Sheffield
Hallam
University

"OHIS%& (! " " “"#



http://shura.shu.ac.uk/information.html




# $%&"1(#%

))23 4. 2

(% 1))

6 - i)
- * 7
))2.
89 * * 1 /1
.%. ; <=
! ! 0 ! <8 =>

*&



The Structure and Control of Ti,N phases
Produced by Unbalanced Magnetron Sputtering

Shicai Yang

A thesis submitted in partial fulfilment of the requirements
of Sheffield Hallam University for the degree of
Doctor of Philosophy

September 1997

Collaborating Organisation:
Surface Engineering Laboratory






Advanced Studies

As part of my research studies I attended a number of both formal and informal
research seminars presented at Sheffield Hallam University by discussion with
academic staff from the Materials Research Institute and School of Science. I have

also attended the following conferences and workshops.

» Hard Coatings by PVD Methods and Evaluation Techniques Work Shop, October
1992, Sheffield Hallam University

o 22" International Conference on Metallurgical Coatings and Thin Films, April

1994, San Diego, California, United States of America
* The First Sheffield ABS Days, May 1995, Sheffield Hallam University

o 4™ international Conference on Advances in Surface Engineering, May 1996,

Newcastle upon Tyne, UK
*The Second Sheffield ABS Days, July 1996, Sheffield Hallam University

e The Institute of Physics Annual Congress on Surface Engineering: Fundamentals to

Applications, March 1997, University of Leeds

e The Third Sheffield ABS Day Congress, May 1997, Sheffield Hallam University



Acknowledgements

The author is grateful to the following people and collaborating establishments for
their helpful discussion and advice, especially to the supervisors for their red pen and

utmost solicitude during the period of study.

¢ Dr. B. D. Lewis, Dr. J. Cawley, Professor J. S. Brooks, Materials Research Institute,
Sheffield Hallam University, UK

* Dr. G. William, Electronic Department, University of Sheffield, UK

* Dr. I. Petrov, University of Illinois at Urbana-Champaign, Urbana, USA

e Dr. Ton Hurkmans, Hauzer Techno Coating Europe

e Mr. R. Day, Mr. G. Robinson, Staff of Surface Engineering Laboratory, Materials
Research Institute, Sheffield Hallam University, UK

* Mr. R Wainwright, Machine Tools and Manufacturing, School of Engineering,
Sheffield Hallam University, UK

e Dr. L. Donohue, Dr. M. Ives, Dr. 1. Wadsworth, and the research students of
Materials Research Institute, Sheffield Hallam University, UK

e Research Student Bursary of the Materials Research Institute, Sheffield Hallam

University, UK

Finally I would like to thank my wife and my son for making me laughing from hard
working, and thank my mother for her constant contribution and selfless devotion

throughout my life, education and research.



Contents

1. Abstract=-=---====s=s=scucecucnnanan -6
2. Introduction -- 7
2.1 Hard coatings on the surface of materials 7
2.2 Technique to produce hard coatings 7
2.3 Summary of the work 9
References 11
3. Literature review mmeeemeemesesesemsmmsmsems—see————— 13
3.1 Glow discharge plasma 13
3.2 Sputtering and related events 16
3.3 Sputtering deposition techniques 19
3.3.1 D.C. diode sputtering 19
3.3.2 DC triode sputtering deposition 22
3.3.3 Magnetron sputtering deposition 23
3.4 Unbalanced magnetron sputtering deposition 25
3.5 Multi-cathode deposition system 27
3.6 Reactive sputtering 29
3.7 The principle of the film deposition 32
3.7.1 Nucleation and growth 32
3.7.2 The microstructures of the sputtering-deposited film 34
3.7.3 Characteristics of films 36
3.8 Hard coating systems 41
3.8.1 Classification of hard coatings 41
3.8.1.1 The first generation of hard coatings 41
3.8.1.2 The second generation of hard coatings 43
3.8.1.3 The third generation of hard coatings 45
3.8.2 TisN coatings 47
3.9 Summary of this chapter 51
References 52
4. Experimental Techniques- ---- 58
4.1 Coating system 58
4.2 Coating procedure 61
4.2.1 Sample preparation 61
4.2.2 Coating procedure 62
4.3 X-ray Diffraction (XRD) 63
4.4 Scanning Electron Microscope (SEM) 67
4.5 Glow Discharge Optical Emission Spectrometer (GDOES) 69
4.6 Adhesion measurement of hard coatings 71
4.6.1 Scratch adhesion test 72
4.6.2 Rockwell indentation adhesion test 74
4.7 Hardness measurement of hard coatings 75
4.7.1 Hardness test using Vickers indentor: 75
4.7.2 Hardness measurement using Knoop indentor 77
4.8 Roughness test of coatings 78
4.9 Thickness measurement of coatings 80
4.10 Preparation of samples for analysis 81
4.10.1 Fracture cross-section for analysis of scanning electron microscope------ 81
4.10.2 Cross sectional preparation for transmission electron microscope-------- 81
References 83



5. Process study of TiCN hard coatings 84

5.1 Experiment arrangements 84
5.2 Hysteresis TiN coating process 84
5.2.1 Ny partial pressure and titanium plasma density dependent on Ny flow rate-86
5.2.2 Concentration depth profile of the stepwise films 88
5.2.3 XRD analysis of the stepwise TiN films 89
5.2.4 SEM results 91
5.2.5 Discussion hysteresis TiN coating 92
5.3 Hysteresis TiC coating process arrangements 93
5.3.1 Specimen preparation and experiment parameters 93
5.3.2 Methane partial pressure dependent on CH4 flow rate 93
5.3.3 Concentration depth profile of hysteresis TiC coatings 94
5.3.4 XRD results 95
5.3.5 SEM results 97
5.3.6 Discussion hysteresis TiC coating 98
5.4 TiCN Coating 99
5.4.1 Experimental parameters and arrangement 99
5.4.2 The variation of No/CHy4 pressure ratio dependent on N»/CH4 flow ratio--- 100
5.4.3 Composition dependent on the reactive gas pressure ratio 101
5.4.4 Hardness results 102
5.4.5 XRD results 104
5.4.5.1 TiCN coatings deposited at 240°C 104
5.4.5.2 TiCN coatings deposited at 340°C 109
5.5 Triple layer TiCN coating 114
5.5.1 Experiment 114
5.5.2 GDOES result 115
5.5.3 XRD result 116
5.5.4 SEM and hardness result 117
5.6 Discussion of chapter 5 117
5.7 Conclusion of chapter 5 119
References 119
6. Uniform Ti-N coatings deposited at 350°C meesmememneana- -- -130
6.1 Experimental parameters and arrangement 130
6.2 Results of composition dependent on nitrogen partial pressure 131
6.2.1 Stepwise coating 131
6.2.2 Uniform Ti-N coatings 132
6.3 XRD analysis of the coating 133
6.3.1 Compositional Stepped Coating 133
6.3.2 Coatings of Uniform Composition 135
6.4 Thickness and hardness results of uniform Ti-N coatings 141
6.5 Scanning Electron Microscopy 141
6.6 Investigation of cutting test of the coated high speed steel drills 142
6.6.1 Composition and phase analysis of the coatings using GDOES and XRD--- 142
6.6.2 Physical properties of sub-stoichiometric Ti-N films and drilling test-------- 143
6.7 Discussion of chapter 6 144
6.8 Conclusion of chapter 6 147
References 148
7. Process study of static Ti-N coatings deposited at 480°C 156
7.1 Experimental arrangement of the static deposition process 156
7.2 Experimental results 157
7.2.1 Composition dependence on the nitrogen partial pressure 157



158

7.2.2 Crystal phases dependent on composition of the coatings

7.2.3 Thickness, micro hardness, and adhesion measurement
7.2.4 Surface roughness dependence on composition of the films

166
169

170

7.3 Discussion of chapte 7

172

7.4 Conclusion of chapter 7

173

References

8. Investigation of €Ti,N films using substrate table rotation

181
181

8.1 Experimental arrangement

182

8.2 Composition and hardness as a function of substrate rotation

8.3 Crystal phase dependent on nitrogen gas flow and substrate rotation-------------

184

8.3.1 X-ray diffraction pattern from coatings using 70 sccm nitrogen gas flow rate-- 184
8.3.2 X-ray diffraction pattern from coatings using 75 sccm nitrogen gas flow rate-- 188
8.3.3 X-ray diffraction pattern from coatings using 80 sccm nitrogen gas flow rate-- 192

8.4 Cross sectional structure of the €TigN films 198
8.4.1 Cross sectional analysis using SEM 198

8.4.2 Cross sectional investigation using TEM 198
8.4.2.1 Results from sample deposited using three fold rotation-------------- 198

8.4.2.2 Result from sample deposited using one fold rotation----------------- 203

8.5 Discussion of chapter 8 206
8.6 Conclusion of chapter 8 210
References 211
9. Investigation of practical applications of €Ti;N films-- 223
9.1 Result of using pin-on-disc sliding wear test 223
9.1.1 Experimental program 223

9.1.2 Result of pin-on-disc sliding wear test. 224

9.2 Result of thermal stability of €Ti2N film 226
9.3 Electrochemical corrosion test of the €TigN film 229
9.3.1 Experimental 229

9.3.2 Result of electrochemical corrosion test 230

9.4 Investigation of the practical performance of the €Ti2N coated drills---------------- 233
9.4.1 Result of drilling test using simple cooling 234

9.4.2 Result of drilling test using enhanced cooling 237

9.5 Discussion of chapter 9 240
9.6 Conclusion of Chapter 9 241
References 242
10. Discussion and conclusion of the deposition of pure €Ti,N films----=-=-=-z--- 243
10.1 Discussion 243
10.1.1 TiCN coatings 243

10.1.2 Ti,N coatings 243

10.2 Conclusion 246
10.3 Future work 246
References 247
Appendix 1 -- mee- - -248



1. Abstract

Physical vapour deposition (PVD) techniques used for the application of advanced surface
engineering materials have been developed over many years, but only in about the last 10
years has the unbalanced magnetron sputtering (UBMS) PVD technique been developed and
emerged as one of the most promising techniques for depositing reliable and high quality
films used in industrial production.

Hard coatings have been studied for many years for the purpose of improving the
performance of various tools, mechanical parts, and engineering components. The most
studied binary hard coatings (such as stoichiometric titanium nitrides and titanium carbides)
and the ternary hard coating (such as titanium carbonitride) have been developed for wear
resistance for many years. Although many investigations have been made into the production
of coatings with stoichiometric phases, it is both scientifically and commercially interesting
to investigate the production and reproducibility of the pure titanium sub-nitride TipN films.

The first results in chapter 5 describe work carried out to investigate the effect of nitrogen
and carbon concentration within the films and was a prelude to the main activity of the
development of TisN films using commercial conditions.

The work for TipN was carried out without substrate rotation in the UBMS coating process.
The static deposition processes were studied to give a better understanding of the effect of
partial pressures on the compositions of the Ti-N films. The phase development as a function
of the composition of the films was investigated. The main contribution during this procedure
was to achieve a suitable range of nitrogen partial pressure by which the films containing
pure TisN phase were produced using a UBMS deposition technique. The nitrogen content of
the film was very sensitive to variation in nitrogen partial pressure and the nitrogen
concentration influenced the phases developed in the films. The reproducibility of the pure
TipN phase was also discussed in this initial work.

A series of extensive experiments were conducted to investigate the formation of TipN phase
in the UBMS deposition processes using one to three fold rotations. The nitrogen partial
pressure of the deposition process was basically determined from the results of the initial
work. The effect of substrate rotation on the film composition during processing was studied.
In general the film deposited using substrate rotation consisted of different composition using
the same chamber condition in one process in which the nitrogen content of the coating
increased from one fold rotation to three fold rotation. The film containing dominant €TipN
phase could be produced on a sample using three fold rotation in a process whilst the
multiphase compositions (aTiN ; + €TisN) were developed on the sample using the one and
two fold rotations in the same process.

Characteristics of the €TipN films and the films containing multiphase compositions were
investigated using transmission electron microscopy (TEM), scanning electron microscopy
(SEM), glow discharge optical emission spectrometer (GDOES), X-ray diffraction (XRD),
and a variety of mechanical testing instruments. The €TipN films have very smooth surface,
very dense and fine columnar structure, relatively high hardness, and excellent adhesion with
the substrate. The drilling tests using coated high speed steel drills compared the coatings
containing €TipN phase with those containing a single TiN phase and showed excellent wear
resistant results.



2. Introduction

2.1 Hard coatings on the surface of materials

For many years, people have been looking for materials which have low wear rate,
corrosion resistance, and attractive appearance. It was made clear by some
researchers(1:2:3:4.5.6) that the protection of materials by hard coatings is one of the most

important and versatile means of improving component performance.

Hard bulk materials, such as ceramics, are relatively brittle, as indicated by their low
transverse rupture strength; therefore their use for abrasive wear application is limited
because of the necessity for both hardness and toughness. This problem can be
addressed by depositing hard coatings on ductile bulk materials.The coated high-
speed steel drills®, for example, have both increased tool life and achieved higher
cutting speed than the un-coated drills. In fact, hard coating and substrate can be
designed as a composite producing excellent performance which can not be obtained

by either coating or substrate alone?.

2.2 Technique to produce hard coatings

Hard coatings can be produced by a number of techniques; vapour deposition, for
example, is one of the most developed techniques. Many advanced techniques are
combined in the vapour deposition process. In general, the coatings are produced in a
vacuum chamber and glow discharge plasma is used in order to improve the coating

properties.

The vapour deposition process can be divided into chemical vapour deposition (CVD)
and physical vapour deposition (PVD). In the CVD process1%11.12) the coating
materials are thermally decomposed and chemically reacted with other gases or
vapours to form a film on the hot substrate surface. The CVD process can produce a
wide range of coatings with excellent adhesion at moderate deposition rates. However

the process must be performed at a relatively high temperature, which limits the



application to certain substrate materials, such as high speed steel, because of its high

deposition temperature of 1000 °C.

