is a critical parameter on the determination of the critical load.
One of the simplest ways of observating the critical load is the change in slope
of the friction curve. During a test the initial stages the curve behaves almost
linearly if you are performing an increasing load test. As the critical load is
reached there is a visible change in slope, almost comparable to an exponential
curve. As the friction curve is derived and plotted, if during the test there wasn’t
any visible change in slope the 1% derivative should be a strong indicator of

when the critical load occurred.

The acoustic emission (AE) is also an important factor to take into account.
When the critical load is reached during a test, the AE should present a burst
like it was discussed in section 6.1.3. In some cases there are no noticeable
bursts in the AE so in this case it should be considered the increase or
decrease in the values, and their range. If a wide range of AE is monitored by
the sensor it can also be a sign that the critical load was reached.

The inspection of the scratch scar is also very important not only to access the
critical load point, but also to access the failure mode before the critical load
was reached; it provides essential information about the coating nature and has

a strong impact in coating design.

To summarize, all of the data of the scratch test should be analysed together
and no parameter should be disregarded on critical load assessment.
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6.2. Summary of Literature

As reviewed in the previous section 3, TiB, is a desirable material for use in
many applications in industry. The main drawbacks are the brittle nature that
TiB, possesses and its internal stress. All of these are conditioning factors for

the application of TiB, coatings.

Several authors have developed multilayer coatings in order to achieve hard,

highly adherent coatings.

Vales Silva [9] produced TiB, multilayered coatings with several materials, Al,
NiCr, Mo and Ti, with a range of layer thicknesses and using different deposition
conditions. In the case of the multilayer with Al, N, was also incorporated but
this had a severe effect in distortion on the Al material lattice causing an
increase in hardness and a decrease in Young's modulus. No tribological
testing was carried out with this range of multilayer coatings.

Silva Cruz [12] progressed with these types of multilayer coatings and produced
TiB, multilayers with Al, and Ti with a new coating design. The composition
wavelength was constant and the same as that used by Vales Silva [9]
(A=200nm). However, the ceramic content was varied from 75% ceramic to
95%; the same range of ceramic percentages will be used in this thesis. Silva
Cruz [12] reported that the hardness values for the high ceramic content (95%)
were =~20GPa for TiB,/Al multilayer and these were far greater than the ones
achieved by Vales Silva [9] ~8GPa for a 75% ceramic content.

The high hardness reported by Silva Cruz [12] is explained by the Al content in
the film. This low content (5%) allowed TiB, layers to be in contact during
deformation because the Al at a 5nm thickness presented island growth and a
mobile Al layer during deformation. For the TiB,/Ti multi-layers this effect was
no longer visible due to the influence the Ti layer had on the TiB, layer. There
was a continuity of columnar growth throughout the multilayer, and all the
damage has to be sustained by the individual columns.
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In the last years the coating industry has focused research in developing
coatings that combine high hardness, high adhesion and low friction. These
coatings are to be used in the advance tool technology and allow lubricant-free

machining.

Gilmore et al [113-115] initiated the development of TiB, coatings co-sputtered
with a solid lubricant, namely MoS, and C. The samples were placed in a
vacuum chamber and the composition was controlled by the distance from the
plasma confocal point. Both depositions were made in a non-reactive
atmosphere. They observed that the friction coefficient above 150°C had a
sharp peak. This is typical behaviour of graphite like coatings, as we have seen
in section 4, The deposition of carbon in an Ar atmosphere produced graphite
like films with low hardness due to the fact that the hardness in DLC films is
directly linked with the sp® content. The authors reported [113-115] that the C
was incorporated into the TiB, matrix forming a two-phase material. The friction
was only reduced with a C content of above 66%. In the case of co-sputtering
the deposition conditions are crucial to determine the film composition which
directly influences the properties. The authors also produced a series of multi-
layers in which the conditions were not varied. Their main observation was that
C bonds well with TiB, to form Ti(B,C), and the graphite film is only formed

when this phase is saturated which has a direct effect on the friction coefficient

In this thesis multi-layers of TiB, and different types of carbon were produced
using PVD techniques, on a range of substrates, ranging from tool steel, as
used in the tooling industry (section 8.2) and Al alloy, as used in the motorsport
industry (section 8.4 and 8.5). The sputtering techniques used were RF, DC,

and Pulsed-DC, which were revised previously in section 1.3.

In section 8.1 the deposition of TiB, using the different sputtering techniques

was studied and the tribological effects on film performance determined.
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In section 8.2 TiB, was multilayered with carbon in a non-reactive atmosphere
with the layer thickness and composition wavelength as defined by Silva Cruz

[12] and the tribological performance evaluated.

In section 8.3 the carbon was manufactured in an Ar + 7.5% CH, atmosphere to
promote sp® bonding in the film, with a constant composition wavelength
(A =200nm) but with the DLC content varied from 25% to 75%.

In sections 8.4 and 8.5 the TiB, was coated onto an Al alloy used in the
motorsport industry. There has seen an increase in the use of light weight
components which require coatings with high hardness, good adherence and
with low friction coefficients. In these sections the TiB, was deposited in a non
reactive atmosphere while DLC was deposited in Ar + 7.5% CH, atmosphere.
The multi-layers were formed by alternating the plasma between the two
cathodes, the gas switched off and the chamber purged to avoid gas

contamination between the layers.
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7. Experimental Work

The goal of this section is to describe the experimental procedure which has
been followed to develop, produce and characterise the multilayer coatings

systems.

7.1. The Sputtering System

The Sputtering system used in for section 8.1, 8.2 and section 8.3 consists of a
pumping station, a vacuum chamber, three planar magnetron targets DC power
sources and RF generator, with a bi-RF switch and two matching networks.
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Figure 37 — Overview o the Sputtring system.

The vacuum chamber is made of stainless steel, with a double wall, with a
water cooling system to prevent it of overheating, a pumping station, two gas
inlet ports, and a substrate rotating table, as we can see in Figure 38. The
system is equipped with three circular magnetron cathodes placed on top of the
chamber, Figure 38. Attached to the magnetrons there is water-cooling system
to avoid cracking of the target at different temperatures. The cathodes are
connected to matching network units, and to a RF generator working at 13.56
MHz, as previously described in section 1.3.2. A voltage probe is also
connected to the output of the matching network to monitor the potential of each
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of the targets. During deposition the process conditions (target power, substrate
bias, chamber pressure, plasma and matching) conditions can be changed to
vary coating system conditions to the deposition rate and conditions.

Figure 38 — Overview of the Sputtering chamber.

Key:

1 — Magnetron Electrodes
2 — Shields

3— Substrate holder

4 — Chamber wall

In section 8.1 the system was pumped to a base vacuum of 1 x 10° Torr. The
power densities ranged from 4.5 to 6.8 W/cm?, and Argon (Ar) was used as the
sputtering gas at a pressure of 10mTorr. Bias was applied to the substrate
work-table promoting ion bombardment of the tool steel substrates prior to
deposition. Film deposition was initiated by deposition at a low power of 50 W
for the first ten minutes of deposition, and then at the desired power with the
bias turned off for 2.5 hours. For RF magnetron sputtering, a Coaxial Cables
600 W (MAX) RF power supply was employed, while for the DC magnetron
sputtering, a MKS Instruments RPG-50 was used. This could be used in either
pulsed or continuous DC mode.
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In section 8.2 Multilayers of TiB,/C were fabricated using conventional DC
magnetron sputtering as described in section 1.3.1. The carbon and TiB;
sputtering targets were 7 cm in diameter with a purity of 99.99%. The power
density on the TiB, target was approximately 8.1 W/cm?, and on the carbon
target it was approximately 11 W/cm?. Ar was used as the process gas and was
maintained constante at a pressure of 10 mTorr and an Ar flow of 27 sccm.
During fabrication, the substrate worktable was biased to -200 V. Biasing is
known to promote ion bombardment and thus improve film adhesion and it is
also suggested that ion bombardment may increase the formation of sp®
hybridised carbon [204].

In section 8.3 the sputtering system employed is as described above. Power to
the targets was supplied by an ENI RPG50 pulsed-dc supply, pulsing at a
frequency of 150 kHz and a pulse duty factor of 2016 ns. Power densities of 4
and 5 W/cm? were utilised for the carbon and TiB, targets, respectively, and all

sputtering took place in an Ar + 7.5% CH, atmosphere.

After insertion of the Ti substrate into the vacuum chamber, a nitrogen plasma
with the TiB, target was initiated for 5 min, providing a thin Ti-B—N interfacial
layer, allowing a strong chemical bond to form with the coating layer of TiB..
The nitrogen gas was then switched off and the reactive gas of Ar + 7.5% CH,4
admitted into the chamber, to a pressure of 10 mTorr, for the duration of the

experiment.

For section 8.4 and section 8.5 a Leybold L560 box coater, equipped with multi-
target sputtering cathodes was used, as shown in Figure 39 and Figure 40.

In Section 8.4, power to the targets was supplied by an ENI RPG-50 pulsed-DC
supply, at a frequency of 150 kHz and a pulse duty factor of 2016ns. Power

densities of 6.5 W/cm? were used to sputter the TiB, target.
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Figure 39 — Leybold Box coater L560

Section 8.5 used Argon (Ar) + 7.5% Methane (CH,4) gas mix that was ionized by
a pulsed-DC voltage plasma to magnetron sputter the DLC. The TiB, was
deposited using pure Ar and also ionized by a pulsed-DC plasma. Pulsed-DC
plasma deposition is a versatile technique that allows the deposition of
dielectrics in reactive atmospheres with high deposition rates and low target

contamination [27], as we seen in section 1.3.3.

This section studies the sequential deposition of a hard ceramic phase, TiB;
and a hard lubricating phase of DLC to form a multilayer structured coating
deposited onto a commercial powder metallurgy, Al alloy (Al 2618). Depositing
alternating layers of different materials is a method now adopted by many
researchers as a route to limit the stress build up in coatings [87] and to limit
crack propagation in ceramic films [205].
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Figure 40 — 3" Magnetrons details

Key:
1 — Substrate holder
2 & 3 — Magnetrons (TiB, and Carbon)

4 — Pumping station

Power to the targets was supplied by an ENI RPG-50 pulsed-DC supply, at a
frequency of 150 kHz and a pulse duty factor of 2016ns. Power densities of 6.7

W/cm? were used to sputter both the carbon and TiB; targets.

7.2. Process conditions

7.2.1. Set-up the of conditions for Multilayer Coatings

Multilayers are formed by alternating layers of two different materials, in a
periodic manner. The characteristic micro-structural scale is the composition

wavelength (A) which consists of the sum of two layers of the different materials.
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DLC

Substrate

Figure 41 — Parameters for Multilayer Coating

The two varying parameters for multilayer coatings are the composition
wavelength (A) and the volume fraction of ceramic (V) and the volume of DLC

(Vore). They are given by the equations:

Key:

A - Combined thickness

VboLc — Volume fraction of DLC
t. - Ceramic Thickness

toLc — DLC Thickness

In sections 8.2 and 8.5, the coatings were performed for a constant value of
composition wavelength (sum of two layers [A] =200nm) and for 4 different
values of ceramic fraction, 75%, 85%, 90%, 95%. The thickness of individual
DLC layers varied between 10nm and 50nm. The thickness of the ceramic
layers varied between 150nm and 190nm. The thickness variations of the

ceramic and the DLC layers are described in Table 6.
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ToLc Total n® of
A(nm) Ve (%) tc (nm) ts (um)
(nm) Layers
75 150 50
85 170 30
200 5 50
90 180 20
95 190 10

Table 6 — Thickness variations of the ceramic and metal layers

Key:

A - Composition Wavelength (sum of one layer of ceramic and one layer of metal)
V. - Volume of Ceramic

t. - Thickness of the Ceramic layer

toLc - Thickness of the DLC layer

In section 8.3, the principle of varying the volume fraction of carbon with the
volume fraction of ceramic, namely TiB,, follows on from section 8.2. Thus a
carbon/ TiB, multilayer stack has been fabricated by varying the thickness of
the layers, keeping constant the bilayer thickness of carbon/ TiB; to a planned
thickness of 200nm. In this way, a stack of 10 bi-layers of carbon/TiB, have

been fabricated to a total film thickness of 2um.

Anm) | Vo) |t@m) | T | fmy |0
(nm) Layers
75 150 50
200 50 100 100 2 20
25 50 150

Table 7 - The experiments conducted in this part of the study. T represents the thickness
of the individual layers. The percentage content of carbon was varied by modifying the
thickness of the individual layers. The bi-layer was kept constant, aimed at 200nm. A
multilayer coating of a stack of 10 layers was formed with a planned total film thickness
of 2um.
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In practice, the thickness was 2.75um suggesting each bi-layer to be 275nm.
The nominal film structures investigated in this part of the study are summarised
in Table 7.

7.2.2. Nanoindentation

The hardness and reduced modulus of the various coatings produced were
measured using a Nanotest 550 (Micromaterials Limited, UK) equipped with a
Berkovitch indenter, further details can be found in section 5. The tip used as an
indenter was a Berkovitch diamond tip as shown in Figure 42.

[ B |
Figure 42 — Berkovitch Diamond Tip [12]

The total included angle on this tip is 142.3 degrees, with a half angle of 65.35
degrees .This makes it a very flat tip. This tip geometry has been used as the
standard for nanoindentation. This tip is used primarily for bulk materials and
thin films greater than 100nm thick. The average radius of curvature for a
Berkovich tip is typically between 100nm and 200nm.
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Figure 43 — Drawing of the basic geometry of a Berkovich diamond tip[12]

The nanotest pendulum can operate at low loads from 10 puN up to 500mN and
at high loads from 0.1N up to 20N.

The nanotest operates by using an increasing load applied to the indenter,

which is compressed in to the sample. When it reaches a pre-determined value

the load is reduced and the penetration depth decreases because of the

materials elastic recovery.
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Figure 44 — Nanotest pendulum[12]

The values of Depth vs Load are constantly recorded, as shown in Figure 45, as
well as other data, which includes maximum depth, maximum load, plastic

depth, hardness and reduced modulus.

Indentation Cycles
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1200 - — —— Indentation
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Load (mN)

Indentation Depth (nm)

Figure 45— Nanoindentation Loading and Unloading Curves[12]

In section 8.1 the loads ranging from 0 to 6mN were applied to a maximum
depth of 200nm. An increasing load procedure was employed with 8 loading
steps, using a loading rate of 2mN/s and a dwell time of 15s at the highest load.

Elastic contributions were determined from the unloading portion of the load-
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displacement curves and provided values of the reduced modulus. The reduced
modulus takes into account the deformation of the indenter as well as the film,

as was discussed in section 5.1.

For section 8.2, 5 indents were made per sample with load ranging from 50 to
400mN to a maximum depth of 1800nm. The increasing load procedure had 8
steps with a loading rate of 2mN/s and a dwell time of 15s on the highest load.
The mathematical model used was the Olivier and Pharr method [162] as

reviewed earlier in section 5.1.

In section 8.3 five indents were made per sample with loads ranging from 100 to

400mN to a maximum depth of 3um.

In section 8.5 5 indents were made per sample with loads ranging from 20mN to
100mN to a maximum penetration depth, using the same loading rate and dwell

time as mentioned above.

7.2.3. Tribological testing

Tribological testing was conducted using a ST-3001 Tribo Tester (Teer
Coatings Ltd, UK). For adhesion testing, a diamond Rockwell C was employed.
For sections 8.1, 8.2 and 8.3 the scratch testing conducted used an increasing
load from 10 to 60N. For section 8.4 and 8.5 the scratches were produced with
continuous loads of 2N, 5N, 7N, 10N, 15N, and 20N, at a constant speed of
10mm/min due to the soft nature of the substrate.

The Tribo Tester system permits operation in either a uni-directional or bi-
directional mode. The friction testing was carried out using a fixed WC-Co 5 mm
diameter ball slid against a coated test piece with a range of load and
displacements. In section 8.1 tests were also performed at 10N load. In section
8.2 two different loads were chosen 10N and 20N loads with 100 cycles. In

section 8.3 loads of 10N were used. For the bulk coatings 50 cycles were used
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and for the multilayers 20 cycles were used. In section 8.4 the load used was
20N over 100 cycles, and in section 8.5, 50 cycles with a constant load of 10N.

7.3. Substrates

7.3.1. Tool Steel

Carbon steels can be designated by unique AISI (American Iron and Steel
Institute) four-digit numbers. The first two digits indicate the grades of the steel,
while the last two digits give the nominal carbon content of the alloy in

hundredths of a percent.