In the PVD processt!31415, the chamber is under vacuum conditions and the glow
discharge plasma is one of the techniques used in the process. The basic PVD process
techniques include evaporating and the sputtering process. Each technique can be used
in some specific condition and has its own special process parameters. The PVD

family tree is given in Fig 2.2.1 to facilitate evaluation of the PVD techniques.

Many natural materials can be deposited on the surface of various solid substrates by a
PVD process in which the coating is produced by condensation of atomic vapours in a
high vacuum on to the substrate surface. In the glow discharge process, ion beam
techniques can be used to increase the kinetic energy of the coating particles, which
produces excellent adhesion and improves chemical reaction without a high substrate
temperature (less than 500°C). Magnetron technology is also widely used where
enhanced ionisation is produced®. Therefore PVD process, TiN phase formed by
reactive ion plating for example, with application of glow discharge and ion beam
techniques is extremely versatile in the composition of coatings and substrate

materials(17,

The PVD Family Tree]

| Sputtering | I Evanration|

[Diode] [Triode] [Magnetron] [fonbeam] [Resistive] [Ard [Inductive][ e-beam]
|

[Conventional] | Unbalanced | | Steered | | Random |
| |

| Arc-Bond sputter |

Fig 2.2.1 The PVD family tree



Deposition by evaporation is a process in which the vapour of coating atoms is
produced from the surface of liquid or solid materials by means of joule heating which
can be conducted by resistive, arc, inductive, and electron beam heating. The vapour

can be deposited onto the substrate to form a film.

Sputtering deposition is one of the most studied PVD processes(!8:19 and is widely
used for industrial application. In the sputtering deposition procedure the target
surface is under bombardment of energetic particles such as ions and neutrals, then
target materials, mainly atoms, are ejected in the process of momentum transfer.
Therefore films can then be formed by the ejected atoms on the substrate surface
which is placed facing the target. One of the most optimised sputtering deposition
process involves use of unbalanced magnetron sputtering techniques0:21,2223.24) and
recently the combination of unbalanced magnetron sputtering and steered arc
evaporation techniques has made a good contribution to industrial coating

techniques®3.

2.3 Summary of the work

The work reported here, some TiCN, but primarily the Ti-N coatings (especially Ti,N
films deposited using an UBMS deposition technique) were considered for the study
of the fundamental coating process. The aim is to investigate the effect of process
parameters such as reactive gas partial pressure, temperature, and substrate table

rotations, on the composition and properties of the coatings.

It is known that binary TiN and TiC coatings(26:27:28.29.3031.32) can be deposited on
various substrates to improve wear and corrosion resistance. But the use of binary TiN
and TiC was limited in some extremely high load and high temperature applications
due to problems of brittleness, hot hardness, and thermal stability. In some recent
reports(33:3435.36) ternary TiCN was considered to improve the performance of

coatings which can not be achieved by either the binary TiN or the binary TiC alone.



Therefore, the work was started to investigate the process parameters by which TiCN

hard coating can be produced.

As the interesting Ti,N phase was found in the initial TiCN work, the research
direction of this project was changed to study Ti-N films instead of TiCN coatings.
The major work is focused on studying the effects of nitrogen partial pressure and
substrate rotation on the phase compositions of Ti-N films in order to find process
parameters to produce pure TipN phase with sufficient reproducibility. It is very
useful to obtain the process parameters by which the pure TipN coating can be
produced with sufficient reproducibility in order to make commercial application

possible.

Analysis and characterisation have been carried out throughout the whole work.
Scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-
Ray diffraction (XRD), glow discharge optical energy spectrometry (GDOES),
Scratch, Rockwell, Vickers hardness, Roughness, calotest for thickness, wear resistant
test, thermal stability and corrosion-erosion resistant test etc. have been used to
establish the coatings produced and the properties of the coatings. The practical
industrial application of the TioN films has been carried out using a milling machine
to test the coated high speed steel twist drills on the cast iron by dry cutting and on the
austenitic stainless steel by wet cutting. The optimised process parameters were

discussed in terms of the quality of Ti,N films produced.
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3. Literature review

3.1 Glow discharge plasma

A plasma is a medium containing ions and electrons characterised by charge
neutrality. It is increasingly employed in industry process, in particular in sputtering.
One of the techniques for producing plasmas is to apply a high voltage to electrodes
within a vacuum discharge chamber™. The simplest electrodes are arranged as
cathode and anode to provide a d.c. potential which ionises the gas under certain
chamber conditions, known as d.c. diode glow discharge. The procedure of d.c. glow
discharge can be described by the level of the potential between the electrodes
against the level of the current as shown in fig 3.1.1, which gives a number of states

of voltage dependence on current level.

b8
1000 -
gg) 800 I Abnormal glow
-
S Townsend
2 600 |- discharge
g l Normal glow
%] -
A 400
Arc
200 - Non selfsustained /
discharge
| 1 | ! ! l l !

16%° 10° 1072 10
Discharge current (A)

Fig 3.1.1 Diode glow discharge procedure: voltage/current relation

When the current is at a very low level, the amount of ionisation is not high enough to

sustain the discharge unless some external energy is used to produce more ionisation,
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and this region is known as non self-sustained discharge. If the voltage applied
between the electrodes is sufficiently high, the electrons emitted by the cathode can
obtain sufficient energy to produce more ionisation (breakdown) which causes the
discharge to become self-sustaining; this region is known as Townsend discharge(z).
There is no appreciable space charge between the anode and cathode in the Townsend
discharge and the electric field is more or less uniform across the electrodes. However
if the discharge current is allowed to increase by increasing the dissipated power, the
ions begin to collect near the cathode to form a localised space charge, which results
in more energetic ion bombardment on the cathode. As there are more secondary
electrons emitted from the cathode, the wholly maintained glow discharge is achieved
accompanied by a fall of the voltage to a minimum. This region is defined as the
normal glow discharge, which gives a few distinct regions between the electrodes of

the discharge chamber as shown in fig 3.1.2

Cathode dark Pazitive Anode

Aston dark space Negative column glow
space Cathode | oo,
nglr l Faraday

darke zpace
L

Net space
charge

Fig 3.1.2 Physical regions in glow discharge

Directly adjacent to the cathode is the Aston dark space, where electrons leave the

cathode with a very small initial energy which is not high enough to cause gas

14



excitation. The next is the cathode glow region caused by neutralisation of the
positive ions as well as the negative ions. Beyond the cathode glow region is the
cathode dark space in which positive ions are accumulated to form space charge.
Most of the voltage is dropped in this region to provide the accelerating force driving
the ions to the cathode. The thickness of this region is approximately the mean
distance travelled by a secondary electron from the cathode before it makes a
ionisation collision. The secondary electrons produced by ion bombardment on the
cathode are accelerated in the cathode dark space to obtain sufficient energy to cause
ion-electron pairs (plasma) which result in the formation of a negative glow region
next to the cathode dark space. The electrons eventually lose most of the energy by a
series of ionisation and excitation collisions, and finally no longer make any more
ions. Since no more ions are produced, the electrons begin to accumulate in this
region to form a slightly negative space charge. The next regions are the Faraday dark
space, positive column, anode dark space and anode glow. However for sputtering
process the space charge free positive column, the actual plasma expands through all

rest of the vacuum chamber.

In the state of normal glow discharge for argon, the thickness of cathode dark space
(pd) is 0.3 torr centimetre, which is independent of discharge current®. In the normal
glow state the cross section of the glow does not cover all of the cathode area, as the
current density is too low for a sufficient sputtering rate, and the potential is also too
low to produce high sputtering yield. When the power dissipation is continually
increased, the glow will eventually cover all the complete cathode area and the
current density begins to increase with the voltage. This state is defined as abnormal

glow discharge in which the thickness of cathode dark space can be expressed as:

BF
pd = A+ 3.1.1

V-E

where A, B, E, and F are constants dependent on electrode material and geometry, as

well as the gas composition. In the abnormal glow state, high electric field and high

15



current density result in a large number of energetic ions bombarding the cathode and
therefore, the sputtering yield and sputtering rate are high enough to deposit film
efficiently. It is for this reason that most of PVD sputtering deposition systems
commonly employ abnormal glow discharge(‘”. If the voltage increases even more,
the cathode dark space will decrease in size, and the current density will rise to
accelerate ions to energy levels high enough to cause emission of thermal electrons
from the cathode accompanied by a large drop in voltage. This state is known as arc

discharge.

In an arc discharge, the cathode (target) is bombarded by an high current density and
low voltage arc which produces cathode spot (a small active emitting area on the
target surface) randomly moving across the target surface if no external magnetic
field is added. This is known as the random cathode arc. The cathode spot produces a
high speed plasma jet which contains a high proportion of multiply charged ions,
besides neutral particles and macro droplets of the evaporated target materials®*®. A
technique has been developed to use external magnetic field in order to control the
movement of the cathode spot. The external magnetic field can be produced by either

49 arranged behind the

the permanent magnets array” or the electromagnetic coils
cathode. Therefore the cathode spot is steered according to a predetermined orbit.
This is known as the steered cathode arc. The steered arc has advantage on the
reduction of the macro droplets and efficient use of the target materials as compared
with the random cathode arc and therefore the steered arc technique is very

commonly used in the commercial PVD systems.

3.2 Sputtering and related events

Sputtering is an atom separation process in which the surface of the target is
undergoing energetic particle bombardments resulting in materials being ejected from
the target surface due to the momentum transfer between the incident particles and the

(11)

atoms on the surface of the target. Grove" " was the first person to find the sputtering

16



phenomenon using a glass discharge tube in which the cathode material was

discovered deposited on the surrounding glass wall.

The erosion of target material in sputtering is measured by sputtering yield (Y). Y is
defined"® as the mean number of removed atoms from the surface of target per

incident particle:

removed atoms
Y="7— ; 3.2.1
incident particles

The incident particles may be ions, neutral atoms, neutrons, or electrons as well as
energetic photons. However the measurements of Y are generally made using ion
beam techniques which supply the desired ions with a certain energy since they are
easy to produce and accelerate in glow discharge. For the necessary technology to

produce a well defined ion beam the reader is referred to Freeman?,

The sputtering yield is a function of the energy of the incident ions(m. When the
energy of an ion is increased from a threshold energy (about 10 to 30eV), the
sputtering yield rises rapidly. From about 100eV upwards, the sputtering yield
increases almost linearly with increasing ion energy; at the same time the values
begin to be large enough for deposition of films“S). The sputtering yield can be -

(16)
expressed  as:

_3AaE;

=70 3.2.2

where E; is the energy transferred in a binary collision, « is a function of the colliding
atom masses, }»=4mmi/(m+mi)2 and U is the surface binding energy of the target.
When the ion energy is increased even more, the dependence of Y on the incident
energy is less than linear and this is associated with increasing penetration of the
incident ion which reduces the sputtering effect and thus decreases the sputtering

yielding. The sputtering is also dependent on the angle of the incident ions as shown

17



in Fig 3.2.1 where 0 is measured from the surface normal of the target. In general, the
yield reaches a maximum at an angle 6,,,, which is between 60° and 80° dependent
on incident ions with a certain energy and the target materials. For large angles, the
yield decreases rapidly due to the increase in reflection as the direction of incidence

approaches the glancing angle.

Fig 3.2.1 Sputtering yield dependence on ion incident angle

During a sputtering process, it is estimated that only up to 1% of the incident ion
energy is consumed to produce ejected atoms and secondary electrons, while 75%
contributes to target heating, and the remainder is associated with accelerating the
secondary electrons crossing the dark space and then dissipated through collision with
the substrate. The impinging of incident ions resulting in a series interaction

17 25 shown in Fig 3.2.2, which includes liberation of

occurring at the target surface
neutral atoms, back-scattering, X-ray emission, photon generation, secondary electron
emission, and desorption of gas atoms from the target surface. Several processes
occurring in the target include amorphisation, implantation, compound formation,

cascade generation, local heating and the creation of point defects.
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Fig 3.2.2 Interaction between incident ions and surface atoms of the target

The sputtering process used for surface coating has advantages over other processes due to
less restriction in use of target materials (range from low melting point to high melting
point, and from conducting to insulating materials if RF power is used). In addition the
sputtering process can produce films, at a relative low temperature as compared with
CVD, with thickness uniformity over large areas, and with smooth surface (no spitting as

in thermal evaporation and no droplets as in arc deposition).

3.3 Sputtering deposition techniques

3.3.1 D.C. diode sputtering

The planar dc diode sputtering deposition configuration is the simplest sputtering process

@18)
as shown in Fig 3.3.1 . The target is connected to a negative voltage controlled power

supply and faced to the substrate where the film is growing. The abnormal glow discharge
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is employed in the process to ensure that the cross section of the glow covers all of the
target area to give uniform target sputtering as well as substrate coating. The cathode is
either connected to a negative voltage with a dc power used to sputter a conducting target,
or to a rf power source if an insulating target is to sputter. A conducting plate is attached
at the back of the target to serve as the target cooling channel. The working gas is
introduced to provide a medium in which a glow discharge can be initiated and
maintained. A reactive gas can also be introduced in order to produce compound coatings.

The substrate is placed as an anode which can be either earthen or biased with a negative

voltage.
water
N .
j |> : working gas
cooled cathodde] - |
—[target] I I J_
¢ T
ower power
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 E—
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Fig 3.3.1 Sputtering deposition configuration

The sputtering yield of a target is dependent on both the characteristics of the target

materials and the incident ion energy and mass. The effect of ion mass on sputtering

: L . a9 _ _
yields of several materials is shown in Table 3.3.1 . Argon is the inert gas most
commonly used as a sputtering medium in sputtering deposition system since its mass is
high enough to produce a high sputtering yield and its price is low compared with other

inert gases.

20



Table 3.3.1 Sputtering yield of elements at 500eV

element Al Ti \Y Cr Zr Nb Mo Ta \%%

He(ion) 0.16 0.07 0.06 0.17 0.02 0.03 0.03 0.01 0.01

Ne(ion) 0.73 0.43 0.48 0.99 0.38 0.33 0.48 0.28 0.28

Ar(ion) 1.05 0.51 0.65 1.18 0.65 0.60 0.80 0.57 0.57

Kr(ion) 0.96 0.48 0.62 1.39 0.51 0.55 0.87 0.87 0.91

Xe(ion) 0.82 0.43 0.63 1.55 0.58 0.53 0.87 0.88 1.01

The dc diode sputtering deposition procedure is shown in fig 3.3.2. A plasma is
produced by means of glow discharge when a sufficient potential (500-5000V) is
applied between the cathode/anode pair. The substrate (anode) can be earthen or biased
up to -1000V. The primary ions from the negative glow plasma are accelerated in the
dark space and move towards the target. There is also a high probability for charge
exchange collisions before the accelerated ions strike at the target, and so the target is
under bombardment of number of ions and atoms with energy less than the applied
potential. Most of the incident energy is transferred to heat the target. Only a small part
of the energy is subjected to the collision cascades to produce the sputtered atoms
forming as a coating flux towards the substrate. The substrate is also under the

bombardment of particles from the plasma, such as energetic neutrals, ions and fast

electrons @0 .

flux

O Sputiered atoms =
e meﬂ:ed seconda.ry Earih or negative hias

d.e. supply Reﬂected :.ons and atoms

Fig 3.3.2 D.C. diode sputtering diagram
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The disadvantages of diode sputtering deposition are that the process has to be operated
at high voltage levels as well as in a high pressure range (5 to 100 mtorr) because the
ionisation required for sputtering falls rapidly with decreasing pressure. As the back
diffusion of the sputtered atoms to the target becomes a serious problem when the

(21), the sputtering process is very inefficient. Also the high

pressure is above 20 mtorr
pressure will cause a high background of undesirable impurities which may be
incorporated during film growingm) due to the back streaming of the diffusion pump.
The advantage of dc diode sputtering is its simplicity, and therefore the techniques to

improve the performance of sputtering deposition are still based on diode sputtering.

3.3.2 DC triode sputtering deposition

The dc triode sputtering technique (fig 3.3.3 ) employs a thermionical electron emitter
(hot filament) to increase ionisation so that high ionisation at lower pressure or at
reduced discharge voltage can be achieved®®®. The improvements of triode sputtering
as compared with the diode process are the low pressure with gas throughput which
leads to low background of impurity, the high deposition rate (up to 600A/min), and
low discharge voltage (<500V). However as the hot filament not only emits electrons
but also results in contamination to the deposition, it is difficult to scale-up for

. . . - . 24
industrial process, particularly for temperature sensitive and reactive processes( ),

L |
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Fig 3.3.3 dc triode sputtering
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3. 3.3 Magnetron sputtering deposition

The discovery of magnetic enhanced ionisation was first made by Penning‘m in 1936.
However the beginning of magnetron sputtering as an effective process for the
deposition of metal and composite films can only be traced back to 19706 2728, 29)
Many different magnetron configurations have been developed, such as cylindrical
magnetrons, hollow cathodes, and planar magnetrons. However the most often used
for practical applications is the rectangular planar magnetron(26’ 39 This technique

@ and Thornton®”. In general the magnetron

was reviewed and discussed by Waits
effect can be described as a closed ExB drift path to confine the electron during glow

discharge, so that enhanced ionisation and high sputtering rates could be achieved.

Permanant

magn[is Target

l Frozion zone

a. Cross section b. Surface profile of target

Fig 3.3.4 Arrangement of magnetron sputtering

Magnetron sputtering is designed so that the permanent magnets are arrayed to

produce a region in front of the target surface where the locus of magnetic field lines

(32)
(200 to 500 G) parallel to the target surface is a close path as shown in fig 3.3.4 . A
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charged (q) particle with a velocity (V) travelling in the magnetic field (B) is affected

by a force (F) written as:

F =qVxB - 3.3.1

This force significantly influences the movement of electrons rather than that of ions
since an ion is too heavy to be affected quickly. The electrons moving non parallel to
the magnetic field will be subjected to a force BeVsinO vertical to the lines of
magnetic force. Also the motion of electrons is coupled with a velocity Vcos6 parallel
to the magnetic field. Hence the electrons are moving in helical paths around the lines

of magnetic force. The radius (r) of the helix can be expressed as

_ mJVsinb 332
r= 3.

The radius of the helix decreases with increasing magnetic field. Since an electron
travels on a curved path instead of on a straight line, it will go a relatively long
distance before escaping from the glow discharge region. Therefore more ionisation
collisions will be produced to contribute to the ion density which results in a high

sputtering rate (>500nm/min) .

The advantages of conventional magnetron sputtering deposition as compared with
those of conventional diode and triode techniques are the higher deposition rate,
lower re-sputtering from the substrate and the chamber, reduced substrate heating
during deposition, and the stability of a process operating in a large pressure range so

that the deposition parameters can be fully controlled.

The disadvantage of conventional magnetron sputtering deposition is that the
electrons are only confined in the vicinity of the target and the ionisation falls rapidly

(33)

with increasing target to substrate distance™ . When the distance from the target

increases, the ion bombardment on the substrate decreases rapidly, which causes the
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formation of inferior films with voids distributed along grain boundaries®”. The way
to increase ion bombardment in the conventional magnetron sputtering is to apply a
high bias voltage. However the high voltage may lead to the energy of the ions being
too high and as a result the generation of more defects within the grains. Thus high
stresses in the film are unavoidable, which also results in poor film qualityGS). It is
advantageous in many applications to increase the ion current density while
maintaining a reduced bias voltage to keep the ion energy at a desirable range. An
unbalanced magnetron has been invented which provides this kind of ion

bombardment.

3.4 Unbalanced magnetron sputtering deposition

The concept of the unbalanced magnetron was first introduced by Window and co-

workers(36,37,38)

in 1986. In a magnetron sputtering source, the magnetron is
considered unbalanced in that some of its poles are strengthened (usually the outer
poles) so that the intensities of magnetic flux through the pole facing to the outer

poles are not comparable with that through the pole facing to the inner pole.

The modes of plasma localisation of balanced magnetron sputtering (BMS) and
unbalanced magnetron sputtering (UBMS) are given in fig 3.4.1. In the UBMS mode,
some of the electrons are trapped in the vicinity of the target and their function is as
the same as that in BMS mode. The other electrons, however, are not fully trapped,
and can gyrate along the magnetic field lines to the substrate region. Because of the
need to maintain the electrical neutrality within the highly conducting plasma, the
ions and electrons diffuse together(”). Thus the plasma is expanded towards the
substrate region, and the ions in the plasma can be used to bombard the substrate by
applying a bias on the substrate. Even at a low bias potential, UBMS provides a ratio
of ion to deposited atoms of up to 2:1, which is much higher than that (0.25:1)
produced by BMS. The ion (with a certain energy range) bombardment can help to
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fill in voids and to transfer energy to surface atoms for increasing their mobility, both

of these effects will produce dense films®4 47,

Subsiraie Subsirate
[ ]

Magneticfield lines

\

a Balanced magneiron b. Unhalanced magneiron

Fig 3.4.1 Magnet arrangements

There is no doubt that UBMS based on a single cathode provides enhanced low-
energy ion bombardment during the deposition process, leading to improVed quality
of films. However there are still short-comings which need to be solved when this
technique is considered for use in an industrial scale process. One is that the substrate
current density is a sensitive function of the position in front the target(‘"); the
substrate current density decreases rapidly as the distance is increased from the centre
of the target towards the outer edge. Another is that the sputtering is a line of sight
process in which even if the substrate could be rotated to coat all sides, it would be
coated from one direction at a time, which means that one side of the part would be in

the shadow area where the arrival rate and energy of the target atoms would be very

e o ., 42 .
low, causing porous film structure and inferior film quality . These short-comings
could be largely alleviated with the development of multi-cathode deposition systems

using substrate rotation mechanisms.
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3.5 Multi-cathode deposition system

. (34,43,44)
Opposed cathode sputtering systems have been used for many years and more

) (45,46) . .
recently four cathode coating systems have been introduced to coat a variety

of components such as cutting tools and decorative pieces. In a multi-cathode
coating system, the components will be coated from more than one side at the same

time and therefore, the shadow effect will be reduced or eliminated.

The opposed cathode unbalanced magnetron arrangement is the initial multi-cathode

44
sputtering coating system as seen fig 3.5.1  in which the magnetic field lines of the

facing poles are closed.

Plasma Zone
s N N S s § N
v s Substrate § N N % Subsiraie Y/ N_s|
[§ N N § [§N 5 N
[ -"‘-\-...__9___,_.—'-"_
a Mirrored field b. Cloge field

Fig 3.5.1 Opposed unbalanced magnetrons puttering coating system

In the mirrored field array, the plasma density is only high around the substrate when
the distance of the cathodes is narrow enough where the plasma zones overlap. If this
is not the case, the field lines at the mid-position are directed to the chamber walls
causing the escape of the electrons from the plasma region and therefore leading to

low ion density. In the close field however, the perpendicular division (respect to the
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surface of the target) of the magnetic field lines links up and closes the fields between
two targets(m which produces an effective magnetic trap to confine the electrons in
the region between the two cathodes. The high density of electrons results in high
density of ions. In the close field geometry, the ion current density is up to 5SmAcm™
which is, at identical cathode distance, more than twice as high as that in the mirrored

(48)

field geometry" . Therefore it is common that the magnetic field geometry of the

multi-cathode system is arranged as closed fields.

To alleviate the shortcomings of the single cathode system, multi-cathode systems
have been considered and developedw'so’“’sz’. The industrial implementation of

unbalanced magnetron sputtering coating technology has achieved great progress

(46)
since the ABSTM(arc bond sputtering) coating system was introduced  (see fig
3.5.2).

=
\ Aaa /
:

Fig 3.5.2 Four cathode geometry of ABS coater

This coater uses four cathodes with a combination of permanent unbalanced magnets,
and electromagnets which can enhance the unbalanced magnetron effect. The
substrate table is connected to rotating gears which make the substrate operate in

threefold planetary rotation to obtain uniform deposition and to mitigate the shadow



effect. Both the unbalanced magnetron sputtering and the steered arc techniques can be
used in one process. This coater performs an etching process to implant the metal ions
into the substrate surface by using the steered arc prior to the unbalanced magnetron
sputtering coating. As there is a titanium rich gradient interface produced between
substrate and film, the adhesion between coating and substrate system is increased

(53)

enormously " which gives the ABS coater more competitive application in industry than

other coating systems.
3.6 Reactive sputtering

Reactive sputtering is a process in which the reactive gas is introduced into the glow
discharge chamber to combine with the metal vapour flux to produce compound film at
the substrate surface®***, Deposition of titanium nitride film is an example of how
nitrogen is introduced as the reactive gas which is partially ionised in the plasma. The

formation of titanium nitride takes place on the substrate surface. This procedure can be
67

as shown in fig 3.6.1

explained using a hysteresis curve

Fig 3.6.1 Hysteresis curve of reactive sputtering
Pa is a constant pressure maintained by the argon flow fa, the dashed line means linear

increase in P results from increasing fa since Q = SP, where Q is the total flow rate, and

S is the pumping speed.
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When a reactive gas flow, fr, is increased, P remains almost constant at the initial value
(Pa) until a flow rate fr1 where P increases to a new value (P1) which is defined as a
equilibrium state. If no sputtering took place the value of P at this total flow rate would
be PO and AP = PO - P1 is the reduction in pressure due to the reactive sputtering. Once
the equilibrium state is established, the P is linearly changed with the variation of fr.
The difference AP for the system pressure with and without reactive sputtering is
constant unless the fr is reduced to the value fr2 where the AP increases and system

pressure decreases from P2 to the initial value, Pa.

There are two states presented in the hysteresis curve. In state A, the total pressure is
almost unchanging with the reactive gas flow fr. In state B, the total pressure varies
linearly with fr but is lower by AP than the total pressure measured without sputtering
taking place. The state A can be considered as that in which all the reactive gas is
consumed being incorporated in the deposited film and the atomic ratio of reactive
atoms to sputtered metal in the films increases with fr. In state B, a constant volume of
reactive gas is consumed which is independent of fr and a stable compound film is
produced as there is an excess of reactive gas. The consumed rate of reactive gas in the

two states can be expressed as:

Qa=f1r 3.6.1

Qb = (frl fZ)R’_P‘ 3.6.2
= - 1T, e E—— Q.
' R-P,

The change from state A to state B may be explained using a target poisoning mode®
to describe the formation of a compound on the surface of the metal target. As both the
secondary electron emission and the sputtering yield of the compound are often much
lower than that of pure metals®” , the deposition rate and ionisation in the plasma are
reduced. The transition stage can be described further using the hysteresis loops for

reactive sputtering(m) (fig 3.6.2).
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Fig 3.6.2 Nitrogen partial pressure and deposition hysteresis loops for reactive

sputtering (sccm defined as standard cubic centimetres per minutes)

The hysteresis loop can be explained as following a path from A—->B—-C—D—A where
B is the critical point at which compound film begins to form on the surface of the target
and the nitrogen partial pressure suddenly rises to a high point C and the deposition rate
drops rapidly. Any further increasing nitrogen flow from point C will cause a linear
increase in nitrogen partial pressure and a decrease in deposition rate. When the nitrogen
flow is decreased after reaching point C, the nitrogen partial pressure will not reduce
according to the path it followed when increasing. The nitrogen partial pressure will stay
at a high level until reaching point D, when the compound film on target surface is
sputtered off. Then the nitrogen partial pressure decreases quickly to the original level.