Substrate Material Steel (AISI 1095)
Length (mm) 30
Width (mm) 20

Thickness (mm) 0.635
C 0.9-1.05
Mn 0.3-0.5
) ) P 0.04 max
Chemical Analysis (%)
Cr0.1-0.3
S 0.05 max
Si 0.15-0.35
Tensile Modulus (GPa) 206.9
Tensile Strength
1900
(N.mm2)
Thermal Expansion
- 121
Coefficient 10-6K-1
Density (Kg/m3) 7861.4
Specific Heat (J/Kg K) 447.6
Melting Point (Deg C) 1515.5
Poisson’s Ratio 0.3

Table 8 — Properties of the substrate AISI 1095

The substrates were made of Steel AISI 1095. This is a plain carbon steel with
a maximum manganese percentage of 1.0%, as we can see in Table 8. This
grade of steel is characterized by high carbon content, 0.95%. The main

properties are described in Table 8.
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The steel samples were prepared for coating by using various polishing/grinding
papers. The polishing papers used were: SiC 120 grit, SIC 240 grit, SiC 1200
grit, D-Plane 6um Diamond and for finishing Colloidal Silica polish. The samples
were then cleaned in a re-flux column for 30 minutes with IPA as the cleaning

agent.

7.3.2. Powder processed Al Alloys substrates

Isostatic pressing was used for compressing powdered materials into shaped
pre-forms or general products. There are two main types of isostatic presses;
cold isostatic presses (CIP) that function at room temperature and hot isostatic
presses (HIP) that function at elevated temperatures. Typical HIP applications
include processing high performance ceramics, ferrites and cemented carbides,
net-shape forming of nickel-base superalloy and titanium powders, compacting
of high-speed tool steel, diffusion bonding of similar and dissimilar materials,
and eliminating voids in aerospace castings. Cold pressed metals or ceramic
powder compacts may require additional processing, such as sintering, to
provide a finished part.

The manufacturing process of this Al alloy used fine grain sizes, with particles
sizes ranging from 5 - 45um. The powder was then canned in an Al can and
evacuated in heat and vaccum to prevent contaminations. Then, the cans are
ClPed to a max pressure of 200 bar, with 5 cycles. Afterwards the cans are
HIPed at aproximatly 500 °C at 1000 bar during 45 to 90 minutes followed by a
very slow cool. To finalize the process the Al is solution treated at 525 °C and
then quenched in a polimer solution and aged at temperatures between 150 -
180°C between 8 and 16 hours.

The substrates were supplied by TR Engineering Ltd, UK, manufactured from Al
powder with a commercial composition of Al 2618 (Aluminium: Balance, Iron
1.33%; Silicon 0.11 %; Copper 2.67 %; Magnesium 1.3 %; Nickel 1.22 %; Ti
0.07%). The powder pressed Al alloys were prepared for coating using success
grinding steps. The grinding/polishing papers used were: SiC 120 grit, SiC 220,
SiC 1200 grit and SiC 2500 grit, to a surface roughness better than 0.2um. After
grinding they were cleaned following the procedures described in section 7.3.1.
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7.4. Focused lon Beam

Focused ion beam (FIB) has proved an indispensable tool in the arsenal of
analytical techniques. FIB is similar to scanning electron microscopes (SEM) in
that a beam of charged patrticles is generated, raster scanned (scanning pattern
of parallel lines that form the display of an image projected on a cathode-ray
tube of a television set or display screen), and used for submicron imaging. The
system uses ions, which have a larger mass than electrons; FIB systems can
also produce a protective layer prior to milling. It can be used to localise and
removed certain undesired materials by adding reactive gas chemistries and
changing the operating procedures. lon-induced deposition techniques are also
available and with the addition of gas chemistries both conductive and
insulating films can be deposited [12, 206-208].

The ion beam is generated from a metal ion source. Positively charged gallium
ions accelerated at 20-50KeV are focused to a submicron beam diameter with
electrostatic lenses. The background pressure in the turbo-pumped sample
chamber is about 3x10~"Torr and rises to about 2x10~>Torr with the introduction
of gas chemistries [3, 206-208].

The interaction of the ion beam with the surface of the sample results in ejection
of atoms from the surface and the production of secondary electrons and ions.
The gallium (Ga+) primary ion beam hits the sample surface and sputters a
small amount of material, which leaves the surface as either secondary ions or
neutral atoms. The primary beam also produces secondary electrons [3, 12,
206-208].
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Figure 46 - FIB system detail [206]

The ion beam is scanned over the surface of the sample in a previously defined
pattern. At low primary beam currents, very little material is sputtered; modern
FIB systems, can achieve 5 nm imaging resolution. At higher currents, a great
deal of material can be removed by sputtering, allowing precision milling of the

sample down to a sub micron scale.

If the sample is non-conductive, a low energy electron flood gun can be used to
provide charge neutralisation. In this manner, by imaging with positive
secondary ions using the positive primary ion beam, even highly insulating
samples may be imaged and milled without a conducting surface coating, as

would be required in a SEM.
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Figure 47 - FEI 200XP FIB Microscope.

FIB can be employed to make precision modifications to a variety of samples.

These modifications can be as simple as a single hole or as complex as a

three-dimensional cross-sectioning of a circuit. One of the primary advantages

of the FIB is the capability of localize a certain area and the ability to modify it.
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Figure 48 - FIB system Overview [12]

As we seen before FIB can drill holes and cut metal lines. It can also deposit

metal and insulators to protect the surface. These capabilities allow the FIB to
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be used for failure analysis and test structures as well as the repair of nearly-
functional parts [12, 206, 208, 209].

7.4.1. Applications:
When higher currents are selected the FIB can be considered as an atomic
milling machine, which performs stress-free precision sectioning and machining

with a high accuracy as we can see in Figure 49 and Figure 50.

Beam Det Scan Mag Tilt | 05/07/02 S5pum
30.0kV|CDM-E| H2263s|8.00 kX| 0.4° | 16:24:41

Figure 49 - FIB Image of milling capabilities
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10/08/04 | ——
CDM-E[156.0 kX| H22.63s | 45.0° | 14.05:33 TiB2 / PTFE 900/ 100nm

Figure 50 —FIB Micrograph of TiB, Multilayer with a Pt protective layer

At lower beam currents, FIB imaging resolution begins to rival the more familiar
scanning electron microscope (SEM) in terms of imaging topography, however
the FIB's imaging modes, offer many advantages over SEM. As can be seen

form Figure 51.

10M7/05

CDM-E[6.50 kX| H45.26 s | 44.6° | 13:30:48 TiB2/W cmsx-4

Figure 51 — Delaminated TiB,/W multilayer
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FIB can show intense grain orientation contrast, Figure 52. As a result grain
morphology can be readily imaged without resorting to chemical etching. Grain
boundary contrast can also be enhanced through careful selection of imaging

parameters.

09/01/06 | ————
CDM-E| 15.0 kX| H 4526 s | 22.3° | 16:09:45 blz36 C5 as coated

Figure 52 - Grain contrast by FIB techniques

7.5. Raman Spectroscopy

Raman spectroscopy is a method of chemical analysis that enables real-time
reaction monitoring and characterization of compounds in a non-destructive
manner[210-212].

The spectrum is more sensitive to the lengths, strengths, and arrangement of
bonds in a material than to the chemical composition of the material. The
Raman spectra of crystals also respond to details of defects and disorder than
to trace impurities and related chemical imperfections [210, 211].
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The basic components for Raman spectroscopy, Figure 53, include a light
source (normally a laser), collection optics to gather the Raman-scattered light,

and a detection system.

CCD detector

Laser and Spectrograph
line filter grating

C .I:
Macro beam mirror \

Beam
splitter I | / Mirrors
Microscope Notch

Sample e filter Adjustable entrance slit

Figure 53 - Basic hardware components for Raman spectroscopy

7.5.1. Applications of Raman spectroscopy

Raman spectroscopy has been used for the characterization of CVD and PVD -
grown diamond films, proving the formation of diamond and characterizing the
presence of graphite and various amorphous carbons [132, 145, 213-215]. Due
to its non destructive nature it can be finely focused and used in a

backscattering geometry.

Raman has proved a useful tool for characterizing thin films and layers such as
silicon, germanium and gallium arsenide. The Raman spectra can give
information about the crystal nature of the film and the presence of impure or
contaminant layers[210, 211]. When analysing a thin film the depth of
penetration of the laser depends on the transparency of the sample material
and the wavelength of the laser radiation used. If a film or coating is
transparent, the film/substrate interface and any other material deposited there
is also accessible and may provide a detectable Raman signal. The absolute
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sensitivity of the Raman technique is such that a film thickness of at least 0.1
pgm is required to provide a workable signal [132, 145, 210, 213-215]. Raman

spectroscopy is used in section 8 to characterise the DLC produced.
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8. Results and Discussion

8.1. Tribological characteristics of pulsed-DC, DC-sputtered
and RF- sputtered titanium diboride (TiB,) thin film

coatings

8.1.1. Introduction

This section discusses the attributes of titanium diboride (TiB,) fabricated by
physical vapour deposition (PVD) sputtering. Three methods of PVD sputtering
were employed, namely; RF magnetron sputtering, DC magnetron sputtering
and pulsed-DC magnetron sputtering. The aim of this section is then to
investigate the properties of the fabricated TiB, in terms of its hardness and
wear-resistant properties, relate this to the film microstructure and processing

parameters that have been used.

Previous studies have investigated the fundamental properties of TiB, as a
coating; however those studies have been limited to studying either TiB;
fabricated by DC [216, 217] or RF magnetron sputtering [97]. It has been well
documented that the microstructure, mechanical and tribological properties of
TiB, are affected by processing parameters such as power and substrate bias
voltage [107]. Furthermore, the impact of high-energy ions on a substrate will
affect both film stress, and will result in re-sputtering of deposited atoms [218] .

As we seen in previous section 1.3.3 Pulsed-DC techniques have, in recent
years, been an area of detailed research as they have enabled high-rate stable
deposition conditions to be achieved, even under reactive conditions, allowing
oxide and other ceramic [219] depositions to be undertaken. In this technique,
the DC output from the power supply is pulsed at a frequency range set by the
user which typically ranges from 50-350 kHz. Pulsing prevents charge build-up
on the insulating parts of the surface of a target and the resulting arcing that

would otherwise occur is greatly reduced. During the off phase, electrons from
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the plasma are drawn towards the cathode, giving rise for a very short duration
(100 ns) pulse of high electron current. The main uses of pulsed-DC sputtering
techniques therefore have been associated with reactive sputtering, whereby
the pulsing of the cathode limits target poisoning and enables films to be
sputtered with a controlled stoichiometry. The published knowledge on metallic
and ceramic films directly deposited by pulsed-DC magnetron sputtering, rather
than reactively, is limited and thus is of interest to investigate and study the

properties of such films, in the content of this thesis.

8.1.2. Results and discussion

8.1.2.1 Nanoindentation

Figure 54 Iillustrates typical load-displacement curves for all the films
investigated in this study. The TiB, deposited by RF sputtering at 200 W shows
the most compliant behaviour, with a penetration depth of 175 nm for a load of 5
mN. The sample deposited with 300W had a load-displacement curve with a

similar loading/unloading curve with a maximum depth of around 130nm.

é —— RF 200
= —— Pulsed DC 300
§ — DC 200

0 50 100 150 200

Displacement (nm)

Figure 54: The Load-Displacement curves for the TiB, films fabricated in this section,
highlighted by a blue circle is a sign of creep occurring in the coating.
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The films fabricated by pulsed-DC are almost fully elastic in their nano-
indentation response, recovering from penetration depths of 110nm.

The curve for the Pulsed-DC 300 is shown in the Figure and highlighted in blue
circle is a sign of creep occurring. The Pulsed-DC 200W coating had an equal
curve, but with no creep occurring during the test. For the TiB, film deposited by
DC sputtering at 200 W, the maximum penetration depth reached at a load of 5
mN is 140 nm a value close to a RF-deposited film at 200 W. The sample
deposited with DC 300W had a curve very similar to the RF deposited films,
with values between the RF curves and DC 200 W curves.
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Figure 55 — Remnant depth for the of the coatings manufactured for this section

In Figure 55 the remnant depth is plotted. The remnant depth is the ratio
between the depth after unloading and the depth at peak load. From
observation of the Figure it is possible to see that the Pulsed DC is the coating
which possesses the lower ratio. This is an indicator of a very high plasticity,

which is confirmed by the hardness values and tribological testing.

Berger et al [107] has investigated the microstructure of TiB, coatings deposited
by DC sputtering. From their results they concluded that the TiB, deposited at a
negative bias is crystalline with dense grain boundaries. Similar studies,

investigating the deposition of Al,O3; by pulsed-DC sputtering, have concluded
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that the films are denser compared to Al,O3; deposited by conventional RF and
DC sputtering techniques [10]. Thus, a lower density for the DC magnetron
sputtered films could account for and explain the relatively large indentation
depths (>150 nm) and thus film compliance that have been observed for the

TiB, DC sputtered films in this study.

Figure 56 — FIB cross section of the RF 300w sample, highlighted in red are pores visible
in the section of the film.

In Figure 56 one can see that the microstructure is dense and there are no

major defects in the coating. Highlighted in red there is a void in the coating.

This is a normal occurrence in PVD coatings as discussed in section1.5.1.

In Figure 57 the sample produced using DC deposition shows a considerable
level delamination at the interface level, as it is possible to see highlighted in
white. This feature is present in a considerable area of the 25 pm x 25 pm
trench manufactured by the FIB, as visible in Figure 57. On the right there is an
area in which the delamination no longer is visible but, this delamination is an

indicator that the interface is weak as it will be discussed in 8.1.3.
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Figure 57 — FIB section of the DC 200W samples, in the picture on the left there are signs
of detachment at the interface, highlighted in a white circle.

Figure 58 shows a FIB section of the sample produced using Pulsed DC 300W.
The coating is dense without the presence of any defects. Highlighted in blue
there is an area which is similar to a pore but this is thought to be due to
substrate preparation as seen in section 7.3.2. When the magnification is higher
(Figure on the right) to is possible to see that there is no sign of defects at the
interface level.

Figure 58 — FiB cross section of the samples manufactured with Pulsed-DC at 300W,
highlighted in blue are defects at the interface level.
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The hardness and reduced modulus results, Figure 59 and Figure 60, for the
films show a scattering of data, however, the hardness is seen to decrease
classically as a function of depth, with pulsed-DC the hardest and RF and DC

magnetron sputtered the softest.

From the graph, it can be determined that the pulsed-DC films deposited at 300
W produced films with hardness values up to 21 GPa. The softest films (DC
300W) have a hardnesses of 12 GPa.
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Figure 59 - The variation in hardness as a function of indentation depth into the film. Two
lines are included showing the trend of the data.

Veprek et al. [220], tested materials which exhibited superhardness (=240GPa),
diamond, cubic boron nitride, CsN, and other carbonitrides. They used an
automated load—depth sensing indentometer with a load range from 5 to 1000
mN. The authors observed an increase in hardness as a function of depth and

suggested that this is due to enhanced ion bombardment during sputtering.

Such behaviour is not observed in the current study; however, the increased
hardness seen by Veprek et al., [220] was further attributed to the nano-
composite structure of their coatings compared to this study where mono-
layered coatings were studied.
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Figure 60 - The variation of the reduced modulus as a function of indentation depth into
the film. The lines drawn at around 220 GPa and 180 GPa are an aid to the eye,
highlighting the fact that the films have an average reduced modulus of 200 GPa, which
varies by 10%, regardless of the deposition technique used to deposit the TiB.».

The measured reduced modulus and hardness values allow one to calculate the
ratio of H*/E?, which provides information on a material’s resistance to plastic

deformation. A high resistance to deformation leads to a higher H*/E? ratio.
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Figure 61 - Variation of H%E? versus hardness for all the TiB, films fabricated in this
study. From the data, the pulsed-DC films prove to have the desirable properties of high
hardness, allowing a given load to be distributed over a wider area.
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Figure 61, a plot of H/E? against hardness is presented for the TiB; films. The
H3/E? ratio increases as a function of the hardness, as expected. From the data,
the TiB, fabricated by pulsed-DC produces both the hardest films and the most
resilient against plastic indentation, making it desirable in terms of allowing a
given load to be distributed over a wider area.

8.1.2.2 AFM results

The values for mean surface roughness (Ra) vary according to deposition
condition. We can demonstrate that TiB, fabricated by RF magnetron sputtering
produces a film roughness far superior to that produced by either DC
magnetron or pulsed-DC magnetron sputtering. As the sputtering power is
increased from 200 W to 300 W, the ion impact energies at the surface of the
substrate increase, which has been shown using Monte Carlo simulations [221],

to affect surface morphologies of a growing film.
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Figure 62 — AFM topography of Pulsed DC sample 200W.

Also we note that the roughness of the pulsed-DC magnetron sputtered film
fabricated at 200 W is approximately 4 nm, Figure 62, this being similar in value
to that of the roughness of the film fabricated at 300 W using RF magnetron
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sputtering, Figure 63. The white spots are off-scale points on the AFM in the Z

direction on the sample.
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Figure 63 — AFM topography of RF sample 300W. ~

This suggests that ions generated by pulsed-DC (200 W), have similar energies
at lower power to those RF generated ions at higher power (300 W). This is due
to the fact that in RF the target is not coupled directly coupled to the source,
while in Pulsed-DC there is a very fast transition between the positive and

negative part of the cycle and the supply is connected directly to the target.

8.1.3. Tribological testing of TiB»

8.1.3.1 Scratch Testing

The adhesion testing for the RF sputtered films showed very similar results

presenting critical loads of around 30N, Figure 64 and Figure 66.

In Figure 64, the first derivative of friction has a larger peak at around 12.5s
revealing that failure has initiated. The noise in this curve increases, thereafter
in Figure 64; the revealing points are marked with black arrows or circles,

revealing the peak in the friction and in the first derivative.
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Figure 64 — RF 200W, single pass scratch test with increasing load from 10N to 60N, in
the chart are highlighted the points of critical load.

Figure 65 — RF 200W scratch testing with increasing load
showing a mix failure mode between buckling (red circle) tensile cracking (blue circle)

From Figure 65 it is possible to see that the failure mode present in the RF
200W is a mix between buckling and tensile cracking. As we have seen in
section 6, the magnitude of the failure is smaller than the size of the scratch,
being confined to the scratch scar, but revealing that pile up of the substrate
materials occurs, ahead of the moving indenter.
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From Figure 66, it's more difficult to access the critical load; there is no obvious
inflection point in the friction curve and it's only by observing the AE response
that it is possible to estimate the failure point. Failure is indicated by an increase
in acoustic emissions, it's estimated that failure begins at 30N after 12.3 s into

the scratch test.
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Figure 66 - RF 300W, single pass scratch test with increasing load from 10N to 60N, in the
chart are highlighted the failure points.

From Figure 67 it is possible to see recovery spallation mixed with tensile
cracking. This occurs as a result of the diamond stylus causing any interfacial

crack to propagate to the outside of the scratch.
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Figure 67 - RF 300W scratch testing with increasing
load showing recovery spallation (red circle) mixed with tensile cracking (green circle)

Figure 68 shows the adhesion testing for the DC200W coating. In the figure it is
possible to see that the first derivative of friction shows continual bursts of
activity in, starting at about 4,8s. This indicates that the adhesion is poor and
that the first failure occurs at around 17N. The AE emission in this case reveals
a brittle failure (continual acoustic emissions) because the amount of scatter in

the experimental AE results.

Figure 68 - DC 200W, single pass scratch test with increasing load from 10N to 60N
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For this sample, Figure 69, the failure mode is a mix between recovery
spallation and tensile cracking and is due to the difference in elastic recovery of
the coating and substrate. Such recovery tracks are found along the scratch

scar with signs of spallation.

Figure 69 - DC 200W scratch testing with increasing load with signs of recovery
spallation (red circle) and tensile cracking (blue circle)

Figure 70 shows the adhesion testing for the DC300W coating. From the friction
force the change in slope of the curve, and the clear variation in the derivative

of the friction curve, reveals that the critical load is around 42N.
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Figure 70 - DC 300W, single pass scratch test with increasing load from 10N to 60N, the
change in slope from the friction curve shows the critical load, =42N
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For this coating, Figure 71 the failure observed is recovery spallation, chipping
can be observed along the scratch scar, which is not related to any

delamination initiated ahead of the indenter.

Figure 71 - DC 300W scratch testing with increasing load, with signs of recovery
spallation without any delamination

Figure 72 shows the adhesion testing for the Pulsed-DC 200W coating. Again a
change in slope of the friction curve is observed, this change in slope shows
that a critical load is reached, around 41N (the onset of increased variability in
the first derivative curve). Also note that the AE emission drops severely when

the coating becomes detached from the substrate as is highlighted in the Figure

72.
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Figure 72 — Pulsed-DC 200W, single pass scratch test with increasing load from 10N to
60N, in the charts are highlighted the points relevant to the critical load =41N.

Figure 73, a micrograph of the failure track for the Pulsed-DC 200W coating, is
similar to that seen for the DC 200W, Figure 69. The failure mode is a mix
between recovery spallation and tensile cracking. Also, to note is the cracking
visible inside the scratch scar. This occurs more frequently than for the one
produced by DC sputtering, Figure 69.

RO 0 250 um

Figure 73 — Pulsed-DC 200W scratch tésting with increasing load, with signs of recovery
spallation and tensile cracking

Figure 74 shows the adhesion testing for the Pulsed-DC 300W coating. In the
figure it is possible to see that the first derivative of friction has an increasing
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burst during the test. This indicates the coating can take some damage, but
without failing catastrophically. This failure occurs at around 35N. The AE
emission in this case reveals a brittle failure because the amount of scatter in
the Figure 74.
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Figure 74 — Pulsed-DC- 300W, single pass scratch test with increasing load from 10N to
60N, in the chart are visible the first failure points.
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From the micrograph of this scratch, Figure 75, it is possible to see the
transition between recovery spallation, and gross spallation which is a very
common result if residual stress in the coating is high [201, 202]. This occurs
due to cracks which are formed at the coating interface and can propagate to
the both side of the scratch scar. These cracks can be initiated at a defect in the

coating and propagate thereatfter.
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Figure 75 — Pulsed-DC 300W scratch testing with increasing load, with signs of recovery
spallation and gross spallation

8.1.3.2 Wear testing

From the wear experiments, the friction coefficient vs. number of cycles showed

a steady increase with increasing number of cycles. The region of the curve

where the friction coefficient reaches a steady state value, allows a

determination of the coefficient of friction for a WC ball rubbing against the

coating during the test. The values obtained in this section are summarised in

Table 9.
Coating Hardness H/E® Critical CoF Wear Scar 3 Ra

(GPa) (average) | Load (N) | (average) | Volume (mm~) (nm)
RF 200W 16 0.04 30£1 0.70 0.089072 21
RF 300W 15 0.07 30£2 0.23 0.028047 4.5
DC 200W 18.5 0.04 17+ 2 0.49 0.007627 2.6
DC 300W 12.6 0.02 42+1 0.54 0.019781 51
PDC 200W 15 0.06 41 +1 0.30 0.001329 4.0
PDC 300W 21 0.1 35+15 0.51 0.004636 6.7

Table 9 - Calculated and measured values of the properties of the TiB, films fabricated
and tested in this section

The RF sputtered film at 300W produced the lowest CoF value of 0.23, as seen
in Table 9. The RF sputtered film at 200W presents the higher value of CoF,
0.70, and an associated high wear volume, as visible in Figure 76 and Figure
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77, respectively. Both conditions present a similar hardness value, 16N, 15N
respectively. The critical loads were very similar with a value of 30N.

The average CoF value for the DC-magnetron sputtered films is calculated to
be 0.49 for the 200W condition and 0.54 for the 300 W conditions. Although
presenting higher values of hardness for the coating 200W, 18.5GPa, as the
process power increases to 300W, the hardness decreases, 12.6GPA, but the

adhesion is significantly improved, as measured by a critical load of 42N.
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Figure 76 - Bidirectional Wear testing of 18 cycles at 10N load

The pulse-DC magnetron sputtered film deposited at 200 W produced a CoF
value of 0.3, which increased to 0.51 as the power increased to 300 W, both of
the coatings (200W and 300W) showed good adhesion presenting values of
41N and 35N, respectively. A trend emerges between CoF and H%E? where
the films are able to deform without fracture a lower CoF is observed, namely
pulse DC-deposited films, and those that deform easily, namely RF 200W-
deposited films, have a high value of CoF. This is to due to the elasto-plastic
deformation that the coatings are able to sustain, during deformation, both

during nanoindentation and wear testing.
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To determine the material loss due to abrasive wear, the wear volume of the
scar was calculated using the length of the scratch scar, the width of the scar
and the depth of the scar caused by the WC ball.

The calculated values are also summarised in Table 9. In Figure 77, a graphical
representation of the data clearly shows that the RF deposited films have the
biggest material volume removal. The DC has a intermediate value of material

removed, increasing with the power.

Pulsed-DC magnetron sputtered films had the smallest wear scar volume

presenting values very similar as possible to view by Table 9 and Figure 77.
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Figure 77 - The wear volume of the DC, RF and pulsed-DC magnetron films fabricated.
From the two different powers investigated, the DC and RF magnetron sputtered TiB,
films show similar behaviour (expect for the 300W RF sputtered), however the pulsed-DC
magnetron films have significantly less material loss in overall.

This result further emphasises the superior qualities and properties of the pulse-
DC deposited thin films of TiB, when compared with RF or DC-deposited TiB,.
From the wear tests, the wear tracks allows several observations to be made,
and to categorise according to their behaviour. Figure 78, Figure 79 and Figure
80, show the wear track morphologies of the three different types of coatings,
along with remarks made about their behaviour. Figure 78 shows a narrow and
shallow track with sharp edges. There is no apparent film cracking or
delamination along the track, this is the pulsed-DC film deposited at 200W.
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Figure 78 — Bidirectional wear test on Pulsed DC 200W, good wear behaviour: thin
shallow tracks with no film delamination

These films, deposited by pulse-DC magnetron sputtering, are also
characterised by a small wear scar volume, ~4.6e107 - 1.3e®* mm?® and a large

H3E? value, 0.12 - 0.175, indicating their good resistance to plastic deformation.

Figure 79, films deposited by DC magnetron sputtering, shows moderate wear
behaviour and clear evidence of film cracking along the length of the wear track.
The wear track is again narrow; however the wear scar volume is greater than

in Figure 78, for the pulsed-DC deposited film.

Figure 79 - Bidirectional wear test on DC 300W, moderate wear behaviour: thin shallow
tracks with no film delamination, however there is evidence of film cracking along the
length of the wear track.
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The RF sputtered samples, Figure 80 showed the poorest wear behaviour with
a clearly wider wear track. The wear track shows a smeared appearance to the
coating, and local coating suggesting poor adhesion. The films in this group are
also characterised by a high CoF values and a high wear scar volume.

Figure 80 - Bidirectional wear test on RF 200W, poor wear behaviour, characterized a
large wear track with evidences of delamination at the edge of the wear track

A summary of the results reveals that the wear behaviour can be separated into
three groups; good wear behaviour, moderate wear behaviour and poor wear
behaviour. Some correlation can be made with regards to coating performance
values obtained from the CoF and wear scar volume. The largest influence on
these performance indicator is that this study has observed, has been the
deposition method used, namely DC, RF and pulse-DC magnetron sputtering,
in producing the TiB, coatings.

8.1.4. Conclusions

TiB, films have been fabricated using RF, DC and pulsed-DC magnetron
sputtering. The coatings have been evaluated using nanoindentation, AFM and

tribological testing consisting of wear and scratch testing.

From the nanoindentation results, we conclude the following:
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e The hardest films are those produced by pulsed-DC magnetron
sputtering at 300 W. The softest films are those produced by DC
magnetron sputtering, also at 300 W.

e From the results of the reduced modulus, we conclude that the stiffness
of the TiB, is 200 GPa * 10%, regardless of the method used to deposit
the TiB; film.

e The H¥E? data, calculated from these measured values show that the
films produced by pulsed-DC magnetron sputtering have the best
damage resilience, allowing a given load to be distributed over the widest
area with much of this loading ability recovered elastically.

e From the AFM studies, we can conclude that RF-deposited films produce
the smoothest films, while those deposited by pulsed-DC are the

roughest with a Ra of 4 nm at 200 W deposition powers.

From the adhesion testing we can conclude:

e The adhesion achieved for all coatings in general is good, the critical
loads are around 30 - 42N, with only one coating adhesion value below
this range that is the DC200W, which showed first damage at a force of
17N.

e The failure mode reveals that these coatings are brittle, presenting mixed
modes between spallation and tensile cracking, the pulsed-DC coatings

are the most resilient.

Wear studies have identified and characterised the coatings into three classes:

(a) Good wear behaviour is attributed to those deposited by pulse-DC
magnetron sputtering. Films deposited by this method can be
identified as having low wear scar volumes and a large value of
H%E? The wear track formed was narrow and shallow with no
evidence of coating delamination.

(b) Moderate wear behaviour was found to be associated with films
deposited by continuous DC magnetron sputtering. Films deposited

by this method showed film through thickness cracking along the
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length of the wear track. CoF values of 0.3 to 0.4 were measured with
a medium wear scar volume.

(c) The group that showed the poorest wear behaviour with evidence of
film delamination at the edge of the wear tracks, were those produced
by RF magnetron sputtering. The size of the wear track formed was
significantly wider than that formed of either the Pulsed-DC or DC
deposited films. These RF sputtered coatings, showing poor
behaviour, can be identified as having large CoF values, large wear
scar volumes, intermediate hardness’s and low H*E? values,
consistent with the extensive plastic deformation to the substrate

under the wear track.
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8.2. TiB,/C Multilayer Films

8.2.1. Introduction

As we discussed in section 2, multi-layers coatings are formed by the deposition
of alternating layers of two or more materials. The thickness of each individual
layer can vary from a few nanometers thick to several microns.

Accurate thickness control has been used by several authors as a method to
limit crack propagations in ceramic coatings [9, 109], the interface between the

layers acts to stop or deflect the crack.

In this section amorphous carbon in its graphitic phase, with sp? bonding and
sp® bonding, has been employed to act as an interfacial material to prevent
crack propagation in the ceramic (TiB,) part of the coating. Tee et al [100] have
used carbon in Al reinforced TiB, ceramic composite to improve the mechanical
properties and tensile strength of this matrix. Gilmore et al [113-115] studied the
effect of carbon films on TiB, ceramic coatings to be used in cutting tool

applications.

In this section a multilayer stack has been produced containing 50 layers of
TiB,/C, 25 layers of TiB, and carbon, respectively. The coatings had a total
thickness of 5 um and the volume fraction of TiB, has been varied from 50% to
95%. In section 3, the possible deposition technigques of TiB,-based coatings
were reviewed. In this section the sputtering technigue used was DC magnetron
sputtering for the manufacture of TiB, and carbon layers. As reviewed in section
6.2. TiB, films manufactured using PVD show potential to be applied in
tribological applications because of the low deposition temperatures involved.
The effect of TiB, ceramic volume fraction on coating properties was
characterized using nano-indentation to quantify the hardness and reduced
modulus. FIB milling was used to characterize the multi-layer coatings structure.
The carbon content and bonding was characterized by Raman spectroscopy.
Tribological testing was conducted to evaluate the critical load and friction
coefficient.
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8.2.2. Results and discussion

8.2.2.1 Carbon characterisation — Raman

Raman spectroscopy was conducted to provide information about the quality of
the sp® bonds of the amorphous carbon films, and literature [222] has reported
a highly orientated pyrolitic graphite (HOPG), which has a peak at 1580 cm™.
This peak refers to the graphite (G) and has a full width half maximum (FWHM)
of 16.3cm™. It originates from the E>y symmetry graphite chains and clusters.
The amorphous carbon also has an additional peak referred as D peak, around
1355 cm™, which originates from the A1y mode of the crystal [223]. Natural
diamond possesses peak at 1332 cm™ with an FWHM of 2.6 cm™ [223].
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Figure 81 - Raman spectra from a carbon film fabricated as part of this study.

The Raman spectroscopy conducted on the graphitic films show two peaks, the
internal area is calculated from a Lorentzian fit, and describes the ratio between

the sp? and sp® bonding in the films. Figure 81 presents the Raman spectra of
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carbon films fabricated as part of this study, illustrating the D and G Raman

peaks.