The deposition hysteresis loop also obeys the A—»B—C—D—A path.

As B is the critical point to produce stoichiometric film without losing more deposition
rate many techniques have been developed to get reactive sputtering controlled at this
range or to avoid the undesirable hysteresis effect. An automatic feed back controller
was used continuously to control the reactive gas flow mode to produce stoichiometric

(60)

compound films at high deposition rate Pulsed nitrogen gas flow was used to
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produce TiN at 50% of the metal deposition rate’®”

. The hysteresis loop effect can be
avoided if the pumping speed for reactive gas, Sr, is higher than a critical pumping

speed, Sc (Sr > Sc)(62’63) . Sc is expressed as:

ds
Sc = (- i) - 3.6.3
dp,

where S¢, is the gettered reactive gas flow rate by sputtered metal atoms, and p, is the
reactive gas pressure. As there is no sudden increase in the partial pressure,
stoichiometric film can be produced using a mass flow controller to maintain the

reactive partial pressure during the process.

3.7 The principle of the film deposition
3.7.1 Nucleation and growth

In the sputtering deposition process, the film material is sputtered to become atomic
vapour flux moving towards the substrate where film grows due to condensation of the
material from vapour to solid phase. The film growing procedure can be described in

four sta es(“’ 65): nucleation, island growth, coalescence, and continuous growth.
g g g

In the first stage, the incident atoms become adatoms on the substrate surface where they
lose their excess energy for escaping the surface potential barrier (W) and then the
adatoms will vibrate with a frequency v and migrate along the surface®® as seen fig
3.7.1 a. This is known as self-diffusion of an atom across a perfect surface. In a real
substrate surface, there are many defects such as dislocations, monatomic steps,
vacancies, and adatoms where the interface between nuclei and substrate is increased and
therefore nucleation here has a higher probability than on a perfect surface®”. When the
adatoms meet some defects such as the step in fig 3.7.1 b, they will stay there and have
more chance to meet other adatoms to become aggregates or clusters which are more
stable than single adatoms. This stage is known as nucleation. Once the cluster reaches a

critical size r¥*, the free energy corresponding to the cluster reaches a maximum as
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described by the capillary model (see appendix 1). It means the value of r < r* relates to
a unstable aggregate which tends to have a high probability of desorption, while the
values of r > r* lead to a stable cluster which will become larger when it meets other

aggregates or adatoms.

Nucleation

PAVTE

Distance parallel to surface

Energy of adadom

2 Self diffurion of the adaiem b. Nucleation at a gtep

Fig 3.7.1 Behaviour of Adatom on the surface

The stage for island growth takes place once the establishment of nucleation is complete.
The clusters begin to grow three dimensionally as expanding islands to occupy more
surface area. When different islands meet each other, coalescence will take place among
the islands and this leads to the enlarging of the island and an increase in the uncovered
substrate area due to the resultant reduction in surface energy which acts to reduce the
surface area to a minimum. As the orientation of growth for each island is different, the
grain boundaries and defects are incorporated into the large islands. There are also
similar events happening among the islands and nuclei. A nuclei will grow until it
coalesces with its neighbour or an island and this incorporates immediately into the large

island.

In the third stage, most regions of the substrate surface are covered by growing islands.
As coalescence is continuously taking place among the islands, a network structure is
formed on the substrate surface in which the deposited materials is separated by long,
irregular, and narrow channels of width 50 to 200A %63, The channels will be bridged and

eventually filled while the deposition continues due to the nucleation occurring in these
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channels and the nuclei grow and touch the sides of the channels to incorporate into the

bulk of the film.

As the deposition continues, the channels are filled and all of the substrate surface is
gradually covered by the bulk film. This stage is the growth of continuous film. The
obvious preferred orientation occurring in this stage is commonly the columnar

structure®®. The growth of continuous film can be classified as three modes

(1) Layer-by-layer outlined (Frank van der Merwe) when the surface energy of the film
material is lower than that of substrate material, and the strain energy in the film is
small compared with the surface energy of the film materials.

(2) Layer-by-layer fashion plus three dimensional clump (Stranski-Krastanov) when the
surface energy of the film material is lower than that of substrate material, while the
strain energy in the film is large compared with the surface energy of the film
materials.

(3) Three dimensional island growth (Volmer-Weber) when the surface energy of the

film material is larger than that of substrate materials.

3.7.2 The microstructures of the sputtering-deposited film

A wide range of microstructures and physical properties are found in sputtering
deposited films that are highly dependent on the incident coating flux, the nature of the
substrate surface, and the substrate temperature. Classification of these microstructures
can be normalised by the structure zone diagram based on the process pressure as well as
the temperature ratio T/T,, where T is the substrate temperature and Ty, is melting point

of the deposition materials.
The early classic structure diagram was made by Movchan and Demchishin™ as shown

in fig 3.7.2 a, where the structures are based on temperatures and divided into three

zones. Zone 1 (T/T,, <0.26 - 0.3) classifies the deposition by the condition of insufficient
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adatom mobility, and therefore porous films with large spaced columns and domed tops
are produced due to the shadow effect. Zone 2 (0.25 - 0.3 < T/T,, < 0.45) normalises the
deposition controlled by surface diffusion resulting from increased adatom mobility, so
that films with dense columns and smooth surfaces are deposited. Zone 3 (T/T, > 0.45)

classifies the high temperature deposition in which bulk diffusion becomes an important

effect on the film structures and therefore films of equi-axed grains are produced.

Temperalure

(@)

Fig. 3.7.2 Structure zone of the deposited films

The structure classification of the deposited films was improved by Thornton’s zone

diagramm)

b). The diagram shows that columnar film with porous areas and voids located at the

by taking consideration of both temperature and total pressure (see fig 3.7.2

inter-grain boundaries is produced under conditions of low temperature and high
pressure. This film structure is classified in the region of Zone 1 in which T/T,, <0.1. At
higher T/T,, (0.1 - 0.3) or lower pressure, the self-diffusion becomes appreciable and the
coatings consist of dense columnar structures which are separated by conventional grain
boundaries; this region is known as zone T (transition zone). At still higher T/T,, (0.3 -
0.5), sufficient surface mobility of the adatoms results in very dense film with fine
columnar structures which are separated by real grain boundaries rather than porous

areas and voids. This area is defined as zone 2, in which the film structure is less
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influenced by the deposition pressure. When the substrate temperature is further
increased (T/T,, range 0.5 - 0.75), the deposited films can still keep the columnar
structure but the surface tends to become faceted because of the low energy (30 - 50eV)
ion bombardment. At very high temperature (T/T,, > 0.75), the surface structure consists
of relatively flat grain tops and film with equi-axed crystal grain structure can be
produced if the temperature is high enough.

73) to take consideration of the

The last model of the structure zone was made by Messier'
effects of bias voltage as well as temperature. The effect of substrate bias voltage
incorporates the adatom mobility induced by the energetic ion bombardments. This
model specifies the zone T which hardly exists in the region between zone 1 and zone 2
without the ion bombardment (no bias voltage). However the width of zone T increases
with the bombardment energy due to the zone 1 decreasing in width while the boundary

of zone 2 remains almost the same (see fig 3.7.3)

Fig 3.7.3 Structure model showing the effect of bias voltage and temperature

3.7.3 Characteristics of films

The packing density is one of the most important film parameters which relates to the

microstructure of the films. This parameter can be expressed(w as:
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_ Volume of the solid part of the film (columns)

3.7.1

" Total volume of the film (columns plus voids)

It is common in a PVD deposition process that the film has columnar structure™. The

(75)

simplest model of this columnar structure can be specified as three patterns'’™, using

hexagonal array as shown in fig 3.7.4.

a. Cylindrical model b. Contracting model  c. Expanding model
P=0.9069 P < 0.9069 P> 0.9069

Fig 3.7.4 Columnar patterns of films

The pattern of the columnar structure is considered to have closely packed circular bases
and cross-sectional areas expanding, contracting, or remaining constant in the direction
of growth. The cylindrical model is calculated to have a packing density equal to 0.91,
while the P for contracting or expanding models is less than or greater than 0.91

respectively.

In a real situation, especially for deposited film with low adatom mobility and even a
single column or grain has the same density as that of the bulk materials, the packing
density of the film is generally less than that of bulk materials due to the occupation of
the porous areas and voids in the grain boundariés as well as the inter-space between
columns. The loose packed film can be made dense using high temperature deposition to
increase the adatom mobility(76), or using an ion assistance process to apply low energy
ion bombardment during growthm). Both experiments and computer simulations have

been carried out to investigate the microstructure of the deposited film affected by ion
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bombardment™?; they show that high density films are achieved by energetic ion

bombardment, and both the energy of ions and the ion to atom arrival ratio closely

influence the development of densification.

Hardness is also an important film parameter which can be expressed as the Hall-

Petch™*® formula

H =H, + Kd"? 3.7.2

where H is hardness, H, the intrinsic hardness of a single crystal, d the grain size, and K
the materials constant. The hardness for the coating, however, is not only dependent on
the grain size but also the texture, porosity, residual stress, etc., which are affected by
the process parameters(sl) . In general the hardness is determined by the inter-atomic
forces and the operative deformation mechanism. The materials exhibit high intrinsic
hardness due to the high cohesive energy, short bond length, and high degree of covalent

bonding®?.

In practice, hardness of the coating is not the only parameter selected for the applications
due to the complex function of film/substrate system as shown in fig 3.7.5®. The
important parameters considered to achieve better performance are the elastic modulus,
thermal expansion, crystal structure and chemical compatibility of the coating and

substrate materials(sl) .

/ Surface interaction with worlpiece

Hardness, fatizue sivengih
Internal siress, fraciure toughness

Adherence, film/subsirate interaction
: thermal expangion mizfit

Fig 3.7.5 Film/substrate system
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In an application with a high loading intensity, the imposed strain results in a stress
discontinuity at the substrate/coating interface if the elastic modulus of the coating and
the substrate are different®?. During a bending test of TiC coated high speed steel
sample as shown in fig 3.7.6, the stress discontinuity at the coating/substrate interface is
caused by the difference in the Young’s modulus of the coating and the substrate
material when an external force acts the coating/substrate system. It is very common that
interface failure is caused by stresses. Therefore the stresses should be made as small as

possible by choosing coating/substrate combinations®”.

TiC
Coati ¢ .y
tng E=450KNmm-2
HSS
Substraie
E=230KNmm-2
Strain Stress

Fig 3.7.6 Strain/stress distribution of coating/substrate system

Coating deposited using PVD techniques often exhibits residual stress which can be
catalogued as intrinsic stress and thermal stress®®%) The intrinsic stress can be

calculated as:

o = KRE"? 3.7.3

where, K is the constant for material, R the ion to atom arrival ratio, and E the ion
energy. The generation of intrinsic stress is caused by the formation of defects and
microstructure mismatch between coating and substrate. The intrinsic stress is
sensitively influenced by the deposition parameters such as substrate temperature,

pressure, angle of incidence, deposition rate and distance from substrate to source 88820
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In most cases, the effects of these parameters are interdependent, especially with respect
to the substrate temperature, which greatly affects the diffusion of the point defects, and

the formation of the microstructure, as well as the thermal stress.

The thermal stress results from mismatch of the thermal expansion coefficients between
the coating and the substrate. Therefore the deposition temperature and the cooling rate

during a process result in stresses being introduced into the film/substrate system. The

. 91
relation can be expressed( ) as:

E
Op= — 21— @, —a )T, ~T,) 3.74
1-v,

where, E; and V; are the Young’s modulus and Poisson’s ratio of the coating. O; and o
are the thermal expansion coefficients of the coating and substrate. 7, and 7, are the

deposition temperature and the room temperature respectively.

The contribution of the thermal and intrinsic stresses to the residual stress in the film can

92)

be considered as a function of T/T,, ~~ where T(K) is the substrate temperature during

the deposition process and Ty, is the melting point of the film material as shown in Fig

3.7.1.

Thermal
gireszs

Stress

T/Tm

=
-

Fig 3.7.7 Contribution of the intrinsic and thermal stresses
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At low T/T, the intrinsic stress is the dominant stress. When T/T,, reaches about
0.25 to 0.3 the intrinsic stress is no longer the major factor while the thermal stress
begins to take effect. At T/T,, > 0.3 the thermal stress becomes the dominant. The
total stress, therefore, could be at a minimum at an intermediate T/T,, as a result of

the combination of intrinsic and thermal stresses.

3.8 Hard coating systems

3.8.1 Classification of hard coatings

Hard coatings have been used primarily as wear resistant layers on cutting tools,
mechanical contact parts, and decorative appearances on various components. One
of the important parameters influencing the wear behaviour is the hardness of the
coating. A hard coating on the substrate can reduce wear by preventing ploughing
on both a macro and a micro scale and therefore is particularly useful in abrasive
environments. Also the hard coating can lead to low friction since the load is well
supported by the hard coating to reduce the shear strength® of the real contact area.

The development of hard coatings can be described as having three generations(w.

3.8.1.1 The first generation of hard coatings

The first generation of hard coatings can be catalogued as binary compounds of
transitional metal nitrides, carbides, and borides in which the properties of hard
coating are dependent on the single metal-non-metal compounds. As is known from

(95), the structure of transitional metal nitrides, carbides, and borides is

Higg’s rule
determined by the ratio of the atomic radius, R=r/r,,, where r is the atomic radius of
the interstitial element while r,,, is the atomic radius for the transitional metal. A
simple structure, such as the NaCl structure, will be formed if R is less than 0.59. If
R is more than 0.59 however, very complicated structures which may consist of

more than 100 atoms per unit cell will be produced.
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Hardness is one of the important properties of hard coatings. In general the hardness
is dependent on the chemical bonding characters of the coating compounds(%) These
bonding characters can be classified as covalent bonding (C), metallic bonding (M),
and ionic bonding (I). The properties for these bonding materials are given in table
3.8.1 which shows that none of these materials can have all the properties at the
highest level. If hardness is at a maximum, some degree of brittleness and lower

adherence is unavoidable.