Robertson [224] proposed that amorphous DLC films are mainly composed of
sp® bonding, but as the graphite contents increases the sp? bonding also
increases. Also, the ratio of the D and G peaks (Ip/lg) is an important parameter
in the characterization of DLC films. By calculating the area of the plotted
curves, the Ip/lg ratio can be calculated providing essential information about
the type of film deposited. A low Ip/lg ratio is related to graphite-like layers, while
a high ratio leads to DLC behaviour [224]. The carbon films fabricated for this
section presented a ratio of 1.08 which indicated that the sp* bonding content is
below 50%.

In this study Figure 81 shows the Raman spectra of the films manufactured for
this study. The films show a D peak around 1330 cm™ and a G peak at 1590
cm™. When calculating the Ip/lg ratio, two additional peaks at 1170 and 1500

cm™ have to be used in order to prevent errors in calculations.

Figure 82 — FIB micrograph TiB,/C multilayer stack
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These results agree with literature, Silva et al [135] and Ferrari [215] observed
that two simple two-symmetric-line fits are not always in agreement to the
experimental data, they have agreed that multi-peaks fits are found to provide a
much better fit to the data. The same authors, Silva and Ferrari [135, 214] have
also found Raman peaks in the range of 1100-1220 cm™ which are connected
with hexagonal diamond [135, 214], while the peak present at around 1500 cm™

is connected to the stretching of carbon atoms in single rings [127].

In Figure 82 it is possible to observe a FIB micrograph of a multilayer stack, with
some defects in the film caused by the coater configuration. These defects have
started part way through film growth, probably associated with nano-metre size
particles deposited from chamber walls during film growth.

Figure 83 — Surface topography of TiB,/C

In Figure 83 the surface topography shows defects that occurred during
deposition. These defects are caused by the high internal stress during the
carbon layer deposition which has adhesive loss and becomes detached from
the surface and the chamber walls due to the vertical assembly of the
magnetrons (sputtering down). In this case the particle is not removed but can
fall onto the substrate surface. These particles cause the growth defects in the
multilayered film as we can see in Figure 82 and Figure 84.
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Figure 84 - FIB micrograph TiB,/C multilayer stack showing some carrot like defects

8.2.2.2 Nanoindentation

The nano-indentation performed was used to assess the hardness and reduced
modulus. The loads used ranged from 50 to 400mN and are function of indent
depth for all film compositions; the data is shown in Figure 85 and Figure 86,
respectively.

For this section, the hardness values range from 5GPa in the 50% containing
sample (100/100 nm) to 17GPa for the coating containing 95% ceramic (190/10
nm). The increase in layer thickness of the ceramic, from 50% to 95% has an
effect of improving the hardness of the TiB,/C multilayers. During
nanoindentation the TiB,/C layers become deformed and the hardness values
result from the penetration into the layers. A pure TiB, monolayer showed a
value hardness of 24 GPa.
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Figure 85 — The variation of the hardness as a function of indentation depth, a) TiB,/C
multilayers, b)TiB»/Al multilayers.

As the indentation test progresses the hardness and reduced modulus values
for all the ceramic compositions converge to a single value, which are the
mechanical properties of the AISI 1095 substrate. In Figure 85 b) and Figure 86
b) the data is compared to the studies from Silva Cruz [12] who fabricated a
multilayer of TiB,/Al with a periodicity similar to this study and whose work was
discussed in section 6.2. Equally, for similar layer periodicities, especially at
high volume fractions of TiB, the hardness of TiB,/C and TiB,/Al are similar
(compare the data for 190nm/10nm TiB,/C and 190nm/10nm TiB,/Al). At the
other end of the spectrum, the 150nm/50nm multilayers, the TiB,/C films offer a

50% improvement in hardness over TiB,/Al reported by Silva Cruz [12].
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Figure 86 - The variation in Reduced Modulus as a function of indent depth, a) TiB,/C
multilayers, b)TiB,/Al multilayers..

For the reduced modulus, the values of the TiB,/C films are always lower that
the equivalent TiB,/Al multilayer. In Figure 86 the 50% ceramic volume fraction,
the reduced modulus increases from 130 to 210GPa as the indentation depth
also increases. For the high ceramic content 95% ceramic the reduced modulus
has a constant value of around 210GPa. This is consistent with the 95% TiB,
5%C multilayer being a mix of TiB, and Ti(B,C), both of which would be
expected to have similar reduced modulus.

In Figure 87 the variation of the hardness values with the fraction volume of
carbon is shown. The hardness values decrease as the fraction of carbon is
increasing. Gilmore at al [113-115] have reported similar observations where
the mechanical properties of a similar multilayer stack decreased from 40GPa

for a 100nm layer thickness to 20 GPa for a 10nm TiB; layer thickness.
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Figure 87 - The variation of hardness with % of carbon in coating.

Holleck et al [72] reports that several factors are responsible for these hardness
variations; the number of interfaces, the total coating thickness and substrate
directly influence the mechanical properties of the multilayer coatings.

Gilmore [113-115] reported that the carbon layers bonds with the TiB;, layer and
form Ti(B,C),, and only after the saturation of the Ti(B,C), occurs, the DLC
starts forming. Due to the saturation the TiB, hard phase is reduced and the soft
lubricating phase is promoted. Gilmore et al [113-115] reported a friction
coefficient of around 0.2.
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Figure 88 — Variation of H%E? versus hardness for all the TiB,/C

In Figure 88 the plot H/E? versus hardness shows a trend - as the ceramic
volume fraction is increased there is an increased spread of the data. A higher
H3/E? ratio reveals a higher resistance to deformation. The HE? ratio is
connected to the yield strength of the material. When the H%/E? ratio increases,
this is expected to lead to an improvement of the elastic recovery of the coating,
which clearly is also related to the toughness of the multilayer coating. On this
basis the most resilient TiB,/C coatings are the 190nm/10nm coating and

180nm/20nm coating.

8.2.2.3 Adhesion testing

In Figure 89 it is possible to assess the adhesion performance of the coating
containing 75% TiB,. From the figure it is visible that a critical loss of adhesion
occurs at ~22.5N. The 1% derivative of friction and the AE emissions have clear

peaks, an indication that the critical load was reached.
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Figure 89 — Single pass scratch test with increasing load from 10N to 60N for the 75%

TiB, content, in the chart black arrows highlight the critical load point

In Figure 90 and Figure 91 which show micrographs of the scratch to this

coating, is possible to see clear spallation ahead of the indenter. As we have

seen before in section 6.1.2 the chipping is associated with the moving indenter.

Figure 90 — Spallation ahead of the indenter highlighted with ared circle the critical load
and in blue circle the spallation for 75% TiB, content
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The crack propagates to the outside of the scratch scar before the stylus

passes. After this, two things can happen: a chip is removed Figure 90 or the

coating is pressed into the substrate surface.

Figure 91 — Spallation ahead of the indenter with coating pressed to the indenter,

highlighted in red.

A similar scratch on a 90% volume fraction TiB,/C coating is shown in Figure

92. The black arrows highlight the critical point, where failure has occurred. The

load required to remove the coating from the substrate was ~15N.
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As can be seen in Figure 93 this results in a mix between two failure modes.
Highlighted in blue is the spallation, similar to that has been seen in Figure 89.
In red it is possible to see recovery spallation, which is related to the chipping
inside the scratch scar.

Figure 93 — Spallation ahead of the indenter with coating pressed to the indenter,
highlighted in blue, and recovery spallation marked in red.

In Figure 94 it is possible to see the adhesion test for the 95% carbon
containing sample. From the friction curve, and its derivative it is clear that the

critical load was reached at approximately 20N.
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Figure 94 — Single pass scratch test with increasing load from 10N to 60N for the 95%
TiB, content, in the chart black arrows highlight the critical load point.

Figure 95 and Figure 96 show the evidence for spallation and recovery
spallation at a 95% volume fraction TiB,. This situation occurs due to the high
level of residual stress present in the coatings. These types of spallation

depend strongly on the degree of coating/substrate adhesion.

Figure 95 — Critical failure point marked in blue, and recovery spallation marked in red.

Also, the extrinsic recovery spallation may be caused by the difference in elastic
recovery of the coating and substrate. In all the cases, recovery tracks were

found with spalling cracks.

e m_-,e;-f,..:-mﬂ é'w-)

Figure 96 — Recovery spallation marked in blue

8.2.2.4 Wear testing

From the bidirectional wear test, the change in friction coefficient (CoF) can be

plotted against the number of cycles (Figure 97 and Figure 99). The wear tests
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were conducted at two different loads, 10N and 20N. The values obtained in

this section are summarised in Table 10.

- o CoF Wear Scar Volume
) Hardness H°/E Critical
Coating (average) (mm3)
(GPa) (average) | Load (N)
10N 20N 10N 20N
50% TiB, 5.1 345E° | m |
75% TiB, 10.9 4.2E” 225+1 0.141 0.133 6.3E" 5.7E"
90% TiB, 14 4.6E” 15+1 0.16 0.36 5.8E" 1.0E™
95% TiB, 17.1 5.0E” 201 0.22 0.5 1.2E7 0.19

Table 10 - Calculated and measured values of the properties of the TiB,/C multilayered

films fabricated in this section

In Figure 97 the data reveals two different parts to the wear test. The first part is

the beginning of the test until 40-45 cycles were it is possible to observe a run-

in period, suggesting polishing wear. From 50 cycles onwards the CoF

stabilizes to a constant value, giving the actual friction coefficient.
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Figure 97- Bidirectional Wear test at 10N load of the TiB,/C multilayers

In Figure 98 it is possible to observe the wear scar left by the WC ball. It is clear

that the scar is quite small in size Figure 98 — a) 46um; b) 148 um. there is no

sign of the film being damaged, even when the load is increased to 20N
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Figure 98- Wear Scar of the bidirectional wear test, a) 10N load b) 20N load of 75%TiB»

In Figure 99 the plots shows the wear test performed at 20N load. The increase
in load reveals that there is a run in period until around 50 cycles and then the
friction coefficient stabilizes, revealing that from the beginning of the test, the
asperities of the coating are compressed to the surface of the coating, acting as
a lubricant. For 90% TiB, (180nm TiB,) and 95% TiB, (190nm TiB,) the coating
stabilizes at a higher friction coefficient after 50 cycles typically 0.45 to 0.5. This
would suggest mechanical damage to these high volume fraction TiB; films at
higher indentation loads.
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Figure 99 - Bidirectional Wear test at 20N load of the TiB,/C multilayers
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In Figure 100 and Figure 101 it is possible to see the wear scar left by the
moving ball at two different loads in samples with 90% and 95% TiB,. In Figure
100 a) and Figure 101 a) there is no sign of damage of the coating. The only
conclusion that is possible to make is that the films possess sufficient lubricating
properties, which can be seen by the low friction coefficient and low wear scar
volume, see Figure 102.

Figure 100 — Wear Scar of the bidirectional wear test, a) 10N load b) 20N load of 90%TiB,

In Figure 101 b) it is possible to see mechanical damage for the test performed
at 20N load. In this case failure has occurred revealing signs of recovery
spallation. This type of failure can also be seen in Figure 101 b). This failure
mode is related to the amount of compressive stress in the film, which can be

explained by increasing content of TiB, and the amount of stress that TiB,

imposes when deposited.

Figure 101 — Wear Scar of the bidirectional wear test, a) 10N load b) 20N load of 95%TiB,
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Figure 102 plots the calculated wear scar volume, which indicated the amount
of material removed during the test. It is clear that as the amount of TiB, and

the test load increases the amount of material removed also increases.
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Figure 102 — Wear scar volume for two different loads during the bidirectional wear test

From this data is possible to see that there is an optimum amount of TiB, and C
which possesses good wear properties, typically 85% TiB, at 10N loads, or 75%
TiB, at 20N loads.

8.2.3. Conclusions

e A range of TiB, volume fractions ranging from 50% to 95% were
fabricated. DC magnetron sputtering was used to deposit 50 layer stacks
of TiB, and C to a total coating thickness of 5um.

e From nanoindentation analysis the harnesses presented variations from
5 GPa for the 50% TiB, ceramic to 17GPa for the 95% TiB, ceramic.

e From the scratch testing with increasing loads from 10N to 60N the
adhesion values measured were between 15N for the 90% ceramic to
22.5N for the 75% ceramic.

e The friction coefficient was tested using two different loads, 10N and
20N. For 75% ceramic containing coating the recorded friction coefficient

was 0.14 for the 10N load, which increased with the increasing ceramic

160



content from 75% to 95%. The testing performed at low loads presented
no signs of spallation or delamination. The high load testing, 20N
presented signs of coating spallation.

The H*/E? reveals a trend, as the ceramic content increases the data the
amount of spread also increases.

When compared to the work done by Silva Cruz [12] the mechanical
properties shows similar effects due to the TiB, volume.

The decrease in hardness is caused by the carbon layers, which is due
to the graphitic layers not acting as load bearing but they act as a

lubricant in the multilayer matrix.
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8.3. (TiB,/DLC, CH,) Reactive atmosphere

8.3.1. Introduction

Surface engineered coatings are used to improve service life and overall
machine reliability. TiB, based coatings have been regarded for many industrial
applications has we have seen in section 3. These films present a drawback
which prevents the use of TiB, coatings in mainstream industry, the brittle
nature of bulk TiB,. Industrial development has brought the need of
development of hard low-friction coatings. The design of coatings that offer the
hardness values offered by TiB, (>40 GPa) with the low friction coefficients
offered by carbon (0.01 — 0.5) are high desirable aspects in the development in
the next generation of multilayered thin films.

As seen in section 4, DLC coatings have been considered for several industrial
applications. By combining the soft - graphitic phase and hard - diamond like
properties of carbon, which can be employed in several applications as we seen
in section 4, ranging from cutting tools [129], magnetic recording hardware [130]

and protection of polymers [131].

Gases containing hydrogen, such as CH,; and C;H,, are used to etch the
graphitic phase, sp? component, and promoting the sp® or diamond-like
component, transforming graphite like films into DLC films. As a result, several
authors like Wanstranda et al [225], Uglov et al [226] have studied the
tribological properties of bulk DLC films, achieving low friction coefficients which
can be improved by the addition of a ceramic (Gilmore et al [115]), or a metal
(Podgornik et al [227]).

By developing multilayer coatings combining the hard TiB, phase with a
lubricating phase of carbon, the brittle nature of bulk TiB, can be overcome.

This section, further investigates the tribological properties of multilayered
coatings of DLC and TiB, which were sputtered in a reactive atmosphere of Ar +
7.5% CH,4 from a graphite and a TiB, target. The multilayers of TiB,/DLC were
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fabricated with a variable layer thickness, keeping constant the bilayer thickness
of carbon/TiB; to a planned thickness of 200nm. The ceramic fractions were
varied from 25% to 75%. In this way, a stack of 10 bi-layers of carbon/TiB; have

been fabricated to a total film thickness of 2um.

The sputtering method used in this section was pulsed DC. As we have seen in
section 1.3.3. Pulsed DC sputtering has been used in the by the coatings
industry mainly in reactive processes. As seen in section 1.3.3, Pulsed DC
presents several advantages when compared to conventional sputtering
techniques (RF and DC sputtering), such as: high process stability, reduced
target poisoning, denser films, high deposition rates [25], higher plasma
densities and electron temperatures at the substrate surface [228] and providing

higher ion fluxes to the growing film [229].

8.3.2. Results and Discussion

8.3.2.1 Raman spectroscopy

In previous section 8.2, carbon was sputtered from a graphite target, in a pure
Ar atmosphere. In this section, carbon has been sputtered in a reactive
atmosphere of Ar + 7.5% CH,. Teii and Jacobsohn [230, 231] have deposited
carbon in reactive atmosphere using hydrocarbon cases in order to modify the
film quality. Figure 103 shows the Raman spectroscopy conducted for the

carbon and TiB, multilayers fabricated in this section of this study.

As seen in section 8.2, the DLC presented a D peak at 1340 cm™ originating
from the A;g mode of the crystal, and a G peak at 1588 cm™* originating from
the Exy symmetry graphite chain [214, 215]. The Ip/lg ratio was calculated using
a Lorentzian fit to the Raman spectrum which had an Ip/l ratio of approximately
1.25 indicating the presence of sp® hybridised bonding at above 50% level in

the coating.
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Figure 103 - Plot showing the Raman spectra of carbon and TiB, sputtered in Ar + 7.5 %
CH,. For carbon, we calculate an Ip/lg ratio of 1.25, an indication of sp3 bonding above 50
%. For the case of TiB,, a weaker Raman peak shows the presence of Ti-B-C, agreeing
with the findings of Prakash et al,[232].

The Raman data detected amorphous carbon, which indicated the formation of
a DLC phase. Figure 103 also plots the Raman spectra in a range from 150 to
2000 cm™ of the TiB, sputtered in a reactive atmosphere of Ar + 7.5 % CHy,

which forms a Ti-B-C phase.

Knotek et al [233] sputtered ion plated TiB; in reactive atmosphere of Ar mixed
with high flow of CH,, ranging from (2x10° — 2x10° mbar). The authors reported
that the TiB, phase formed a Ti-B-C phase. The coatings presented a constant
Ti: B ratio (Ti:B ~2) with the inclusion of carbon atoms interstitially in the TiB,

lattice.

Prakash [232] et al verified similar phenomenon when depositing Ti-B and Ti-B-
C using by plasma immersion ion implantation. The Raman spectra of the Ti-B-
C coatings deposited by Prakash [232] showed a shoulder peak at 1350 cm™
and peak at 1550 cm™ which agrees with the Ti-B-C phase produced in this
section, visible in Figure 103. Prakash [232] concluded that the films deposited

in a CH,4 atmosphere presented a hard Ti-B phase and lubricating DLC phases.
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8.3.2.2 Nanoindentation

The number of layers was reduced to 20; therefore the coating total thickness
was about 2 ym as seen in section 7.2. The nanoindentation performed in the
multilayer coatings is shown in Figure 104. Hardness values of 4.7 GPa were
measured for the 75% carbon content. The coating containing 25% of carbon
presented a hardness value of 3 GPa (extrapolated) while the 50% fraction of
carbon presented a value of 2.2 GPa (extrapolated). These values indicate that
the DLC has a direct influence on mechanical properties. By the observation of
Figure 104, the coating with 75% carbon had behaviour closer to DLC than the
25% carbon fraction. The 50% carbon content showed a small hardness value,
which indicates that the carbon layers have a mixed behaviour between
graphite and DLC.
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Figure 104 - The Hardness of the multilayer films as a function of indentation depth.
For high loads, the Hardness for the 75 % carbon-containing multilayer films is
approximately 5 GPa, which decreases to 2.7 GPa for the 25% carbon-containing film at a
1200nm penetration depth.

As the layers are deposited the interface between the ceramic and the next
carbon layer has more sp? due to the initial bonding between the Ti(B,C) and

the carbon. As the layer builds up the carbon contains both sp? and sp®. The
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reduced modulus values ranged from 40 to 60 GPa for the 50 % and 75 %

carbon-containing films.

The DLC manufactured in this section has been evaluated using Raman
spectroscopy. The sp®/sp? (Ip/lg) ratio calculated from the data was 1.25. This
high ratio shows that the presence of sp?® (Ip) bonds is above 50%, which allows
the carbon layers to act as load-bearing. The deposition of the carbon in a 7.5
% CH,4 atmosphere permits a good chemical adhesion between layers and the
incorporation of sp® bonds, which is related directly with the coating mechanical

properties.

In section 8.2 the carbon and TiB, layers were deposited in a pure Ar
atmosphere which produced graphite like carbon layers with Ip/lg ratio of 1.08
which indicated that the sp® bonding content is below 50%.

For this section the hardness values are dependant on the carbon content,
which lead to a decrease in hardness as the carbon content is increased. The
carbon forms a lubricant phase after the Ti(B,C) phase becomes saturated at
the interface. Carbon deposition in an inert atmosphere leads to graphite (sp?)
like behaviour while the deposition in a reactive atmosphere with a hydro-
carbon gas suppress the formation of sp? bonds and promotes the formation of

sp® bonds.
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Figure 105 — Hardness of the TiB,/DLC multilayer coatings vs the DLC volume fraction at
approximately 1uym indentation depth

In Figure 105 the lowest hardness at 1um depth value (50% carbon) is when
the equiatomic spacing is reached Figure 106 b). The other carbon contents
(25% and 75%) are higher ~3GPa ~ 4.7GPa, respectively. This results from the
predominant carbon bonding with the ceramic layer as it is deposited, which is
shown schematically in Figure 106 a). As the carbon layer is deposited, it forms
a reaction zone of Ti(B,C) with a constant thickness independent of the
multilayer being deposited. Only after reaching the saturation point the carbon
layer will have a DLC phase with the sp? + sp®> amounts seen from the Raman

spectroscopy, Figure 106 c).
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Figure 106 - Schematic of the interfacial zones a) 25%DLC b) 50%DLC c) 75% DLC.
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Figure 107 — Variation of H/E? versus hardness for all the carbon multilayer films
fabricated in this section.

In Figure 107 shows how the ratio H*/E? calculated from the hardness and
reduced modulus values, changes with hardness for the multilayers
manufactured in this section. From the figure a high volume fraction of sp3 (i.e.
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75% C there is an increased spread in the H¥/E? data, which indicates the
carbon manufactured posses load bearing capacities.

8.3.2.3 Scratch testing

In Figure 108 it is possible to determine the adhesion of carbon sputtered in a
reactive atmosphere of Ar +7.5%CH,. In the friction curve it is clear to see that
the critical loads occurs about 28N with signs of Hertzian cracking. Over the
next 10 seconds period the failure mode changes to spallation causing the
removal of the coating from the substrate, highlighted in blue and red in the
Figure 108.
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Figure 108 - Bulk Carbon adhesion testing on Ti sputtered in Ar 7.5% CH,

The failure mode visible in the case when the friction curve has several peaks is

a mixture of failures, related to the nature of the substrate and the coating.
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Figure 109 — Sputtered carbon in reactive atmosphere, showing signs of Hertzian
cracking

In this case it is clear that one of the failure modes involved is Hertzian
cracking, in which the stresses caused by the stylus generate a ring crack.
These cracks propagate and create a network of cracks running from the
surface of the coating to the substrate.

As the test continues loading, pressing the stylus into the coating/substrate,
these crack networks connect when the ring cracks overlap and causes a chip

to be removed.
In Figure 110 the results from a scratch test with increasing load are shown.

The friction curve reveals a decreasing slope (highlighted in red) at first and

then increasing towards the critical load.
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Figure 110 — Single pass scratch test from 10N to 60N on 75%TiB,/25%C contamlng
multilayer coating

This variation in the friction curve is important. It indicates coating fracture as
revealed by the 1% derivative of the friction curve, and also shown by the

acoustic emission these coating fractures occur at ~16N.

In this case the plastic deformation is absorbed by the layered structure at a
critical load and the coatings cracks in front of the indenter (Figure 110 at 16N).
The release in strain energy can lead to spallation of the coating in front of the
scratch track. If spallation does not occur, scratch debris can be compressed

into the scratch scar surface by the action of the stylus.
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Figure 111 —First failure point of 25%C containing multilayer coating marked in red in
Figure 110

As the test progresses and the loads are increasing, the amount of damage is
increased. This causes the coating to further crack and eventually spalls. It is
possible to see in Figure 111 and Figure 112 the onset of this spallation. In this

case the critical load to onset of spalling is about 35N.

Figure 112 — Critical load of 25%C containing multilayer coating marked in blue in Figure
110

In Figure 113 the scratch test of the 50% volume fraction of DLC reveals poor
adhesion. As soon the test begins the friction has a wide variation, and the
derivative from the friction curve shows much scatter. This highlights early

fracture which is further confirmed by the AE results.
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Figure 113 — Increasing load scratch test with increasing load of the multilayer
containing 50%Carbon, with clear signs of adhesion loss, showed in the friction curves
and AE.

In Figure 114 illustrates this coating failure for the increasing load scratch test of
this multilayer coating containing 50% carbon. The figure on the left (highlighted
in blue in Figure 113) shows the first delamination mechanisms are in operation.
The figure on the right shows signs of severe adhesion loss, with a critical load
of less than 15N (highlighted in red in Figure 113), with material being detached

to the sides of the scratch scar.

Figure 114 — Optical micrograph of the multilayer containing 50% Carbon, detached from
the substrate and chipping to the sides of the scratch scar.
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Figure 115 —Scratch test with increasing load for the multilayer with 75% C

In Figure 115, an increase load scratch test of the multilayered coating with
75% DLC, it is possible to see that the critical load is roughly about 15N as seen
in the friction curve, and its derivative for a multilayer with 75% C.

Figure 116 — Scratch test scar with increasing load, from 10N to 60N for the 75% Carbon
containing multilayer, where is clear to see that the adhesion is poor

As a result of this loss of the adhesion the failure mode is very clear as can be
seen in Figure 116. The red arrow indicates the edge of the scratch scar and a
clear sign of recovery spallation. The blue arrow indicates the coating is being

pushed into the surface by the indenter with enough stress generated in the
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edge of the indenter that causes the coating to spall. The green circle indicates

the recovery spallation to the surrounding area of the scratch scar.

8.3.2.4 Wear Testing
Measured coefficient of friction (CoF) for monolayer of carbon and TiB, coatings
are shown in Figure 117. The test has consisted of 50 cycles and show average

friction coefficients values of 0.22 and 0.19, respectively.
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Figure 117 - The variation of the friction coefficient against the number of cycles. The
bulk material of TiB, and carbon was tested over 50 cycles.

In Figure 118 the wear scar for a pure carbon film deposited with the conditions
described in section 7.2 reveals signs of wear, without signs of coating
detachment. The multilayered coatings have a friction coefficient below 0.3.

This value suggests that the coatings have a graphitic behaviour.
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Figure 118 — Bulk Carbon sputtered in Ar + 7.5%CH, fabricated for this study

In Figure 119 the TiB, coating shows signs of wear, the damage shown are not
critical. Inside the red circle it is possible to observe an area with signs of
delamination. Also, the most severe wear zone, inside the wear scar is related
due to a change in loading direction within the test, because it is at this point the
indenter stops, causing a high concentration of stress to be accumulated in that
zone, causing a small part to spall possible due to a change in the CoF at a
constant load.

Figure 119 — Bulk TiB, sputtered in a Ar + 7.5%CH, fabricated for this study. During the
test the load is kept constant and the CoF may change causing an increase in the shear
stress within the film, causing it to delaminate.

This was reported by Meletis [234] which described that during un-lubricated
contact a graphite layer was formed during the test. The friction coefficient for
the coatings with 25% and 75% of carbon was 0.28 and 0.24, respectively after
20 cycles, visible in Figure 120. The coefficients of friction measured in this

section are comparable to other studies such as Gilmore et al [113-115] which
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measured values of 0.2 and Enke [235] which values were around 0,19 similar

to the values measured in section 8.2.

This behaviour of the carbon layers deposited in this section shows that the
layers have both a load bearing properties and a low friction coefficient, whose
values are comparable to graphite based coatings as we have seen in section
8.2.
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Figure 120 - Multilayer films wear test over 20 cycles. All materials show an average
friction coefficient less than 0.3.

In Figure 121 some signs of loss of adhesion within the multilayer coating can
be seen. Highlighted in blue is a region where the layers have resisted the
amount of stress created by the movement of the WC ball, leaving signs of

detached coating and adhered coating inside the scratch scar.
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Figure 121 — Multilayer coating containing 25%C highlighted in blue is a region with
signs of coating removal.

In Figure 122 there is some damage inside the wear scar. In the vicinity of the
wear scar, highlighted in blue, there are signs of recovery spallation providing

evidence sign of residual stress present in the coating.

Figure 122 — Multilayer containing 50% C, with a highlighted region of recovery spallation

In Figure 123 it possible to see the wear scar left by the contacting indenter
after 20 cycles. It is clear that the surface is worn, but the multilayer coating
does not spall. This is a good indicator that the multilayer has a good load
bearing ability and wear resistance. This good behaviour gave an average low

friction coefficient, 0.24.
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Figure 123 — Optical micrograph of the wear scar surface of the multilayer containing
75%C

In Figure 124 the wear scar volumes of the coatings produced for this section

are presented. In the extremes of the Figure are plotted the wear scar volumes

for TiB, and Carbon. These values are relatively low compared with the 75%

carbon containing coating, which is several times higher than the other coatings

produced. Although it has the lowest friction coefficient it presents the highest

wear scar volume which indicates that the coating is capable of sustaining

damage without spalling and provides a lubricant surface.
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Figure 124 — Wear scar volume for the bulk coatings of TiB, and Carbon compared

against the multilayer coatings.
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The 50% carbon containing coating presented a low friction coefficient value

(Figure 120) and the lowest adhesion value (15N) when compared with the

other multilayers. This occurs possibly due to detachment within the layered

structure. The graphite debris lubricates the surface causing the friction CoF to

be low, even though the data from adhesion testing and hardness testing

reveals a weak coating.

8.3.3.

Conclusions

The multilayer produced in this section contained 20 layers of TiB, and
carbon deposited in an Ar + 7.5 % CH,4 atmosphere, using pulsed-DC.
The ceramic percentage was varied from 25% until 75%. The coating
total thickness was 2 um.

Raman spectroscopy identified that the carbon produced was amorphous
with Ip/lg ratio of 1.25.

The multilayer matrix was deposited in a reactive atmosphere with Ar +
7.5% CHy,, from which Ti-B-C was formed at the interface. This interface
contained both a hard phase caused by the ceramic (TiBy) and a
lubricating phase caused by the DLC.

Nanoindentation studies presented hardness variations from 3 to 5 GPa
for the 25% and 75% ceramic containing coating. It was found that the
mechanical properties are influenced by the carbon content in the
coating.

The ratio H¥E? calculated from the hardness and reduced modulus from
the multilayers shows that as the carbon content increases the scatter in
the ratio also increases.

The friction coefficient measured in this section was around 0.3 which is
comparable to that in other studies on monolayer DLC films which
presented values of around 0.2. This is an indicator that the DLC
produced provides load-bearing properties, while maintaining a low
friction coefficient similar to graphitic structure manufactured in section
8.2.
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8.4. TiB, monoliths on powder processed Aluminium (Al) alloys

8.4.1. Introduction

So far in this study, these multilayer coatings have been deposited on tool steel
(AISI 1095) substrates. However over recent years there has been a steady
growth in the number of Al components used in the automotive industry as
these alloys offer low reciprocating mass and high specific stiffness and can be
used to provide increased power output in high performance vehicles or
increased fuel economy for mass-market vehicles. With the widespread use of
key aluminium alloy components, there remains a need to develop high quality,

well adherent, hard lubricant coatings to protect these light alloy components.

This section focuses on the deposition of multilayer coatings of diamond like
carbon and TiB; films on powder metallurgy derived aluminium alloys, primarily,
designed for high strength and fatigue resistance. In this work, DLC films
sputtered in a mixture of Ar and CH, favoured the formation of sp® bonding,
where the H, component of the gas phase suppresses or preferentially etches
the sp? component. The addition of a metal-based refractory ceramic, namely
TiB,, into a multilayer stack further enhances the tribological properties of these
DLC containing multilayer coatings.

8.4.1.1 Wear testing

All wear and adhesion testing was done using a Teer Coatings ST-3001 Tribo
Tester as we seen in section 6.2. Wear testing was carried out using a fixed
WC-Co 5 mm ball slid against a coated test piece. In this study, constant loads
of 10 N and 20 N were applied over a total of 50 and 100 cycles, each cycle

being a linear displacement of 3 mm at velocity of 150 mm/min.
For most sliding contact interfaces the extent of friction is controlled by a

combination of physical, chemical and mechanical interactions at the micro-

contact interface. Physically, the surface roughness is of major importance,
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since rougher surface results in higher ploughing, and hence higher friction.
Chemically, the amount of interactions between the rubbing surfaces may
govern the extent of adhesive bonding across the interface. These chemical

interactions of the coating also influence the friction.
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Figure 125 — Showing the variation of the friction coefficient of the TiB, monolayers
against the number of cycles with a 10N load influenced by the Ti-B-C phase.