Table 3.8.1 Physical properties of materials dependent on bonding

Level Hard Brittl Melti Stability Thermal Adherence to Interaction Multilayer
point AG expansion metallic tendency suitability
coefficient substrate
High M I I M M
d C M M I C I
Low I C C C I C

In the initial stage of hard coating engineering, mononitrides®7.98:99,100,101,102) and
monocarbides(103,104,105,106,107) were produced as coating materials to improve both
wear and corrosion behaviour. Titanium nitride was the most studied nitride coating
material which could be deposited by both CVD and PVD. TiN coatings were
widely used for wear protection films due to the high hardness (2000 to 2300
kg/mm’ on average) and chemical stability, and for decorative films due to their
golden colour. The hardness of TiN coatings was a function of the N/Ti ratio in the
coating, and the highest was achieved%) when the N/Ti ratio was close to 0.6.
Titanium carbide was also the most studied hard coating material. The hardness of
TiC coating was in general higher (2500 to 3000 kg/mm®) than that of TiN coating
due to the more pronounced covalent bonding(!%). Apart from the high hardness,
TiC coating also possesses fine single phase microstructures and a low coefficient of
friction and therefore is generally considered as a wear resistant material. At the
present, even through many groups of other binary nitride, carbide, and boride
coatings have been developed, TiN and TiC coatings are still widely used in

industrial applications.
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3.8.1.2 The second generation of hard coatings

In many wear applications, the tribology components are often imposed in terms of
severe constraining, bending, and sliding which cause the coating to fail due to the
demands of both hardness and toughness of the coatings, as well as the adherence
between coating and substrate. In cutting applications, for example, very high forces
and high temperature develop in the vicinity of the cutting tip or edgemo’m).
Because of the high temperature at the cutting edge, TiN coating starts to oxide at
500°C"'? | and the TiO, is formed. As the TiO, is sheared off immediately by the
mechanical motion of the chip, the substrate is exposed resulting in further heating,

(13 When the temperature increases above 400°C, the hardness

oxidation and wear
of the TiC coating decreases rapidly due to the formation of TiO,(!!4 resulting in

porosity and cracks.

The second generation of hard coatings was developed to meet the demand for
hardness and toughness of the coating, as well as to cope with the adherence
between coating and substrate. This type of coating consists of multi-component

materials which can be produced in two ways(m).

One is to substitute the metal lattice of the binary metal based compounds with
another metal element to form solid solutions resulting in strengthening and
optimising of the properties of the hard coatings. In TiN compounds for example,
the lattice of titanium can be partially replaced by Al, or Nb to form TiAIN or

(116,117,118)

TiNbN hard coatings which enormously improve the high temperature

oxidation resistance and the wear resistance as compared with TiN films.

Another is to vary the concentration of the non-metallic elements to change the
valence electron concentration (VEC) which results in a change of mechanical and
physical properties. Hardness, for example, is a function of the VEC as shown in fig

3.8.199,
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Fig 3.8.1 Hardness as a function of VEC

In general, hardness tends to be the maximum when VEC is about 8.4 to 8.5. The
ternary TiCN coating is an example which shows physical properties superior to
either TiN or TiC binary hard coatings. Many techniques have been developed to
produce TiCN coatings. C ion implantation on the PVD TiN coating19 was used to
produce a TiCN top layer which reduced the friction coefficient of the coating and
reduced fretting wear damage. Plasma assisted CVD120 was used to deposit TiCN
coatings in the temperature range less than 450 °C. The arc process was applied(!2!)
to form TiC and TiCN coatings. In this work acetylene was used as the carbon
containing gas and the titanium reacted with carbon at a temperature of
approximately 500 °C. The pure TiC coating tended to spall because of the high
internal compressive stress. The TiCN coating, however, had less internal stress and
therefore good adhesion between coating and substrate could be obtained. High
precision bearings were deposited with multi-layer (TiC, TiCN, TiN) coatings using
the CVD process(122). The coated samples showed no trace of wear after 1000 hours
operating while the un-coated samples were observed to have obvious wear traces.
The interface composition of TiN and TiCN hard coatings on high speed steel was
investigated123). As acetylene was used as the carbon containing source, the

hydrogen atoms and ions could react with oxygen at the interface to produce HpO
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which was desorbed from the surface at temperatures below 400 K. The TiCN
coatings had better adhesion (Lc = 50 N) than the TiN coating (Lc = 40 N) since
there was less oxygen intensity at the interface. The arc evaporation technique was
used24 to study the TiCN coatings. It could be seen from this research that the
composition of TiCN coatings was dependent on the CH4:N» ratio and the total
pressure in the coating chamber. The composition and microstructure of TiCN and
TiN coatings were investigated2%. These coatings consisted of NaCl type single
phase with very fine and dense microstructure. The microhardness of TiCN coated
specimens was significantly harder (Hv 1000 more) than that of TiN coated
samples. Thus the TiCN coatings, as discussed above, could be used in the wear

resistant applications.

3.8.1.3 The third generation of hard coatings

At present considerations have been made to develop the third generation
(multilayer or superlattice) of hard coatings. These coatings can be produced as two
types: metal/ceramic multilayers such as Ti/TiN, and ceramic/ceramic multilayers

such as TiN/NDbN.

The quality of structure strengthening for the multilayered coatings can be attributed

(126, sharpness of the interface, period length (A) in the direction

to three parameters
normal to the layers, and refining effect of the grains. In a multilayered situation, the
three parameters are related each other. The flow stress of the coating materials
depends on the thickness of each layer, sharpness of interface boundaries, and flow
stress of individual layers(m) . The grain refining effect is caused by breaks in the
growth and nucleation process when the deposition changes from one layer to

another according to Wulff’s law"?"

v/h = constant 3.8.1
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3.8.2 TijN coatings

Stoichiometric hard titanium nitride films have been used for many years as
decorative, wear and corrosion resistant layers on a wide range of components. The
reason is that titanium nitride is very stable over a large composition range(m). Toth
uses a phase diagram Fig 3.8.31 o explain the phase compositions of Ti-N
system. The TiN phase includes the stoichiometric composition, and a broad
composition range extending from about 30 to over 50 at % N. The aTi(N) phase
also occupies a large composition range distributing from 0 to about 20 at % N. The
pure €Ti,N phase, however, is only located at a very narrow composition range
about 33 at % N. This special composition range for €Ti,N phase has been reviewed
by Wriedt®34 who pointed out that the probable composition range of Ti,N is
between 31 and 33 at % N, while N rich and N deficient Ti,N coexist with 8TiN and
aTi(N) respectively.
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Fig 3.8.3 Phase diagram of Ti-N system

It is often difficult to produce pure Ti,N films because the concentration of nitrogen
critically influences the formation of a single €Ti,N phase. In a process of sputtering
depositing Ti-N films for example, the nitrogen partial pressure affects the nitrogen

concentration of the film in two different stages as shown in fig 3.8.4, which refers
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to Sundgrenms) . The concentration range for the Ti,N films is located at the first
stage in which any small change in nitrogen partial pressure will result in a large
change of nitrogen concentration in the film. If the partial pressure can not be
accurately controlled in a PVD process, there is less chance of developing the Ti,N

phase.

th
=
T

8

Second stage

[ =]
[— ]
T

Nitrogen. conceniration (%)
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m'6 16° 10 10° 10°

Nitrogen. partial pressure (torr)

Fig 3.8.4 Nitrogen concentration dependence on N, partial pressure

In the PVD coating process, the development of phase composition of the film is
determined by the combined parameters. Matthews(!36) used an assisted ion plating
technique to investigate the Ti-N compounds and found that a certain ionisation
efficiency (>0.6%) was necessary to develop the Ti,N phase. Molarius"*""*® found
that a low deposition rate ap (about 0.25nm/s) is beneficial for producing Ti,N
films. Poulek™ applied a combined parameter, Sg, to control the growth of the

Ti,N phase. The Sg is defined as

1U
Sp=(==5), 3.8.2
aD s

where Is, Us and Ts are substrate current, voltage and temperature. a, is the

deposition rate. This parameter represents the energy delivered to the growing film.
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It arises in the case when Sg > S,, where S, is the threshold energy (10%J/cm’®) under
the condition of 7s = 820K in order to stimulate the growth of Ti,N film.

Czerwiec(”o)

investigated Ti-N films using diode sputtering and found that the
development of phase composition is a function of both the ratio of nitrogen gas
flow/working gas flow and the distance from substrate to the sputtering target.
Stappen(!4D) concluded that a higher substrate temperature (Ts>500°C) is essential
for depositing Ti,N films. Investigation of substrate temperature (Ts) and deposition
rate (ap) was made by Poulek and co-workers™*? as shown in fig 3.8.5 in which the

Ts is a function of the ap The € Ti,N phase only appears in the area in which a

certain temperature has to be attained with an upper limitation of the deposition rate.
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Fig 3.8.5 Ts dependence on aj,

In a PVD process, the parameters mentioned above for growth of €Ti,N films are
often cross related. The condition used for one kind of process can not simply be
applied to another kind of process. Ahern(43 found that Ti,N phase developed at a
higher deposition rate (up to 0.25 pm/min) and lower substrate temperature (less
(144)

than 350°C), which is the opposite of Poulek’s result. Musil and co-workers

investigated the deposition of under-stoichiometric TiN, films using a magnetron
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sputtering technique and found that the transition from o'Ti(N) phase to the 8TiN, is
direct, without an €Ti,N phase and this case may due to that they missed the right
composition under their deposition conditions. In fact the development of €Ti,N
phase in the growing film is cross-effected by the deposition process parameters,
such as temperature, ion density around the growing film, and the geometry of the

target and substrate system.

The reported properties of films containing Ti,N phase are often conflict in the

145,146,147,148
( ) and reduced

value over a wide range. Both enhanced hardness
hardness"*""*” due to the occurrence of Ti,N phase have been reported. Table 3.8.2
gives the hardness values of films containing Ti,N + TiN phases as well as TiN
phase from the references. As the reported values have been derived from different
processes, there is no obvious relation between the highest hardness and the Ti,N
phase. As Sundgren(m) has pointed out, high hardness is mainly caused by specific

microstructures that can develop rather than by the Ti,N phase itself.

Table 3.8.2 Hardness of the films containing different phases

Film phase
Ti,N + TiN TiN References
1300 - 2800 340 - 1900 Nakamura'>”
2000 - 2300 1700 - 2200 Sato"””
2500 - 2800 625 - 1200 Jacobsson">”
2000 - 2800 1200 -2000 Yoshihara™>
Hardness 2500 1800 Matthews™ "
(kg/mm?) 1700 1700 - 2200 Sundgren™”
3000 2500 Tkeda™
1500 - 1700 2200 Poulek™”
4500 1800 - 3500 Rothg§™”

It is very common that the reported films containing TipN phase(143,155.161) are
mainly of multi-phase composition, Ti+TipN, Ti+TipN+TiN, or TipN+TiN.

Although stoichiometric or close to stoichiometric titanium nitride films are most
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commonly used for wear resistant coatings on cutting tools to extend their life time,

Substoichiometric TiN films containing TioN phase may be also the candidate used

for the wear and the corrosion resistant Ikeda5® claimed that multi-phase
composition titanium nitride films containing TipN phase have superior wear

resistance characteristics, i.e., the flank wear of TiN coated cutting tools was more

than 0.Imm after 10 minutes cutting performance whilst that of the Ti>N coated

tools was less than 0.05 mm using the same cutting condition. Poulek reported42)

that film containing TipN phase have a very smooth surface as examined the coating

(141)

surface morphology using electron microscopy and Stappen reported that the

TipN film has lower stress as the positions of X-ray diffraction peaks from the film

are very close to the tabulated values referred to JCPDS file and good adherence as

critical load (Lc) was more than 40 N using scratch test.

In general, Ti-N films containing the TipN phase have composition from 20 to 33 at
% N, but the single TipoN phase is present in only at composition of approximately
33 at % NU57), In fact, the structure of TipN coatings is critically dependent on the

growth conditions(142. 143, 147, 161, 162) which cause the poor control of process

parameters and insufficient reproducibility.

3.9 Summary of this chapter

The basic principles and properties related to glow discharge plasma, the
unbalanced magnetron sputtering deposition process and the film growing have
been discussed in this chapter. The literature survey also details the first, second,
and third generation of coatings. The statistics of the deposited films containing
Ti,N phase have given in this chapter and the problems connected with depositing

Ti,N films have been discussed
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4. Experimental Techniques
4.1 Coating system

The HTC 1000-4 ABS industrial coating system(® used for the study of the hard
coating process is manufactured by Hauzer. This system has an octagonal cross
section vacuum chamber (Fig 4.1.1) which consists of stainless steel (25 mm thick).
Four cathodes are assembled orthogonally on two large chamber doors which can be
opened from two sides to provide maximum accessibility to the interior, the targets
and the substrate holders. The diagonal distance between cathodes is 1 m of which
combined with the same chamber height gives a chamber capacity approximately 1
m’ with a load capacity of 500 kg. Each cathode is equipped with a water cooled
copper plate which is connected to a target (600x190x12 mm’) to provide excellent

thermal flux transmission from the target.

Fig 4.1.1 ABS coater chamber

The pumping instruments for this system are two Balzers TPH 2200 turbo-
molecular pumps with oil-lubricated bearing and inert-gas sealing, in combination

with a roots pump with a pumping speed of 500 m’/h and a rotary-vane pump with a
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pumping speed of 250 m>/h. The turbo-molecular pumps are flanged to the vacuum
chamber with two 250 mm VAT high vacuum gate valves to allow the pumps to run

at full speed even when the chamber is open. The nominal pumping speed of the
-5
turbo-molecular pumps is 4400 1/s to achieve a base pressure of 10 mbar with a

. 3
leak rate less than 5x10” Pa.L/s, and to keep a constant pressure of 10 mbar range
during a reactive coating process in which a large amount of working gas and

reactive gas is introduced into the chamber.