When interposed between two sliding surfaces, the film shears with relative
ease, hence providing low friction when coated a hard substrate. For the case
of using an Al Alloy with relative high load (i.e. 10 N, 20 N) from observing
Figure 125 it is possible to observe that for the film produced in Argon there is a
small run in period of 5-10 cycles with a steady increase in the coefficient of
friction. For the Ar + 7.5 % CH, produced film the friction coefficient increases

from the beginning and the curve has progressively increases throughout.
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Figure 126 — Micrograph of a wear scar with signs of visible Hertzian cracking

As is showed Figure 126, the worn coating exhibits a very smooth surface
topography with some signs of Hertzian cracking. The deformation of the
substrate is significant due to the poor load-support capacity of the substrate
and the film deflects in relation to the deformation of the substrate. The
deformation of the substrate would, as a result, add either a ploughing or
hysteresis effect to the measured friction. The repeated deflection of the film
may cause fracture or fatigue cracks that damage the coating and/or the
substrate; in this particular case the coating as shown by the conformal cracking
present in the wear scar. An increase in the film thickness may lead to a
reduction of the substrate deformation and hence the contact area between the
film and sliding ball, providing a more stable friction coefficient.
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Figure 127 — SEM micrograph and EDX spectra of wear scar in the TiB, coating formed in
an Ar + 7.5%CH, with presence of a W peak as a result of material transfer from the
tribotest ball.

Even though not directly observed in these wear test results, it is believed that
the coating wear takes place in two steps; during the running-in period the
surface asperities caused by the deposition technology are polished away
leading to the initial increase in friction coefficient. Then, the wear of the surface
at steady state occurs by smearing out of material from the coating, and transfer
to the WC ball, which works as a counter surface. As we can see from the EDX
spectra, Figure 127, material transfer has occured, as evident by the presence
of W inside the wear scar (the W comes from the WC ball of the tribotester).

The bidirectional wear tests showed that the films deposited using pure Argon

have a low friction coefficient against a WC ball. The variation of friction
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coefficient as a function of sliding distance is displayed in Figure 128 for a 20 N
load. A running-in period of about 10-15 cycles with a higher coefficient of
friction is identified. This high value gradually decreases with increasing cycles,
achieving a relatively steady state at 100 cycles. While the TiB, films deposited
in an Ar + 7.5 % CH, has a steadier initial friction coefficient, up to 20-30 cycles,
which increase thereafter but with a high variability in the coefficient of friction
due to the hard phase of Ti-B-C that can form which leads more Hertzian
through thickness cracking in the wear scar visible by the variation of the friction

coefficient.
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Figure 128- Showing the variation of the friction coefficient against the number of cycles
with a constant 20N load. The experiment in Ar + 7.5 % CH,4 has a clear phase of
variability during the test as a result of the Ti-B-C phase present in these coatings.

As long as this slippery transfer layer is maintained, a low friction coefficient and
long wear life is obtained. The driving force for this smooth material transfer,
instead of third body formation (wear debris), Figure 129, and sheared surface

seems to be the lubricating effect of the film.
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Figure 129 — Wear scar at 20N load showing debris in the middle of the test scar.
The debris is a powder mix between detached coating pieces, and transferred material
from the WC ball

Thus, the adhesive and cohesive properties of the coating control the wear rate.
By observing the edge of the scar optically it is possible to differentiate a band
differentiated by colour, following the whole length of the wear scar. This band
can be interpreted as a gradient in thickness, increasing from the inner side to
the outer side of the scar and indicates that material has been trapped there
during the sliding motion.

8.4.1.2 Adhesion Testing

For adhesion testing, a diamond Rockwell C (0.2 mm tip radius) was employed.
To assess the adhesion quality of the film a group of tests was performed on
the samples. The samples were scratched with constant loads of 2N, 5N, 7N,
10N, 15N, and 20N. The software that controls the tribotester also monitors
certain parameters associated with tribology. The friction coefficient, the load,
the first derivative of the load, and the acoustic emission as a function of time
are all plotted sequentially. This graphical output enables, at a glance, any

changes in coatings performance over time.
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Scratch

Figure 130 — FIB micrograph of 2 N constant load scratch of TiB, sputtered in Ar + 7.5 %
CHg,, presenting signs of substrate deformation caused by Rockwell C diamond tip

As we can see from Figure 130 - Figure 133 it is possible to observe that the
substrate is highly deformed as described before in section 8.4.1.1. The first
signs of coating cracking, at the high bending stress was at 5 N load for both
coatings deposited in pure Ar and Ar + 7.5 % CHa.

Figure 131 — Optical micrograph of 5N constant load scratch of pure TiB, sputtered in
pure Ar, with the initial sign of recovery spallation highlighted in red, in a blue circle
there is a small sign of spallation
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a)
Figure 132 — FIB micrographs of 5 N constant load scratch of TiB, sputtered in pure Ar,
presenting sign of cracking on the edge, and heavy substrate deformation caused by the
diamond tip

From observation of the edges of Figure 131-Figure 135, there is a clear sign of
recovery spallation which is associated with the elastic recovery which occurs
behind the stylus as it travels over the coated surface and depends on plastic
deformation of the substrate which in this case suffers severe deformation. It
also depends on through-thickness cracking in the coating. During the test after
the stylus moves through that region and the surface in unloaded, the elastic

deformation in the coating-substrate system is relaxed.

a) b)
Figure 133 — FIB micrographs of 5 N constant load scratch of TiB, sputtered in Ar + 7.5 %
CHg,, presenting cracks along the scratch scar
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Figure 134 - Optical micrograph of a 7 N constant load scratch presenting signs of
recovery spallation

b)
Figure 135 - FIB micrographs of a 7N constant load scratch of TiB, sputtered in pure Ar,
presenting damage on the edge of the scratch scar
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Figure 136 — Optical micrograph of 7N constant load scratch of pure TiB, sputtered in Ar
+7.5% CH,

Due to plastic deformation in the substrate, which results in the visible
deformation of the scratch region, the substrate is not completely relaxed as
some elastic deformation and residual stress remains. This failure mode leads
to chipping at the sides of the scratch scar, if the interfacial crack propagates to

the outside of the scratch before the stylus passes over it.

a) b)
Figure 137 - FIB micrographs of 7N constant load scratch of TiB, sputtered in Ar +7.5 %
CH,, presenting cracks along the scratch scar and signs of chipping inside the scar
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Once the stylus has reached the spalled region it will either press the coating
back in to contact with the substrate or cause a chip to be removed, particularly
if in the sample there is through-thickness cracking occurring. This chipping is
due to the differential elastic recovery of the coating and substrate.

Figure 138 - Optical micrograph of 10N constant load scratch

a) b)
Figure 139 - FIB micrographs of 10N constant load scratch of TiB, sputtered in pure Ar,
showing signs of coating cracked inside the scratch scar
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Figure 140 - FIB micrograph of 10N constant load scratch of TiB, sputtered in Ar
7.5%CH,, presenting cracks and debris along the scratch scar and the surface

From Figure 138 to Figure 147, it is possible to see the transition between
recovery spallation and gross spallation, present in Figure 142 - Figure 147.
Gross spallation is a very common result if the adhesion is poor or residual

stress in the coating is high.

Figure 141 - Optical micrograph of 15 N constant load scratch presenting signs of
cracking inside the scratch scar

Also this failure mode starts to be seen at a load of 15N. As the diamond stylus

contacts the coating at the start of the scratch, Figure 143-a), or at some point
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along the scratch, Figure 142-a), cracks are formed at the coating-substrate
interface which propagate until the edge of the deformed substrate of the

scratch scar.

10 pm

Figure 142 - FIB micrographs of 15 N constant load scratch of TiB, sputtered in pure Ar,
presenting sign of heavy damage and signs of coating compressed into the substrate

a) b)

Figure 143 - FIB micrograph of 15N constant load scratch of TiB, sputtered in Ar +7.5 %
CHg,, presenting failure and debris along the scratch scar and the surface

Figure 142-b) and Figure 143-b), show greater detail of the cracks that run
along the scratch scar and the deformation by the diamond stylus caused at

end of the test.
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Figure 144 - Optical micrograph of 20 N constant load scratch

100 pm

b)
Figure 145 - FIB micrographs of 20 N constant load scratch of TiB,
sputtered in pure Ar, presenting signs of coating detachment

The cracks may be nucleated at an interfacial flaw or derive from through
thickness cracking. Spallation occurs at high loads (>10N), in which the coating
is detached to minimize the amount of elastic energy stored by the large
compressive stress being created by the moving stylus.
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a) | ’ b)
Figure 146 - FIB micrograph of 20N constant load scratch of TiB, sputtered in Ar +7.5 %
CHg,, presenting failure and debris along the scratch scar and the surface

This also implies poor adhesion, which in this case means that we are above a
critical load for this coating. This leads to semi-circular cracks which propagate
outwards to the side of the scratch scar.

As we can see in Figure 145 and Figure 146 the coating is cracked in a
semicircular shape which propagates outwards from the centre line of the track,
being the detached bits lodged along the surface in the vicinity of the scratch

Scar.

EDX analysis was carried out inside the scratch scar (with signs of recovery

spallation at the darker spots in the scar).
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Figure 147 — SEM micrograph and EDX spectra of the 20N constant load scratch scar in
the TiB, sputtered in a Ar + 7.5 % CH,

There is still some coating left as we can see in Figure 147. The only difference
is that regions where the coating has been removed are low in titanium and
absent in boron evident by comparing the EDX spectra. From Figure 127 there
is a boron spectra present, which is not present in Figure 147, equally the
relative height of the aluminium peak, from the substrate has increased, This
can be explained by the penetration depth of the electrons and sampling
volume (pear volume) of the EDX detector and the fact that the coating is very

thin in the area where spallation has occurred.
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8.5. TiB,/DLC by Pulsed DC in Ar +7.5% CH,

8.5.1. Introduction

In the last decades, there has been a steady increase in the industrial use of
diamond-like coatings for a wide variety of applications, like: cutting tools, wear
resistant parts [236]. As was discussed in section 4, DLC coatings provide an
array of desirable properties like high hardness, low friction, electrical insulation,
smoothness, and good wear resistance [117, 138, 141, 142, 147, 236, 237]. As
it was discussed in sections 8.2 and 8.3, Diamond-like carbon is a combination
of sp® and sp® hybridized bonds. It can also be known as amorphous
hydrogenated diamond-like carbon (a-C:H). The sp?sp® ratio depend of
adsorbed (i.e. chemically bonded and/or mixed) hydrogen atoms [117, 224]. As
described in sections 4, 8.2 and 8.3, the performance of DLC based coatings
depends on the different the bonding structure, the ratio between sp? and sp®
[117]. This can lead to critical failure of the coating limiting the application

range.

In previous sections, 8.2 and 8.3 it was demonstrated that the properties of
diamond-like carbon coatings can be enhanced by the use of a ceramic, in this
thesis TiB,, in a multilayer arrangement. In this section a set of 4 multilayer
coatings was produced with a TiB, and DLC with volume fractions between 5%

and 25% as discussed previously in section 7.2.1.

The deposition chamber used was a Leybold L560 box coater described in
section 7.1. The ceramic component of the multilayers, TiB,, was deposited
using pulsed DC in a pure Ar atmosphere, the deposition conditions were
described in section 7.1. The DLC was deposited using a mixture of Ar + 7.5%
CH, gas using a Pulsed DC generator to ionize the gas.

These coatings have been deposited on Al alloys substrate to improve the

alloys hardness and wear resistance as it was described in section 7.3.2.
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8.5.2. Results and discussion

8.5.2.1 Multilayer Hardness

The hardness and reduced modulus of the TiB,/DLC multilayers are showed in
Figure 148 and Figure 149. In Figure 148 as the ceramic content is increased
form 75% to 95% the hardness also increases from 21.7 GPa to 27.8 GPa. In
this study the composition wavelength (1) was kept constant at 200nm. The
thickness of the individual layers varied form 150nm to 190nm for the TiB;

ceramic with DLC thicknesses decreasing from 50 nm to 10 nm.

Hardness
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Figure 148 - The hardness of the multilayer films as a function of indentation depth. The
hardness for the 5 % DLC containing films is approximately 28 GPa, which decreases to
21 GPa for the 25 % DLC containing film.

From the figure is possible to see a change in slope for coatings that containing
10% and 15% DLC. This change in slope indicates that there is possibly two
different mechanisms occurring, one at low ceramic volume fractions and the
second at high ceramic contents. These mechanisms suggest that the individual
layer thickness is an important parameter and the properties depend less on the

number of interfaces present in the coating.

In Figure 149 it is possible to see that the reduced modulus values are also

influenced by the ceramic content, increasing from 204.6 GPa for 75 % TiB,, to
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279 GPa for the 95 % TiB,. For comparison the reduced modulus of DLC is 162
GPa [238] and sputtered TiB, is 290 GPa. The variation in mechanical
properties depends on the thickness of the individual layers, and also the
number of interfaces present in the coating, which promotes hardening effects

in the coating overall performance [239].
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Figure 149 - The reduced modulus of the multilayer films as a function of indentation
depth. The reduced modulus for the 5 % DLC containing films is approximately 280GPa

The hardening mechanisms, reviewed in section 2 are presented elsewhere
[60, 63, 240]. The Koehler hardening [60] depends on the fact that the
dislocations in the lattice are stopped by the number of interfaces present in a
material, which can explains the difference in elastic reduced modulus. As
discussed in section 5, elastic reduced modulus is a composite modulus which
takes in account the film properties and the indenter properties to reduce the
influence of the contact mechanics between the film and the indenter during a

test, which can induce microplasticity.

Gouldstone et al [241] demonstrated that nanoindentation of a thin film is
composed of purely elastic behaviour with occasional microplasticity.
Microplasticity is the plasticity that exists in points of stress concentrations,

where the rest of the material is in the elastic domain. As reviewed in section 5
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nanoindentation depends on several factors, such as: surface roughness,
residual stress, film thickness, residual stress, type and shape of the indenter
used. The Berkovitch tip, used in the nanoindentation testing throughout this
thesis, can influence the indentation response due to the stress/strain field
caused by the sharp indenter tip [242, 243]. This stress/strain field caused by
the indenter is responsible for the nucleation and motion of dislocations under
the indenter to which expands beneath the indenter with the neighbouring zone

being in the plastic limit [241-243].
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Figure 150 — The calculated H*/E? ratio for the multilayers fabricated in this section

In Figure 150 calculated H*/E? is plotted against hardness for these coatings, it
shows that for the higher concentrations of ceramic, 90% (*) and 95% (*) the

ratio follows a trend. The lower ceramic content 75% (+) and 85% ( * ) presents
a similar behaviour which does not follow any trend. The absence of a trend in
the low ceramic contents can be explained by the formation of a Ti(B,C)

reaction zone with well defined thickness and will be explained in the section
8.6.
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Several authors [124, 125, 230, 244, 245] have studied the deposition of
diamond-like carbon in a reactive atmosphere with a hydrocarbon gas. The use
of a hydrocarbon gas permits the optimization of the diamond-like properties. In
this section the diamond-like carbon was manufactured in a reactive
atmosphere of Ar + 7.5% CH4. The diamond-like carbon was characterized
using the same method as described in section 8.2. The diamond-like carbon
presented a D peak at 1340 cm™, and a G peak at 1588 cm™. The ratio of the
In/lc was calculated using a Lorentzian fit and presented a value of 1.25 which
shows that the amount of sp® content of in the film is above the 50% level. This
spectra is plotted in Figure 151.
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Figure 151- Plot showing the Raman spectra of carbon s?uttered in Ar 7.5 %CHj,.
For carbon the Ip/lg ratio was 1.25 and indication of sp” bonding above 50 %

Figure 148 and Figure 149, shows the hardness and reduced modulus values,
which indicate that the high sp® content in the films, allowing the film to act as
load bearing. The uncoated substrate presented an average hardness value
between 110 - 120 HV. This load bearing capability was also described by
Prakash et al [232], who studied the effect of carbon in a TiB, matrix from which
the authors concluded that the formation of an interfacial layer of Ti(B,C) gives
an increase in load bearing capability, caused by interlayer chemical adhesion
[232].
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8.5.2.2 Scratch testing of a TiB,/DLC Multilayer coating

As discusses in section 6, failure modes observed in the scratch test can
depend on many factors. These are most easily characterised in terms of the
relative hardness of substrate and coating, modulus, thermal expansion
coefficient, roughness, loading rate, scratch speed, tip radius and tip wear [191,
193, 246, 247]. For the case of a typical Rockwell ‘C’ diamond indenter (120°
cone with 200 ym hemispherical tip), scratching soft coatings on a soft
substrate, the test is dominated by plastic deformation and groove formation
and little or no cracking is observed in the coating except at very high loads. For
hard coatings on soft substrates deformation of the substrate is predominantly
plastic whilst the coating may plastically deform or fracture as it is bent into the
track created by plastic deformation of the substrate. Therefore the testing done
in this section was a constant load scratch test using, 2 N, 5 N, 7N, 10N, 15N,
20N, because the high load ranges (increasing load from 10 N to 60 N) would

significantly creat large deformation causing the film to be detached form the

substrate.
Friction vs Time
29
~ 25 hv k1 T 1 T
2 o TPy, ¥t -
§ - y L —— 75 % ceramic
5 & | [l 1l IHI 850 "
L
5 21 ——90% "
= —95% "
S T A,
. T — : T o o
WAL T LT B L L j il j T A
1.7 % i r‘v"\wl
1.5 T T T
0 5 10 15 20
Time (s)

Figure 152 — 2 N constant load scratch friction curve, where the 95 % ceramic shows
failure occurring since the beginning of the test. The other ceramic percentages present
similar behaviour but with no obvious early failure
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From observation of Figure 152, we can see that the behaviour of the low
ceramic fractions is good when compared with the 95 % content film, which
presents a higher friction force (2.3 - 2.5) leading to coating detachment, visible
in Figure 153. At this low load for the 95% ceramic, there is a clear sign of
failure as can see in Figure 153 and Figure 154. In Figure 153 one can see a
FIB channel milled inside the scratch scar, in an area where some coating

detachment has occurred.