Fig 4.1.2 Magnetron movement for UBM and Arc mode

The cathode can accept powers of more than 10 W/cm® to provide an adequate
deposition rate. SmCo is used as the permanent magnet material. The magnets are
arranged to function as an unbalanced magnetron by reinforcing of the outer magnet
poles. The degree of unbalance is made adjustable by electromagnets which are
assembled surrounding each cathode with an electromagnetic coil (Fig 3.5.2)
concentrically around each target outside the vacuum chamber to generate a
magnetic field of up to 10,000 ampere turns. The geometry of the magnets for the
four cathodes is designed as a close field to confine the plasma around the substrate

leading to high bias current density (5 mA/cm®) even at a distance of up to 30cm™?
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away from the targets during a process. The UBM cathode can be converted to an
arc mode by a suitable movement of the permanent magnets away from the target
using compressed air as shown in Fig 4.1.2. The power supply of the target includes
arc mode (high current-low voltage) which provides current /voltage values of
100A/80V, and magnetron mode (low current-high voltage) which supplies

current/voltage values of 40A/750V. The maximum power for each target is 10KW.

The substrate holders (six or twelve) assembled as satellites on the turntable are
designed to have three fold planetary rotations during a coating process. In general,
small pieces such as drills go through three fold rotations, large pieces such as hob
cutters run as two fold rotations. For even larger components such as casting molds,
single rotation can be used. The turntable with its load of tools can be moved in or
out of the chamber using a carriage to keep loading time as short as possible. The
turntable and its substrate are directly linked to the bias voltage supply which
provides up to -1200V for high voltage etching and 0 to 200V for coating processes.
Four large internal radiant heaters give substrate heating up to 450 °C in one hour
which combines with the powerful pumps of the ABS coating system to give a base
pressure of 10" mbar with very low water vapour partial pressure a short time after
loading the main chamber. In addition the heaters can be also used to control the
substrate temperature precisely during a deposition process regardless of whether

other process parameters change or not.

This system is controlled and monitored by a Mitsubishi SPS control unit which
supervises all important switching and operating functions, interlocking and process
sequences. During a deposition process, the nitrogen flow can be controlled by a
P.LD. (proportional integrating differential) control unit with feedback function
using the total chamber pressure as the input variable measured by a Leybold
Viscovac gauge. The chamber total pressure is also monitored from atmospheric to
1x10'mbar by a pirani gauge and from 1x10" mbar to 1x10”mbar by a Balzer’s ion
gauge. The gas flow is adjusted by piezo-electric valves and the gas purity (Ar or

N,) is 99.999%. Two thermocouples assembled on the rotating turntable are used to
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monitor the substrate temperature. A differentially pumped Hiden quadrupole mass
spectrometer residual gas analyser is used to monitor any gas partial pressure during

a coating process.

4.2 Coating procedure

4.2.1 Sample preparation

The specimens chosen to be coated are flat M2 high speed steel and Austenitic
stainless steel cylindrical disks (¢ 30mm x 10mm) and 6mm Presto high speed steel
drill blanks and drills. The flat samples are mechanically finished to 1um polish.

The substrate cleaning procedure is shown in table 4.2.1

Table 4.2.1 Sample cleaning procedure

Step Function Medium Temp. | Ultrasonic | Time
(°C) (min)
1 Preliminary 2% 60 Yes 3
degreasing HT107A+HT107B in
tap water
2 Rinse Tap water RT No 0.5
3 Acid etch 1.0% HT017 in tap RT Yes 1
water
4 Rinse Tap water RT No 0.5
5 Degreasing | 2% Bannerclean 16 in 70 Yes 3
: tap water
6 Rinse Tap water RT No 0.5
7 Final 2% Bannerclean 13 in 70 Yes 3
degreasing tap water
8 Rinse Tap water RT No 0.5
9 Rinse De ionised water RT Yes 3
10 Final rinse De ionised water RT No 1
11 Drying Hot air dryer 100 No 5-10

Step 1 is used to clean up organic and inorganic contamination left on the sample
from the initial mechanical preparation. Step 3 is used to clean the rust and
oxidation off the sample (especially on high speed steel samples) and this step has to
be carefully monitored to avoid over etching on the metal surface and pitting

corrosion of high speed steel. Steps 5 and 7 are used to remove inorganic
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contamination from the substrate surface. It should mentioned that if high speed
steel drills are used as samples, deburring of the drills using iron fibres has to be
finished before starting the cleaning procedure and if stainless steel samples are

used, steps 3 and 4 may be cancelled to avoid corrosion of the stainless steel.

4.2.2 Coating procedure

The coating procedure is described in fig 4.2.1. The heating used in the pumping
stage can remove contamination such as oxygen adsorbed on the surface of the
substrate. The pumping time for the required vacuum is also reduced since the
residual air, especially the water vapour, is driven off rapidly from the porous
surface of the chamber wall. Some stubborn contamination on the substrate surface

can also be physically knocked off by ion bombardment using glow discharge.

Punping + heating Procedure
or glow dizcharging direction

Targe t cleaning using

glow dischaxging

Meial ion eiching
wring are mode

Coating process
using UBMS mode

Cooling down

¥

Fig 4.2.1 coating procedure

In the target cleaning stage, glow discharge is used to sputter off the contamination
from the target surface to produce an atomically clean target surface, and therefore

high purity film can be deposited due to the purity of coating mass flux.
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The etching stage uses a steered arc to produce highly charged metal ions (Me*,
Me*2?or Me") which are implanted to the substrate surface due to a bias potential of
up to -1200V. As there is a gradient rich titanium interface between substrate and
coating the adherence is enormously improved(Z). The etching is also an effective
clean process since contamination on the sample surface can be knocked off by the

energetic ions.

The coating stage uses unbalanced magnetron sputtering mode. The time for
deposition is dependent on the type of load, the rotation status of the substrate, the
coating material, and the employment of target power. The typical deposition rate

for titanium nitride is 2.5um/hour.

Finally the cooling stage takes about one and half hours to let the temperature down

from 450 to 200°C.

4.3 X-ray Diffraction (XRD)

X-ray diffraction is used regularly in materials science to assist better understanding
of crystal structures and orientations. Diffraction is a process by which an X-ray is
scattered by a regular array of centres as shown in fig 4.3.1, such that reinforcement
of the radiation takes place in very specific directions. The process is dependent on
the symmetry of the scattered centres, their orientations and the wave length of the

X-ray used.

Bragg regarded a crystal as consisting of a series of parallel planes of atoms. At a
given angle 0, the scattering of all atoms in one plane may be shown to be in phase,
giving constructive interference. This can apply to all planes separately. Taking two
parallel planes as example, the path difference between incident beam I and

diffraction beam II can be given as, uv + vw = 2dsinB. The equation for the path
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difference equal to nA for constructive interference is known as Bragg’s law, which

is expressed as

nA = 2dsin0 4.3.1

Where n is an integer, A is the wave length of X-ray, and d is the interplanar space.

Fig 4.3.1 X-ray diffraction diagram

Many X-ray methods have been developed, such as the X-ray diffractometer,
powder camera and flat plate camera. However the most commonly used method to
analyse PVD films is the X-ray diffractometer, shown in fig 4.3.2. The
diffractometer consists of a monochromatic X-ray source, a specimen table which
sits at the centre of the diffractometer, and a counter used to detect the intensity of
the diffraction beam. The X-ray source generates a monochromatic X-ray beam
which radiates a flat sample supported by the specimen table. The specimen rotates
on its axis by an angle 0 while the diffracted beam is detected by the counter which
is mechanically coupled to the table to rotate around the same axis by an angle of 26
to maintain the Bragg condition. The result is a profile of the intensity of the X-ray
counts as a function of diffraction angle 26. The profile is a series of peaks at
positions and intensities characteristic of the unit cell of the specific phase which

presents in the crystalline sample.
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Fig 4.3.2 Diagram of X-ray diffractometer
The major uses of the diffractometer are determination of lattice parameters, crystal
structure, lattice strain, grain size and preferred orientation, as well as identification

of unknown phases or mixtures of phases.

The lattice parameter can be calculated from the Bragg law equation 4.3.1. Taking a

cubic crystal as an example, the lattice parameter can be written as

a=d\(h* +k*+1?) 4.3.2

The identification of unknown phases can be made using comparison with the

powder diffraction file system(3) in which any one powder pattern is classified in
terms of inter-planar spacings (d) and relative intensities. A given crystalline
substance always exhibits a characteristic diffraction pattern, i.e. a fingerprint of the
substance to be identified. According to the Hanawalt method, each substance can
be characterised by the d values of the three strongest lines, d;, d;, and d; for the
first, second and third strongest line respectively. These together with their relative

intensities are normally sufficient to characterise any compound.
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The determination of preferred orientation can be made using calculations of texture
by the inverse pole figure method. The preferred orientation is related to a specific
axis which is perpendicular to the surface of the specimen. Under standard Bragg-
Bretano conditions, diffraction takes place only from planes parallel to the surface
of the specimen, when the specimen surface and counter are inclined at angles 6 and
20 respectively to the X-ray beam. In a powder specimen, the planes are randomly
oriented, the characteristic of the phase is specified by the relative intensity of each
reflection which is randomly oriented. In coatings however, the planes are not
oriented at random. For example, TiN films can grow with either {111} or {110}
planes preferred orientation. If the intensities are measured from the (hkl) reflections

of the coating, its preferred orientation or texture can be determined using the

inverse pole figure technique in which P can be expressed(4) as

P - Ihkl /thl
T 1
[;Zo (Ihkl /thl)]

Where I, is the measured diffraction intensity corresponding to the (hkl) reflection,
R,,, is the diffracted intensity for the same reflection in a standard random specimen
which can be obtained from the JCPDS files, and n is the numbers of reflection
considered. If P exceeds unity, the (hkl) planes are oriented parallel to the surface
more than in the random case. Therefore the preferred orientation can be estimated

using this formula.

The determination of lattice strain and grain size can be made by measurement of

strain broadening. The relationship among them can be expressed as (5):

[BcosO _ _1_+ 40sin0
A € A

Where f3 is the true broadening, A is wave-length of X ray, € is the grain size, o is

the lattice strain, and 20 is the angle of diffraction peak. Broadening measurements
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are made from the peak profiles. The true broadening {3 is determined from the
observed broadening B, and instrumental broadening b, by the following

relationship:

B =+ (B—b)-/(B% —b?) 435

Instrumental broadening was determined using a silicon standard.

4.4 Scanning Electron Microscope (SEM)

The SEM is a very common tool used for examination of a wide range of coating
characteristics. In general a SEM consists of 6 components: electron gun, vacuum
pumps, electromagnetic lenses, scan coil and scan generator, sample chamber and

display screen (CRT) as shown in fig 4.4.1.

P Filament source

~ Wehnelt cylinder
A <— Anode

<— Electromagnetic lenses

£ Scan coil & scan

D] X
Emlz " generator

Detectors

CRT

Signal amplifier
Vacuum pumps g P

Fig 4.4.1 Diagram of scanning electron microscope
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The electron gun is usually a tungsten filament, heated to 2,700 °C during operation,
which emits electrons which are accelerated towards the anode by a high positive
potential from 1 to 50 kV. The electron beam is primarily focused using a Wehnelt
cylinder which is applied a small negative bias voltage to give a source (typically 50

um in diameter) of electrons for the microscope.

The electromagnetic lenses demagnify the source of electrons to spot sizes from 4
nm to 1 pm based on the applied magnification. A pair of deflector coils scan the
focused electron spot across the sample surface to form a raster. The electron spot
on the display monitor, cathode ray tube (CRT) is scanned in synchronisation with
the electron spot on the sample surface. Electrons from a point of the sample surface
are collected by a detector, the signal from which is sent to the grid of the CRT, so
that the signal from the sample surface controls the brightness of the electron spot
on the CRT. Since the contrast on the sample surface varies from point to point, an
image of the surface is produced on the CRT. The image from the CRT is taken
point by point using a camera. The typical magnification ranges for SEM are 100 to

300,000. The magnification of the image can be calculated as

Side length of CRT
Side length of raster on sample

4.4.1

Magnification =

The most commonly utilised signal interaction between the electrons and the sample
surface in a SEM are secondary electrons, back-scattered electrons, and

characteristic X-rays, as shown in fig 4.4.2.

The ejection of secondary electrons results from collisions between the loosely
bonded outer electrons of the atoms in the sample and the incident electron beam.
Secondary electron images give the topographic contrast which arises from local
variation in both surface tilt and relief on the sample surface, resulting in

corresponding point to point variations in the electron signal.
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Fig 4.4.2 Interaction between electrons and specimen

Backscattered electrons are reflected electrons from the incident electron beam. The
number of electrons reflected from the sample surface is a function of both its
atomic number and orientation with respect to the electron beam, which gives
atomic number and topographical contrast respectively. A atomic number contrast
enables phase with different compositions to be imaged on the sample surface.
Regions of higher atomic number show brighter whilst those of lower atomic

number appear darker.

4.5 Glow Discharge Optical Emission Spectrometer (GDOES)
A GDOES consists of a glow discharge source and a optical spectrometer as shown

in fig 4.5.1. The glow discharge source is a cathode and anode system operating

under vacuum condition. The cathode is made by a flat sample with a size of more
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than 4 mm in diameter. The anode is a hollow cylindrical metal tube. When a
potential exists between cathode and anode under a controlled low argon pressure in
a vacuum environment, uniform glow discharge sputtering on the sample surface,
and the excitation and ionisation of the sputtered atoms in the glow discharge tube
can be obtained. An enhanced optical emission is subsequently produced whilst the
sputtered atoms return to their ground state from a state of excitation and ionisation.
The wave-lengths of the emitted photons provide fingerprint information about the
elements present within the sample and the intensity of the related emission lines is
proportional to the number of sputtered atoms, hence the elemental concentration of

the sample can be obtained.

CONCAVE
HOLOGRAPHIC
GRATING

PHOTOMULTIPLIER
TUBE

ROWLAND
CIRCLE

Fig 4.5.1 Diagram of glow discharge optical emission spectrometer

The optical spectrometer consists of a concave holographic grating, a Rowland
circle, and photo-multiplier tubes. The light emitted from the glow discharge source
is primarily focused by passing through the optical spectrometer onto a concave

holographic grating by which the light is diffracted and hence the photons of a
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certain wave-length reach a certain pre-etched slit around the Rowland circle which
contains the grating and a series of pre-etched slits. The photo multiplier tubes are
positioned behind the pre-etched slits to detect the intensity of the photons passing

through the slits.

GDS-750 QDP is the GDOES instrument used for the elemental quantitative depth
profile analysis of the coated samples. This machine consists of a glow discharge
lamp producing a uniform cathode sputtering and a 750 mm spectrometer to
measure the optical spectrum ranging from 150 to 456 nm; it can detect up to 44
elements. Composition and distribution of elemental depth profiles are calculated
using a LECO 386 computer with LECO graphical-user-interface software(®? which

makes both operation and analysis simple and easy to control.

4.6 Adhesion measurement of hard coatings

Hard coatings produced by either PVD or CVD offer the improvement of surface
properties of a component or cutting tools resulting in reliable performance and
significant extension of tool life over uncoated materials. It is important to
understand the relationship between the properties of the coatings and the substrate
in order to ensure the improvement of the surface performance. In general many of
these surface properties are only useful in certain applications. However, the
relevance to a wide range of applications can be characterised by a few fundamental
properties(s). One of these fundamental properties is the coating/substrate adhesion.
Methods to measure the coating/substrate adhesion can be summarised® as pull-off,
indentation and shockwave loading, and scratch test. Among them scratching may
be the most widely used method to give qualitative measurements of the adhesion

level of the coating/substrate system.
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4.6.1 Scratch adhesion test

The scratch test involves a Rockwell indentor being drawn across the coated surface
under a stepwise or continuously increasing load as shown in fig 4.6.1 thus the
deformation of coating/substrate interface can be assessed. The level of the coating
adhesion is characterised by the critical load, Lc, which is defined as the minimum

load at which the failure of coating/substrate adhesion can be observed.

Scraich indentor

Fig 4.6.1 Diagram of scratch test

A well developed scratch tester consists of an integrated optical microscope, an
acoustic emission detector, and a device to measure the friction force, F; in the
scratching direction. The microscope (light or electron) can be used to observe the
point on the scratch channel where the failure of coating adhesion takes place. Also
it can be used to identify any coating damages and detachments. The acoustic
emission detector identifies a failure by monitoring the amount of cracks, which will
increase dramatically upon failure. The friction force is monitored to look out for a

sudden change in friction as the indentor penetrates to the substrate.

There are two sets of parameters, instrument related intrinsic parameters and sample

(10)

related extrinsic parameters’ ~, which have to be carefully considered in order to

give the right Lc value.
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The intrinsic parameters include loading rate, scratching speed, indentor radius and
diamond tip wear. The Lc increases as loading rate increases, and it decreases as the
scratching speed increases. However the Lc could be independent of the loading rate
dL/dt and scratching speed dx/dt provided that dL/dx remains constant. The
changing in Lc against dL/dx increases for the lower dL/dx values (0-100 N/mm)
because the probability of encountering a defective adhesive region increases as
dL/dX decreases. In general the lowest Lc is found for a manual loader since dL/dx
=0. The manual scratch test is dependent on the scratch speed, whilst the automatic
scratch test is dependent on both dL/dt and dx/dt. For the automatic scratch test, the
recommended dL/dx value is 10N/mm. The indentor’s tip radius affects the critical
load because the decrease of average pressure is proportional to the radius squared.
Therefore larger tip radius will result in larger critical load. In practice the
recommended tip radius is 200 pm. The diamond tip wear is a function of the
sample hardness, increasing with hardness of both the surface and the substrate.
There could be progressive increases in diamond tip wear without any change in
critical load. However once the diamond tip damage increases noticeably, it does
affect the critical load and the damaged diamond has to be replaced by a new one

since the diamond tip is not reproducible.

The extrinsic parameters relate to substrate hardness, coating thickness, coating
roughness, substrate roughness, and frictional characteristics between the indentor
and the surface. As the critical load is linked to the degree of deformation, a greater
load is needed for the harder substrate to cause the same deformation. For the same
reason, the thicker coating needs higher loading on the indentor to deform it. The
roughness of the coating should be less than 0.3 pm in order to avoid damage
caused by the surface defects. The substrate roughness also affects the value of Lc.
Increasing substrate roughness accompanies decreasing critical load. The friction
coefficient between indentor and coating influences the critical load. In general,

higher friction results in lower value of Lc.
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The instrument used here for the scratch adhesion test is a ST200 tester
manufactured by Teer Coating Service Ltd. This machine consists of a Rockwell
diamond indentor of tip radius 200 pm. Measurements can be carried by either
continuous mode using increasing load from 0 to 100 N at a dL/dX of 10N/mm, or
stepwise mode using dx/dt of 10 mm/min with a 5 N increase in load for each step.
The critical load is measured using an optical microscope equipped with a sample

stage adjusted by a manometer.

4.6.2 Rockwell indentation adhesion test

The Rockwell indentation adhesion test employs a Rockwell-C diamond indentor
which makes a point indentation with a load of 150 kg onto the coating/substrate
composite system. The level of adhesion is measured by comparing the deformation
profile of coating/substrate around the indentation with the adhesion criteria
developed by the Union of German Engineers, Verein Deutscher Ingenieure (VDI),

as shown in fig 4.6.2.

Level 6

- _Vizihle substrate
™~

Fig 4.6.2 Adhesion judgement using Rockwell-C indentation
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The classification of the adhesion judgement has been made under these conditions:
the substrate hardness is not less than Rc 54, the coating thickness is not more than
5 um, and the optical microscope is set at a magnification of x100 to observe the
deformation of the coating/substrate system. There are 6 levels describing the
resistance to propagation of cracks along the coating/substrate interface. Level 1 to
level 4 (Rc-1 to Rc-4) are acceptable coating adhesions at which only cracks or
small regions of spallation appear around the indentation whilst level 5 and level 6
(Rc-5 and Rc-6) are not acceptable adhesions at which large areas of spallation are

found around the indentation.

The Rockwell indentation adhesion test results presented here were performed on
high speed steel substrate of Rc-64 deposited with films of 1 to 5 um thickness

using a standard Rc indentor.

4.7 Hardness measurement of hard coatings

Hardness is also one of the fundamental properties of hard coatings, emphasising the
importance of performance of coating for wear resistant applications. The
measurement of coating hardness is carried out using a calibrated machine which
forces a diamond indentor of specific geometry, under loading, into the surface of
the coating and measures the length of the diagonal of the indentation. In general
the depth of the indentation must be less than one tenth of the coating thickness ™.
At the present the most widely used indentors are the Vickers indentor and the

Knoop indentor.

4.7.1 Hardness test using Vickers indentor

The Vickers indentor is a highly polished, pointed, square-based pyramidal diamond

with face angle of 136°, as shown in fig 4.7.1. The four faces of the indentor are
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equally inclined to the axis of the indentor and meet at a sharp point. The line of

junction between opposite faces (offset) should be not more than 0.5 pm in length.

Standard Vickers indenior Y, Offse
k- 1/ ™
1
l.l “
\\
'a.\\ . ’_;..\
1380-—"
y ¥
a1
# Offsat
- 2 = I'Z 0.5um max.

Vi

Fig 4.7.1 Diagram of Vickers indentor

The Vickers hardness number (Hv) is obtained by dividing the applied load in
kilogram force by the surface area of the indentation in square millimetres
calculated from the measured diagonals of the indentation. The equation can be

expressed as

Hv = P/A = 2Psin(0/2)/d* = 1.8544 P/d* 4.7.1

where P is load in kg and d is the average diagonal length in mm. Even though the
hardness test is very simple, the operator must pay careful attention to each step
during a measurement in order to avoid unnecessary error data or damage of the
indentor. The surface of the test sample must be perpendicular to the axis of the
direction of the load application. If the sample needs to be mounted, soft mounting
materials can be used under the condition that the material has to be of sufficient

rigidity so that there is no movement of the sample during load application. The
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indentor comes close to the sample at a speed of between 15 and 70 um/s. The time
for the full test load should be 10 to 15 seconds. The test machine should be located
in an area as free from vibrations as possible, especially for test loads less than

100g.

The Fischerscope H100V is used for Hv hardness testing of coatings with
measurement of indentation depth under load. The load on the indenter can be

varied from one to one hundred grams force to fit different applications.
4.7.2 Hardness measurement using Knoop indentor

The Knoop indentor is a highly polished, pointed, rhombic-based pyramidal
diamond with included longitudinal edge angle of 172° and 130° as shown in fig
4.5.2. The four faces of the indentor are equally inclined to the axis of the indentor
and meet at a sharp point. The line of junction between opposite faces (offset)
should be not more than 1.0 um in length for indentations greater than 15 pm in

length.

Standard Knoop indentor

T e N

172° 30°

- ~
| d = ya

Offset 1.0 Lm

Fig 4.7.2 Diagram of Knoop indentor
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The Knoop hardness number (HKk) is obtained by dividing the applied load in kilogram
force by the projected area of the indentation in square millimetres calculated from the
measured long diagonals of the indentation. The Knoop hardness number cab be

written according to the following equation

Hk = P/A, = P/d’c = 14.229 P/d* 4.7.2

where P is the applied load in kg force, A, is the projected area in mm?, d is the length
of long diagonal in mm, and c is the indenter constant relating projected area of the
indentation to the square of the length of the long diagonal. The careful approach
described in 4.5.1 for proper use of the Vickers indenter is also required for correct

hardness tests using the Knoop indenter.

The Mitutoyo MVK-H21 tester is used to measure the HK micro-hardness. This machine
can apply two types of loads on the indenter for different uses. The low load is from one
to twenty-five grams force, whilst the high load is from fifty to two thousand grams

force.
4.8 Roughness test of coatings

Surface roughness is a very important parameter of coatings to determine the
characteristics for decorative, friction, corrosion resistant, and wear resistant
applications. In general, a flat surface having irregular peaks or waves is regarded as a
curved or rough surface. For a PVD film, the roughness arises either during the sample
preparation or the coating process. Practically, the properties of film roughness can be
measured according to their origin. A very widely used technique for roughness
measurement employs a diamond tipped stylus (2 pm in radius) to contact the sample

surface and detect its variations as shown in fig 4.8.1.
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Diamond stylus Tayloxr-Hobzon

Roughmness tester
Sample surface

-\

' _ ! Roughness profile
Y -

Fig 4.8.1 Diagram of roughness measurement

As the stylus travels along the surface, the variation of the surface topography is detected
and coupled to a linear variable differential transformer which gives the roughness
profile of the sample surface. The most commonly used roughness parameters are
arithmetic average roughness (Ra), ISO 10 point height average roughness (Rz), and

maximum peak to valley of roughness (Rt). The Ra can be written as

L
Ra= ljmdx 4.8.1
LO

where L is the travel length along the X direction and Y is the variation of the surface

topography. The Rz can be expressed as

5 5
Rz= %(ZY;,. +2.7,) 4.8.2
i=1 i=1

where Ypi is one of the 5 highest peaks whilst Yvi is one of the 5 lowest troughs. Rt is

given as

Rt=Rp +Rv 483
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where Rp is the highest peak and Rv is the lowest troughs.

The machine used for roughness measurement is the Rank Taylor-Hobson 120L surface
texture measuring instrument which has a resolution of 10 nm for a 6 mm measuring

range.

4.9 Thickness measurement of coatings

The thickness of the coatings is measured using a calotest as shown in Fig 4.9.1. A
grinding ball is rotated on the coating surface where a diamond suspension is inserted as
grinding material between the sphere and the coating. A layer annulus is produced as the

material is abraded. The thickness of the coating, t, is calculated as

t =%[«/4R2 —d? —J4R? —DZJ 49.1

where t is the thickness of the coating, R is the radius of the grinding ball, d is the inside
diameter of the abraded layer annulus, and D is the outside diameter of the abraded layer

annulus.

Coating
—

Fig 4.9.13 Geometrical principle of the calotest
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4.10 Preparation of samples for analysis

Most of the analytical techniques need no sample preparation other than flat samples
with standard cleaning such as air jet, acetone, or methanol to remove dust and trifling
contamination. However, coated specimens used for cross sectional analysis have to be
carefully prepared in order to get successful results reflecting the real structure and

composition of the tested samples.

4.10.1 Fracture cross-section for analysis of scanning electron microscope

Columnar morphology and grain structure of the coatings are often investigated using
fractured samples. Coated high speed steel drill blanks are the most typical samples used

for this analysis. The preparation procedures are the following:

* A deep slit (~2/5 of diameter of drill blank) is cut into the side of the sample opposite
to the coated surface using an Accutom rotary saw

* The cut sample is put in liquid nitrogen to be quenched for two to three minutes.

* The sample is clamped at the bottom and a uniform load is applied to the top to cause
an even fracture along the slit.

® Gold plating on the fractured surface may be used to avoid the contrast between
coating and substrate being too great.

® The fractured sample is then mounted vertically on a metal sample holder.