For the 2N constant load scratch on the 95% TiB, content on TiB,/DLC
multilayer is observed that as the stylus is dragged across the surface, it
detaches a part of the coating, leaving some coating inside the scratch scar as

it is possible to see from Figure 154.

Det Mag 7 Scan Tit | 01/16/06 | —— 50 pm
CDM-E[1.50 kX| H11.77s| 0.0° | 14:58:56 TiB2 DLC Ch4 190 10
Figure 153 — 2N constant load scratch test of 95% ceramic with a FIB milling inside the
scratch scar, where some layers are removed

Also it is possible to see signs of through-thickness cracking which is related to

the high residual stress level formed after stylus passes over the track. These
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through thickness cracks can lead to spallation. For the 95% TiB,/DLC coating
each TiB; layer is 190nm thick and the DLC layer thickness is 10nm.

From a comparison of Figure 152 and Figure 155 one can see that the shapes
of the curves are similar and the main difference being in the range of the
friction force values in Figure 152 (1.7-2.7) and in Figure 155 (2.2-2.9).

—

Delamination crack

Coating /

Substrate

Figure 154 — Multilayer cross-section of 2N constant load scratch
where cracking runs through the thickness of the coating to the substrate

This increase in friction force range is related to the different applied loading of
the test (2N — 5N), the increase contact area between the indenter and the film
and the response of the coating to the increased applied stress from the stylus.
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Figure 155 — 5 N constant load scratch friction curve with failure occurring in the two top
curves, 85 % and 95 % with a high coefficient of friction

It can be noticed that some coating spallation/bucking occurs at 5N load as can
be seen in Figure 156, and illustrates the response of the coating/substrate to
the stresses generated in front of the moving indenter and in turn to the degree
of through-thickness cracking.

Figure 156 — 5 N constant load scratch of 95 % ceramic in which the coating detaches in
semicircular shape
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The AE signals during this scratch test at loads of 7N and 15N, Figure 157 and
Figure 159, are a measure of the release of elastic energy from the film or from
the interactions between the stylus, the coating and the substrate as a result of

the friction forces, coating cohesion and adhesion.

In Figure 157 and Figure 159 there are some big variations in the AE response,;
those variations (highlighted in the Figures) can be interpreted as being energy
released from the coating due to crack growth/propagation, small jumps are

probably crack growth, while larger jumps are crack initiation and propagation.

The scale of the acoustic emission signal depends on the size of the crack
produced since the energy in the AE signal scales with the energy released in

the process [199].
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Figure 157 — Acoustic emission 7 N constant load scratch where the variations of the
curves are linked with the release of elastic energy from the film or from surface
interactions such as friction and adhesion
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Figure 158 — 7 N constant load scratch of 75 % ceramic in
a failure region where its possible to see a region with removed
coating (edge of the scar) and inside the scratch there is some coating left

In Figure 158 for this coating, at 7N constant load scratch, the area of adhesive
failure is large compared to the area of through-thickness cracks as described
in previous section 8.4; a large variation in the acoustic signal is an indication of

adhesive failure which is visible in Figure 157.

As described previously from the observation of Figure 157 the acoustic
emission at 7N constant load scratch and observing the FIB micrographs,

Figure 160 - Figure 162, clearly show adhesive failure occurring during the test.

From the AE at 15 N visible in Figure 159 and the observation of the FIB
micrographs Figure 160 - Figure 162 we can see that spallation is observed and
the coating is detached in relatively big pieces. This too minimizes the amount
of elastic energy stored by the compressive stresses generated by the moving

stylus as the test proceeds.
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AE vs Time
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Figure 159 —AE 15 N with failure occurring in all the coatings, to highlight the failure of
the 95% ceramic

C 11 T

Figure 160 — 15 N constant load scratch of 75 % ceramic where is possible to observe a

transition zone where there is coating compressed to the substrate (left side) and coating
removal (right side)
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Figure 161 — constant load scratch of 85% ceramic at 15N load where pieces of coating
are detached along the scratch scar length
Due to the high load (15N) in this test, these coatings show adhesive failure;
they are loaded above the critical load which can be visualized in the form of
semicircular cracks, and pieces with semicircular edges which propagate from

the centre of the scratch line to the outside of the scar.
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19(

Figure 162 — 15N constant load scratch where there are visible pieces detached from the
substrate which remained on the surface of the scratch scar
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Figure 163 — Friction curve of 20N constant load scratch where is visible variations of the
friction curve indication severe failure as indicate in the micrograph visible in Figure 164

In Figure 163 at 20N load, one can see that friction forces are very high (5.5-
7.5). This is a clear indicator of coating failure due to the amount of stress
generated during the test. These stresses caused delamination of the coating
from the substrate.
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Figure 164 — 20N constant load scratch where the coating is detached from the substrate
and the damage is propagated to aregion on the outside of the wear scar

Spallation occurs when through-thickness cracks form in regions of high tensile
stress within the coatings then these pre-cracked regions link together. Once a
buckle has occurred ahead of the stylus, the scratch stylus passes over the
failed region and can crush the coating into the surface of the scratch track

formed in the substrate.

H :1.4 43: 4 T 703
Figure 165 — 20N constant load scratch of 85% ceramic where is visible two regions of
failure, compressed coating (left side of the picture) and detached coating (right side of
the picture)
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Coating removal can be enhanced at this point or the failure may no longer be
visible, disappearing completely depending on its size and the toughness of the

coating. This can be seen in Figure 164 -Figure 166.

Figure 166 — Failure on the edge of the scratch from a 20N constant load scratch where
the amount of recovery spallation in the edge of the scar is visible

8.5.2.3 Multilayer Wear Testing

In Figure 167 it is possible to see the evolution of the friction coefficient, which
Is continuously monitored by the friction force between the WC ball and the
sample. It can be seen that all the multilayers with different DLC contents have

a similar friction coefficient.
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Figure 167 — Bidirectional Wear testing of 50 cycles at 10 N loads.

In Figure 168a) and d) It possible to see that cracking occurred from the surface
to the substrate at a 10N load, caused by the deflection of the film as the
indenter passes. As the indenter is dragged across the surface there is
interaction between the surfaces in contact, causing debris to be detached,
visible in Figure 168b). This has a direct influence in the friction values. Figure
168 c) presents a FIB cross section of the coating with a 10% volume fraction

presented no cracking during the test.

In the literature, Podgornik [248] and Erdemir [244] have reported that the
friction coefficients for DLC films varies form 0.01 to 0.5 depending how the
DLC is deposited as well the type of test conditions used. Furthermore,
Podgornik [248] and Qia [128] have reported that in DLC films, the friction
coefficient is limited due to the formation of a transfer film at the interface, which
is easily sheared. The friction coefficients values result form chemical or
physical interactions, such as Van der Waals forces, electrostatic attractions

and capillary forces.
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Figure 168 — FIB milling inside a 10N bidirectional friction test: a) 25 % DLC where
through thickness cracking inside the wear scar propagated to the substrate; b) surface
micrograph of surface cracking of 15 % DLC; c) cross section micrograph of 10 % DLC
multilayer inside the wear scar with no visible damage on the layers; d) cross section of
a 5 % DLC multilayer with crack propagated from surface to substrate.

Donnet [236] has identified the origin of high friction coefficients for
hydrogenated carbon films. It is due to the interaction between the counter
surface and the dangling bonds of the carbon atoms. The deposition of DLC in
a hydrocarbon atmosphere stops the interaction between the counter surface
and these loose bonds, which are reduced by the reaction with hydrogen atoms
present in the reactive gas. This leads to the passivaton of the surface which,
otherwise, would be likely to react with the atmosphere [124, 244, 245].

The worn coatings exhibit very smooth surface topography, Figure 169. The

deformation of the substrate is significant due to the poor load-support capacity
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of this aluminium alloy, thus the film deflects in relation to plastic damage to the
substrate. The deformation of the substrate would as a result add either a

ploughing or hysteresis effect to friction forces.

Figure 169 — bidirectional wear scar of 85 % ceramic content at 10N load with sign of
wear with some visible deformation inside the wear scar

When the wear of the surface achieves a steady state during the test, this is
due to the lubricant effect of the material released from the coating, when
sometimes transfers to the WC ball, where it may work as a contact surface. At
the edge of the scar some debris is deposited during the test. Such debris are
pieces of detached coating and material transferred from the WC ball used
during the test. As we can see from the EDX spectra Figure 170, for the sample
170 nm/ 30nm (85 % ceramic) TiB,/DLC coating material transfer occurs as

evidenced by the presence of W on the edge of the wear scar.
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Figure 170 — SEM micrograph and EDX spectra of wear scar in the multilayer with 85%
ceramic content with presence of a W peak as a result of material transfer from the test
apparatus

From these tests Figure 171 shows that the high percentages of TiB, ceramic in
the TiB,/DLC coatings, with 50% sp® bonding in the DLC, gives a high wear
scar volume; this is measured from the dimensions of the wear scar. It reveals
that for a 20nm difference in layer thickness results in a large effect on the
coating tribological performance. For the high percentages of ceramic the

harder nature of the films is shown to result in a smaller wear scar volume.
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Figure 171 — Wear scar volume for during the bidirectional wear test at 10N load

8.5.3. Conclusions

Multilayer coatings were fabricated with a TiB, ceramic fraction ranging
from 75% to 95% and the DLC varied form 25% to 5% respectively. The
bilayer thickness was kept constant at 200nm. Each coating had 25
individual layers of TiB, and DLC. The TiB, layer thickness varied from
150nm to 190nm and the DLC layer varied from 50nm to 10nm. The
coatings were produced using pulsed-DC magnetron sputtering in a
reactive atmosphere of Ar + 7.5% CHa.

The thickness and quality of the DLC layer influences the mechanical
properties of the multilayer stack. This effect on mechanical properties,
hardness and reduced modulus is due to a change in the chemical
bonding between the TiB, and the DLC, which forms an interfacial layer
of Ti(B,C), and a possible depletion in the sp*> diamond like bonding in
the carbon layers within the multilayer stack.

The hardness values were calculated from the loading portion of load-
displacement curve and presented values of 21.7 GPa to 27.8 GPa for
the 25 % and 5 % DLC containing coatings. The reduced modulus was
calculated from the unloading portion of the curve and present values of
204 GPa to 279 GPa for 25 % and 5 % DLC content. The high ceramic
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contents have a direct influence on the hardness which increases
significantly for coatings with a DLC layers smaller than 20nm,

The adhesion of the multilayers was evaluated by constant load scratch
test, with loads ranging from 2N to 20N. Tensile cracking within the wear
track was observed at 5N and 10N loads. The critical loads for
delamination of the multilayers were around 15N, with signs of spallation
and hertzian cracking.

For the high ceramic content 95% the friction coefficient value was 0.47,
while for the low ceramic content the friction coefficient was 0.43. These
high friction coefficient are caused by the interaction of the loose carbon
bonds with the counter surface, as explained in the work from Erdemir et
al [244] and Donnet et al [245].
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8.6. Summary Discussion

In Figure 172 the values of hardness for TiB,/C multilayer flms manufactured in
pure Ar atmosphere are compared with earlier work from Silva Cruz [12]. Silva
Cruz [12] multilayered TiB, in a Ar atmosphere with a pure metals, Al, Ti and Hf.
The composition wavelength (A) was kept constant at 200nm with a total of 50

layers and a total thickness of 5 pm.
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Figure 172 — Hardness comparison all the Multilayers produced in Ar atmosphere.

The TiB,/C multilayers present a higher hardness ranging from 5.1 GPa for a
50% graphite layer to 17.1 for 5% graphite layer. While the hardness of the TiB,
multilayered with metal present lower hardness values ranging from 6.5 GPa to
14 GPa for TiB,/Al.

In Figure 173 all the values of hardness for TiB, multilayer with carbon (—=—)

and DLC ( —=—, ) films are compared. The DLC manufactured in a reactive
atmosphere of Ar + 7.5% CH,, as discussed in 8.3, present the lowest hardness
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values. This is due to the reduced ceramic fraction (25% - 75%), the nature of
the Ti(B,C) layer formed, the reduction of the number of layers (20) and
therefore the total coating thickness (2um), similar effects are observed in the

reduced modulus, Figure 174.
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Figure 173 - Hardness comparison between all the multilayers with carbon produced.

These low hardness values are due to the coating design, highest carbon
contents. The DLC layer is progressively replaced by an amorphous graphitic
carbon as the carbon thickness is increased, thus the hardness and reduced
modulus are increased due to increased sp® content in the carbon film. In low
ceramic content films which have been deposited in a reactive atmosphere the
Ti-B-C/DLC multilayers does not have a comparable performance to the other
multilayers, TiB,/C and TiB,/DLC deposited on Al alloys. As observed in Figure
173 and Figure 174. The DLC multilayers have a good performance producing
the higher hardness data and reduced modulus data in the high range of Figure
174. This is due to the high quality of the TiB, layers which were manufactured

after the study of different methods of generating the plasma and thus
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deposition. These were compared in section 8.1, and the high quality DLC
layers manufactured in section 8.3. Some scatter is visible in the TiB,/DLC Al
alloy ( *) results are visible and this is due to the very soft substrate used for
coating, which has a reduced modulus of around 100 GPa and had an influence

on the reduced modulus results.
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Figure 174 — Reduced modulus comparison of all the multilayers produced

In Figure 175 the H%E? ratio for all the multilayers produced in this study are
plotted together with the work done by Silva Cruz [12] where is possible to see
graphitic carbon multilayers are not superior to metal multilayers in resistance to

plastic deformation.
The DLC multilayers present by far the higher ratio, as visible in the figure

above. This is due to the optimum deposition conditions of the DLC and TiB;
layers deposited both using pulsed-DC.
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Figure 175 — Calculated H%E? ratio from the Nanoindentation data

Visible in Figure 176 are the cross sections of the 4 multilayer stacks produced
as discussed in section 8.5. The coatings microstructure is very dense and does
not present any signs of delamination from the substrate surface any debonding
in the layered structure. This is an indicator that the interface between the
layers of DLC and TiB; is strong. Thus at the interface level Ti-B-C may form
where it contributes to the load bearing capability and to an extent can provide

lubrication.
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Figure 176 — FIB cross section of the multilayers manufactured in section 8.5

The friction coefficients for all the multilayers produced in this thesis are plotted
in Figure 177. The graphitic multilayers present a low friction coefficient, but as
the ceramic content increases the CoF also increases. This is due to the loss of
lubricant properties of the graphite layers below a thickness of 20nm through
the formation of a Ti(B,C) interfacial layer. As the layers are deposited the
bonding is preferentially done through the Ti component, as the incoming atoms
saturate the interface. A similar effect was reported by Gilmore [113-115]. The
TiB, phase is dominant, thus the multilayer stack loses its lubricant properties,
but retains a high resistance to indentation.

The nature of the lubricant layer can be changed from graphitic to DLC as

reported in sections 8.2 and 8.3, and this gives an increase in the friction
coefficient. This increase in friction coefficient is caused by interactions at the
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DLC interfaces, which may result from various combinations between chemical
or physical interactions as was earlier discussed, before section 8.5. The high
CoF (0.45) presented in these DLC films manufactured in a reactive
atmosphere when a hydrogen rich gas is used. This results by the loose linking
of carbon bonds with the counter surface due to the lack of energy during
deposition. Similar effect was observed by Donnet [236] and Erdemir [244].
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Figure 177 — Average friction coefficient of the Multilayer coatings

These high friction coefficients have a direct impact on the wear scar volume,
Figure 178. Due to the high friction coefficient of the TiBo/DLC multilayers (~0.4)
deposited onto Al alloys, the multilayers present a high wear scar volume, which
is a function of depth of the indenter during the test. As a result the multilayer,
although had a high friction coefficient, presented some signs of cracking but to

an extent that was not sufficiently critical to cause surface delamination.
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Figure 178 — Calculated Wear Scar Volume of the Multilayer coatings.

The wear scar volume of the graphitic multilayers is lower; this is due to the
lubricant phase caused by the nature of the carbon layer. The multilayer
coatings produced in Ar + 7.5% CH,, with the low ceramic content, presents a
high wear scar volume, due to the damage sustained by the surface. This is an
indicator that the coating is capable of sustaining damage without spalling,

providing a lubricant surface.

The values from which the previous plots were made, from Figure 172 - Figure
178 are summarised in Table 11. From the table it is possible to compare the
data according to the multilayer manufactured and the Ip/lg ratio present in the
DLC layer.

From the observation of Table 11 it is possible to see that there are some

variations in hardness. The Ti(B,C)/DLC presented the lower hardness values

due to the coating design configuration chosen for this multilayer, as seen in
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section 7. As seen before in section 8.3 the deposition of TiB, in a Ar +7.5%
CH,4 forms a Ti(B,C) layer as seen schematically in Figure 179 b).

Reduced 32 Critical CoF Wear Scar
) ) Io/lc | Hardness H°/E R
Multilayer Coating ) Modulus Load (average) Volume (mm~)
ratio (GPa) (Average)
(GPa) (N) ["2oN ] 20N | 10N 20N
50% TiB,/ 50%C 51 140,47 345E7 | e | o [ | -
75% TiB,/ 25%C 50% 10.9 138,9922 42E% |225+1(0.141]0.133 | 6.3E" | 5.7E*
< (0}
90% TiB,/ 10%C 14 197,4925 4.6E7 15+1 | 0.16 | 0.36 | 5.8E" | 1.0E*
95% TiB,/ 5%C 17.1 216,3917 5.0E” 20+1 | 022 05 | 1.2E® | 0.19
25% Ti(B,C)/ 75% DLC 4,6 68 0,01 15 P/ R J— 156 | -----mm-
50% Ti(B,C) /50% DLC 2 42,7718 0,0021 <15 0,27 | - 49 | e
75% Ti(B,C)/ 25% DLC 2,7 55,0022 0,0023 25 P 108 | ----eee-
75% TiB,/ 25%DLC >50% 21,7 204,6418 0,28 15 0,43 | - 0,014 | --mm-
85% TiB,/ 15%DLC 23 277,2429 0,2 15 0,45 | ------ 0,03 | -
90% TiB,/ 10%DLC 23,8 197,983 0,26 >20 0,43 | - 0,005 | ----mme-
95% TiB,/ 5%DLC 27,8 279,0559 0,23 15-20 | 0,47 | - 0,003 | ----mmm-

Table 11 — Summary results of the different TiB, multilayers with DLC.

As the sputter deposition of carbon occurs in Ar + 7.5% CH,4 atmosphere, which
forms DLC, there is a reaction zone formed, which is rich in carbon agreeing
with the findings of Prakash et al [232] and Knotek et al [233]. The carbon
preferentially bonds with TiB, forming Ti(B,C), in the presence of CH4 and only
DLC is formed when the Ti(B,C) phase is saturated. Also this Ti(B,C)/DLC
multilayer had a the highest carbon content (75% -25%). The increasing carbon
content provoke a decrease in hardness due to the incorporation of carbon
atoms in the interface between the Ti(B,C) an TiB; as reported by Gilmore et al
[113-115].

This can be seen as well in the TiB,/C multilayer, with the difference that in this
case the DLC layer is replaced by a sputtered carbon layer in an Ar
atmosphere. Forming a Ip/lg ratio below 50% with preferential sp? bonding, due
to the absence of hydrogen in the carrier gas which is known to prefentially
etches the sp? component of DLC [225, 226]. As the ceramic content increases
(TiB layer reduced) and it reduces the proportion of carbon available to form a
DLC layer (sp®+sp®), shown in Figure 179 a).
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The TiB,/DLC deposited onto Al alloys present the higher hardness values, as
we can see from Table 11. These optimum mechanical properties are thought
to be due to the high quality TiB; layer deposited using pulsed DC sputtering, as
reviewed in section 8.1, the high quality DLC layer with an Ip/lg ratio above 50%
and the thickness of the reaction zone between the DLC and the TiB, shown
schematically in Figure 179 c).

Ip/lg <50%

b) TI{B,C]Z ID/IG >50%

c) TiB, In/lc >50%

Figure 179 — Nanolayer schematic of the reaction zones created by the deposition of DLC
with TiB, ceramic, a) Multilayer manufactured in pure Ar, with a Ip/lg ratio <50%. b)
Multilayer manufactured in Ar + 7.5% CH, with Ip/lg ratio >50%. c) Multilayer
manufactured in pure Ar, with a Ip/lg ratio >50% deposited onto Al alloy.

These reaction zones have a crutial part on the overall performance of the
multilayers. They are responsible for assuring a good adhesion between the
TiB, and DLC layers. In Figure 180 it is possible to see a high resolution picture
from the multilayers of TiB, and DLC deposited onto Al alloys. From the figures
it is possible to see graded colouring between the layers. This is thought to be a
Ti(B,C) layer formed during the DLC deposition. The formation of this layer is
due to the preferential bonding between the TiB, with carbon, which
preferentially forms Ti(B,C).
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Figure 180 — High resolution FIB micrograph of TiB,/DLC multilayers, highlighted in white
are the reaction zones which the average thickness is calculated in Table 12, and shown
schematically in Figure 181

In Figure 180, the white lines represent the possible zones formed during
deposition. In Figure 181 a) there is an illustration of the reaction zones, visible
in Figure 180. With a carefull analysis of figure above it is possible to measure

the thickness of the reaction zones and the thickness of the individual layers.
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Figure 181 — lllustration of the reaction zones by the observation of Figure 180.

From the observation of Table 12 it is possible to see the calculated average
thickness of the reaction zones (Ti(B,C) and adjacent layers. The average of the
reaction zones is between 30 - 50nm, measured form high resolution FIB

pictures in Figure 180.

Theoretical
Total thickness
TiB2DLC | TiB, | Ti(B,C) | DLC | Ti(B,C) | TiB2 thickness [Sum of
Al Alloy 1(nm) | 2(m) | 3(wm) | 4(m) | 5(nm) 1+2(;?r:)4+5 A + ceramic
thickness (nm)]
o
150nm+50nm
o
85% TiB>» 83 33 70 30 80 296 370
170nm+30nm
o
0% TiB2 | 155 40 40 30 125 360 380
180nm+20nm
o T
95% TiB,» 125 30 40 50 135 380 390
190nm+10nm

Table 12 — Average thickness of reaction zones calculated from Figure 180 a) and b).

The total thickness values, Figure 181 a) and Table 12, present some scatter,
which can be due to inaccuracies during the measurement from the high
resolution pictures. When compared the total thickness against the theoretical
thickness, Figure 181 b) and Table 12, it is possible to see that the highest
difference between the total thickness and the theoretical thickness are in the
high DLC content (70nm — 100nm). While for low DLC content, the difference is
only (10nm — 20nm). This can be related with the availability of carbon at the
interface and only DLC is formed when the Ti(B,C) layer is saturated with
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carbon atoms, which can explain the high values for the DLC layer visible in
Table 12, and the small variation of the Ti(B,C) values.

From observation of Figure 180, Figure 181, Table 12, and the observation of
the nanoindentation results in Figure 173, the data indicates that as the TiB;
content decreases there will be a threshold in which the deposition of TiB;

multilayered with carbon will result in the formation of Ti(B,C).

In Table 12 it was possible to see that the reaction zone, Ti(B,C) was constant
with values between 30nm — 50nm, with a average value 37.6+ 8.1. In order to
support the threshold of TiB, formation in the presence of carbon, Table 13
presents the values of the experimental composition wavelength (A), which is
calculated from the thickness values measured from Figure 180 and presented
in Table 12. The experimental composition wavelength is calculated by the sum
of half of the TiB, layer the Ti(B,C) layer, the DLC layer and half of the

remaining TiB; layer.

) Experimental )
Experimental - Experimental | 1 ) 2 3 4 ) 5
) composition ) ) TiBo/2 | ) TiBo/2 |
ceramic layer ceramic TiB2 Ti(B,C) | DLC | Ti(B,C) TiB2
wavelength ) (nm) (nm)
(nm) fraction (%) | (nm) (nm) | (nm)| (nm) (nm)
A (nm)
236,5 301 78,5 162 81 48 65 40 67,5 | 135
144,5 213 67,89 83 | 415 33 70 30 40 80
195 235 82,9 125 | 62,5 40 40 30 62,5 | 125
210 250 84 125 | 62,5 30 40 50 67,5 | 135

Table 13 — Experimental ceramic layer, experimental composition wavelength (A) and
Experimental ceramic fraction, calculated from data in Table 12.

From the composition wavelength it is possible to calculate the experimental
ceramic layer which is the sum of the half TiB; layer with Ti(B,C) layers and the
remaining half of the TiB, layer. From these values it is possible to calculate the

experimental ceramic fraction as visible in Table 13.

In Figure 182 is possible to see the experimental volume fraction calculated in

Table 13, plotted with the theoretical volume fractions taken from sections: 8.2,
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8.3 and 8.5. As discussed before, the reaction zone presents an average value
of 37.6+8.1. In Figure 182 the blue and black line are linear fitting to the data.
From the fittings it is possible to see that the lines intersect with the
Ti(B,C)/DLC, indicating that between the two points there is the possible
formation of Ti(B,C)+TiB,.
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2 TiB_/ DLC Al alloys
E 22 v Experimental Volume fraction
@ 20
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Figure 182 - Hardness comparison between all the multilayers with carbon produced
including the experimental volume fraction highlighting the formation threshold of TiB..

From the figure, as the DLC fraction is increased, above 70%, the deposited
layer of TiB, will react with the carbon atoms forming Ti(B,C).
In the threshold zone, bettwen 55% - 70% of DLC fraction, as the carbon
content decreases the Ti(B,C) layer reaches saturation point allowing the
formation of TiB,, therefore there is an increase in hardness.

Over the range of DLC and TiB, layers produced, even though the coatings
presented an experimental composition wavelength and a theoretical
wavelength the reaction zones were independent of the layer thickness with a

thickness of around 40nm as possible to see In Figure 182 and Table 13.
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9. Conclusions and Further work

9.1. Conclusions

The aim of this thesis was to expand the development of a new generation of
multilayer coatings with a hard ceramic, TiB, and a solid lubricant, Diamond-like
carbon to be applied on tool steels and soft substrates, which lack in surface
hardness and lubricant properties.

The following conclusions can be drawn as a result of this study:

e The impact of the deposition technologies in the fabrication of TiB, based
multilayer ceramic coatings has an extreme importance on the
tribological performance of such coatings.

e TiB; films produced using Pulsed-DC magnetron technology have an
optimum damage resillience, allowing the test loads to be distributed
over a wide area, due to the dense and defect free nature of the films
produced.

e The hardness values for TiB, ceramic are dependant on the deposition
methodology used varied between 13GPa and 21GPa for 300W Pulsed
DC, 9GPa and for RF 300W, and 10GPa and 12GPa for the DC, while
the reduced modulus is constant at 200 GPa = 10%.

e TiB;, films deposited with Pulsed-DC plasma process presented good
wear behaviour, small wear scar volumes and no signs of delamination.
Under the same the same testing conditions the films deposited using RF
and DC sputtering presented through thickness cracking and extensive
plastic deformation of the coating and substrate.

e 3 multilayer stacks were produced in this study: The bi-layer thickness
was kept constant at A =200nm.

o TiB,/C deposited in an inert atmosphere with ceramic percentages
ranging from 50% to 95% ceramic, with layer thicknesses ranging

from 100nm to 190nm for the ceramic, and 50 individual layers.
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o TiB,/DLC deposited in a reactive atmosphere of Ar+7.5% CH,4 with
ceramic percentages ranging from 25% to 75%. With 20 individual
layers for each component.

o TiB,/DLC, the ceramic was deposited in an inert atmosphere, and
the DLC was deposited in Ar+7.5% CH4;. The ceramic
percentages were varied from 75% to 95% with 50 individual
layers.

o The multilayer with the ceramic deposited in an inert atmosphere,
and the DLC was deposited in Ar+7.5% CH, presented optimum
optimum hardness values between 21.7 to 27.8 GPa, while the
other multilayers valued ranged for TiB,/C — 5GPa to 17GPa and
the multilayer deposited deposited in Ar+7.5% CH, presented
hardness values between 3-5GPa.

Raman spectroscopy was used to characterize the carbon and DLC
films. The carbon films manufactured in an inert atmosphere presented
an Ip/lg ratio of 1.08. The carbon films sputtered in a reactive atmosphere
with a CH,4 hydrocarbon gas presented a ratio of 1.25. The H component
of the gas results in the etching of the graphite (sp®) bonds, therefore
having a direct effect in film quality and increasing the sp®/sp? ratio.

The hardness of TiB,/C multilayers varied from 5GPa for the 17GPa for
the 95% ceramic, depending on the mode used for carbon deposition.
The hardness values are dependant on the carbon content, and the
allotropic form of carbon deposited. The graphitic nature of the layers
does not act as load bearing but as a lubricant.

Scratch adhesion testing from 10N to 60N presented values between
15N for the 90% ceramic to 22.5N for the 75% ceramic as the critical
loads to coating failure. After testing the films presented a spallation
failure mode due to the stress created ahead of the moving indenter.

The wear testing revealed low friction coefficients of 0.14 for the 10N
load for the 75% ceramic. In this case the friction coefficient increases as
the ceramic content is increased. This coating has the highest carbon
content of those tested.
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The wear testing conducted at low loads (10N), below the critical load for
coating fracture did not showed any signs of coating delamination. The
testing carried out at 20N above the critical load reveals signs of
spallation.

The multilayers manufactured in Ar + 7.5% CH, throughout the whole
deposition process presented hardness values ranging from 3 to 5GPa
for the 25% and 75% ceramic. These low values of hardness are
associated with the formation of Ti(B,C) reaction zone rather than TiB; as
the ceramic phase.

The nature of the DLC produced gives the film load bearing properties,
maintaining a friction coefficient comparable to a graphite layer.

The multilayer coating deposition in a periodically switched environment
produced significantly harder multilayers. The ceramic, TiB, was
deposited in an inert atmosphere while the DLC was deposited in a
reactive atmosphere of Ar + 7.5% CH,. The hardness values measured
using nanoindentation presented values of 21.7 to 27.8 GPa for the 25%
and 5% DLC containing coatings.

In all multilayered coatings an interfacial layer of Ti(B,C) is formed at the
interface between the TiB, ceramic and DLC layer. Its extent depends on
the processing conditions used.

On the powder processed Al alloy due to the soft nature of the substrate,
a constant load scratch test had to be used with loads from 2N to 20N.
Tensile cracking was observed in all the multilayers. The critical loads
measured were still around 15N - 20N. Friction coefficients between 0.43
and 0.47 were measured, which is belived to be due the interaction of
loose carbon bonds with the counter-surface. Hardness values depend

on processing method but were up to 27.8 GPa.
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9.2. Further work

The following investigations are suggested:

e The deposition of TiB; films in a heated environment in order to produce
crystalline films, hence changing the structure/mechanical properties.

e Annealing treatments of coatings deposited at low temperatures may
improve the interface strength and crack propagation properties.

e As shown in literature the DLC produced by PVD is limited in thickness
and mechanical properties. Research work has proven that the CVD

process is a well known route to produce thick high quality DLC films.

e The multilayering of pulsed-DC sputtered TiB, in a mixed PVD/CVD
reactor as a production method of superior DLC properties, in the

ceramic/DLC multilayers.
e TiB, has been employed as an erosion resistant coating multilayered

with a variety of metals. No work has been done in the multilayering TiB,

and artificial Diamond as an erosion resistant coating.
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