4.10.2 Cross sectional preparation for transmission electron microscope

The transmission electron microscope is a very useful tool for examining a coating’s
cross sectional structure. However specimen preparation for the cross sectional structure
analysis is in fact a time consuming task. In general the specimen preparation procedure

is the following:

81



® Specimens are cut into 0.5x1.2x3.0 mm® slices as shown in fig 4.10.1 a.

a.Initial cut slice b. Polished before ion thining

Fig 4.10.1 Specimen preparation for TEM analysis

® Sectioned slices are mechanically ground and polished on one side to a thickness of
100 pm and a finish of 1 pm.

® The reverse side is further thinned and polished to make a foil with thickness of 10 to
20 pm and a finish of 1 um as shown in fig 4.10.1 b.

® Final thinning for electron transmission is performed using argon ion beam thinning at
an incident angle to the thinning surface from 0 to 5°, an accelerating voltage of 5 kV
and a current of 7-10 uA. The ion beam is only operated at £30° normal to the coated
surface in order to protect the coating/substrate interface from being damaged during

the ion beam thinning stage.
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5. Process study of TiCN hard coatings

5.1 Experiment arrangements

The TiCN coating experiments were arranged as three procedures: hysteresis TiN,
hysteresis TiC, and TiCN deposition processes. The hysteresis deposition processes were
used to study the effect of reactive gas flow rate on the reactive partial pressure under
certain temperature condition during a deposition process. This gave a Dbetter
understanding of the range of process parameter values by ‘which stoichiometric
composition films could be produced. The TiCN coating processes were conducted to
investigate the effect of carbon and nitrogen concentration on the properties of TiCN

films.

5.2 Hysteresis TiN coating process

The preparation of samples for deposition were described in chapter 4.2.1. The nitrogen
gas flow rate was changed stage by stage during the deposition process as shown in fig
5.2.1. The nitrogen gas flow rate was increased from zero to a high level in a stepwise
manner (20 minutes for each step) to give ranges of nitrogen gas partial pressure within

the chamber during the process whilst the argon flow rate was kept at a constant value.

180 F Y
160 | : HT
140 } :
120 }
100 }
80 |
60 }
40 |
20 }
0% : : ;
0 50 100 150
Time (min)

Hitrogen gas flow rate
(sccm)

Fig 5.2.1 N, flow dependent on time in a process
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There were three target power conditions, low target power (LP, 4x3 kW), mediate
target power (MP, 4x5 kW) and high target power (HP, 4x10 kW) considered for the
processes, which leaded to the film deposited at low temperature (LT, 180°C), mediate
temperature (MT, 300°C) and high temperature (HT, 480°C) respectively. In LT
deposition process, the change in nitrogen gas flow rate was 20 sccm (standard cubic
centimetres per minutes) per step, while in MT and HT processes, the change in

nitrogen gas flow rate was 30 sccm per step.

As there were no heaters used during these experiments, the substrate temperature was
mainly dependent on the power supply of the targets. However, substrate bias voltage
and the coil currents also affected the substrate temperature. The process parameters are

recorded in table 5.2.1.

Table 5.2.1 Process parameters of stepwise TiN coatings

Cathode power | Bias voltage | Coil current | Temperature
PN (kW) V) G 0
01 4x3 100 4x10 180 (LT)
02 4x5 120 4x10 300 (MT)
03 4x10 150 4x10 480 (HT)

The nitrogen partial pressure was measured by a differentially pumped mass

spectrometer and calculated using the formula:

p=pxt 5.2.1

n c

4

in which P, and P, are nitrogen partial pressure and total pressure in the coating
chamber, p, and p. are nitrogen partial pressure and total pressure in the mass
spectrometer. As the pumping speed of the mass spectrometer was different from the
main chamber, the nitrogen partial pressure calculated using equation 5.2.1 is useful only
for monitoring purposes. This partial pressure value will be called throughout this work

as “‘reduced’’ partial pressure.
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The relative titanium plasma density was measured using a Ti* optical emission monitor
which was used to measure the signal intensity of the titanium optical emission from the

target; hence the relative titanium plasma density was determined.

5.2.1 N2 partial pressure and titanium plasma density dependent on N3 flow rate

The reduced nitrogen partial pressure as a function of nitrogen gas flow rate is given in
fig 5.2.2. In the initial stage the consumption of the nitrogen was proportional to the
nitrogen gas flow rate. The nitrogen partial pressure started from a low value, about 0.6
X 10™mbar, and increased slowly with increasing nitrogen gas flow rate due to the
increasing of nitrogen consumption in the deposition process. When the nitrogen partial
pressure increased at a certain point, the consumption of nitrogen no longer increased
with the nitrogen gas flow rate and therefore the nitrogen partial pressure suddenly
increased quickly with a increase of nitrogen gas flow rate. This point is defined as a
equilibrium point at which the consumption of the nitrogen and the sputtered titanium
atoms from the target is balanced. As there was no increase of nitrogen consumption
within the chamber with increasing nitrogen gas flow, the nitrogen partial pressure
began to rise rapidly. It could be seen that the nitrogen partial pressures at any target
power condition were changing almost linearly with the nitrogen gas flow rate before
reaching the equilibrium point of nitrogen partial pressure. The critical nitrogen gas flow
rate was 40 sccm for the equilibrium nitrogen partial pressure level using low power
(LP) condition (4x3 kW), 60 sccm for that using medium power (MP) condition (4X5
kW), and 150 sccm for that using high power (HP) condition (4x10 kW). The

equilibrium nitrogen partial pressures for LP, MP, and HP processes were 0.7, 0.8 and
1.0x10™ mbar respectively. The total chamber pressure was kept constant within

experimental accuracy (2.5x10-3mbar) during the process before the equilibrium

nitrogen partial pressure was achieved. Following this, the total chamber pressure was

increased to a range of 2.7, 2.75 and 2.8%10-3mbar respectively for the LP, MP, and HP

coating processes.
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Fig 5.2.2 Reduced Nppartial pressure dependence on N gas flow rate

The titanium plasma density (which was measured using the Tit optical emission
spectrometer) was changed corresponding to variations in nitrogen gas flow rate as
shown in fig 5.2.3. When the gas flow rate was zero, the relative density of titanium
plasma was 1. Then the plasma density decreased when the nitrogen gas flow rate was
increasing. The change of titanium plasma density was almost linear until the nitrogen
partial pressure reached an equilibrium point, following which the titanium plasma
density reduced to a very low level when the nitrogen gas flow was increased further.
After this point, as the target was fully poisoned, the titanium plasma density remained
the same low level (over poisoned level) even though the nitrogen gas flow rate was
further increased. The variation of plasma density mirrored the behaviour of nitrogen
partial pressure dependent on the nitrogen gas flow rate. Under high power condition,
the equilibrium point located at high nitrogen gas flow rate, while under low power

condition, the equilibrium point located at low nitrogen gas flow rate.

87



12

o
™

equilibrium point

s

Relative Ti plasma density
o o
-3 (=]

— " »
over poisoned level

L J
[ 3

o
L¥]

0 20 40 60 80 100 120 140 160 180 200
Hitrogen gas flow rate (sccm)

Fig 5.2.3 The relationship between Ti plasma density and N flow rate

5.2.2 Concentration depth profile of the stepwise films

Concentrations of the films were estimated by GDOES calibration. It could be seen that
an increase in nitrogen was accompanied by a decrease in titanium content from
substrate/coating interface to the top surface of the coating as shown in fig 5.2.4,5,6. At
a low target power condition, the elemental distribution depth profile of the coating
showed different layers in the coating, over-stoichiometric composition (N/Ti>1) at the
top surface, then a thin stoichiometric composition (N/Ti=1) layer at the middle, and
then an under-stoichiometric layer (N/Ti<1) with increasing titanium and decreasing
nitrogen near the interface. At a medium power condition, the depth profile of the
coating composition clearly showed three layers, stoichiometric composition at the top
surface, under-stoichiometric composition with Ti/N=2 at the middle, and then a
titanium rich layer near the interface. At a high power deposition, the concentration
depth profile of the film appeared to be a stepwise distribution. Stoichiometric
composition appeared at the top surfacé, and then the elemental distribution was
changing almost linearly with increasing titanium and decreasing nitrogen from the top

surface to the coating/substrate interface.

88



(See page 120 and 121 for fig 5.2.4, 5, and 6)

Fig 5.2.4 Concentration depth profile of film deposited using low target power

Fig 5.2.5 Concentration depth profile of film deposited using medium target power
Fig 5.2.6 Concentration depth profile of film deposited using high target power

5.2.3 XRD analysis of the stepwise TiN films

X-ray diffraction patterns are shown in fig 5.2.7, 8, 9 for the stepwise coatings deposited
low, medium, and high target power respectively. In general, these were multiphase

compositions, Ti, aTiNg3, €TiJN, and 8TiN, developed in the coatings. These phases

resulted from variation in composition from the coating/substrate interface to the top
surface. Therefore it is reasonable to infer that the different phases reflect the

compositions of the different layers distributed through the stepwise coating.

The XRD analysis of the stepwise TiN coatings is given in table 5.2.2 in which the types
of coating (T), phases, (hkl) reflections, and the relative peak numbers (PN) were
recorded. In the coating deposited using low target power as shown in fig 5.2.7, Ti, o
TiNy 3, €TiN, as well as OTiN phases were identified. There were diffraction peaks as
marked from number 1 to number 11 for the film and those for the substrate. The
strongest diffraction peak was an aTi(N) (10.0) reflection as marked by peak number 1.
The identified reflections were Ti (00.2), (10.1); aTiNy3 (10.0), (11.0), and (20.1);
eTioN (200), (111), and (002); 8TiN (111) and (200).

In the coating deposited at medium target power as shown in fig 5.2.8, there were ten
diffraction peaks for the film as well as the peaks for the substrate presented in the XRD
pattern. €Ti,N (200) and (101) were the very strong diffraction peaks as marked by peak
number 1 and 2. The reflections were Ti (11.2); aTiNy; (10.1); €Ti,N ( 101), (200),
(210) and (002); 8TiN (111), (200), (220) and (311). |
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Fig 5.2.7 XRD pattern of the stepwise TiN coating deposited using low power
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Fig 5.2.8 XRD pattern of the stepwise TiN coating deposited using medium power
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There were twelve peaks presented in the diffraction pattern of the coating deposited

using high target power as shown in fig 5.2.9. The strongest diffraction peak was 6TiN

(111) as marked by peak number 2. The reflections corresponded to Ti (10.3) and (20.0);
aTiNy; (10.1), (10.2), (10.3) and (00.4); €TioN (101), (002) and (202), 8TiN (111),

(200), and (220).

Table 5.2.2 XRD analysis of stepwise TiN coatings
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Fig 5.2.9 XRD pattern of the stepwise TiN coating deposited using high power

T | Phase Ti aTiNg 3 €Ti2N S8TiN

LP hkl 002 | 101 | 102 | 100 110 201 200 111 002 111 200
PN 4 6 8 1 10 11 2 5 9 3 7

MP hkl 112 101 101 200 210 | 002 | 111 200 220 | 311
PN 10 4 1 2 5 7 3 6 8 9

HP hkl 103 | 200 101 102 103 | 004 | 101 002 202 111 | 200 | 220
PN 9 10 3 5 8 12 1 6 10 2 4 7

5.2.4 SEM results

The fracture cross section of the stepwise TiN coatings examined using SEM are shown

in fig 5.2.10 a, b, and c. The thickness was 0.5, 1.5, and 3.0um for coatings deposited
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using low, mediate and high target power respectively. In general, a columnar structure
is formed in the coatings normal to the substrate surface. It was clear (see fig 5.2.10 b
and c) that the column size varied throughout the depth of coating. Large column sizes
were observed close to the film/substrate interface where the coating was rich in
titanium, and near the top surface where the coating was rich in nitrogen. In the middle
of the coating however, the grain size was very small which reflected a very dense film

produced in this region.

(See page number 122 for fig 5.2.10)
Fig 5.2.10 SEM fracture cross sectional images of stepwise TiN coatings
a. deposited at LP, b. deposited at MP, c. deposited at HP

5.2.5 Discussion hysteresis TiN coating

Nitrogen partial pressure is a function of the nitrogen gas flow rate during a deposition
processm and this function is basically dependent on the applied target powerm. When
the nitrogen gas flow is started, there is only small change in nitrogen partial pressure in
the chamber because a large mount of nitrogen gas is combined with the sputtered
titanium. As the nitrogen gas flow is increased to a certain level, the nitrogen partial
pressure is suddenly increased because there is sufficient nitrogen in the chamber to
form a compound on the surface of the target. This compound results in a large decrease
of sputtering rate and therefore the consumption of nitrogen is also largely reduced.
Hence there is a big jump in the nitrogen partial pressure. Higher target power leads to a
high sputtering rate which results in large amount of sputtered titanium atoms to
contribute the growing film and a large amount of nitrogen is needed during the
formation of stoichiometric TiN film. Therefore high nitrogen gas flow is needed to
keep the equilibrium nitrogen partial pressure in order to supply sufficient nitrogen

combined with the sputtered titanium.

During a process titanium plasma density is linearly decreasing with increasing nitrogen

gas flow rate before the equilibrium nitrogen partial pressure is achieved. This indicates
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the titanium sputtering rate is linearly reduced in this stage. Afterwards, the sputtering
rate falls to a lowest level because the titanium nitride formed on the target causes target

poisoning and greatly reduces the sputtering yield.

Different nitrogen concentrations of the coating correspond to the different phase
compositions(3). Low nitrogen (less than 25 at % N), middle nitrogen (about 33 at % N) ,
and high nitrogen (above 35 at % N) concentrations within the coating correspond the
aTiNg3, €Ti,N and 8TiN phase compositions respectively. As the level of nitrogen
partial pressure in a deposition process corresponds to the level of nitrogen concentration
in the coating, low, middle, and high levels of nitrogen partial pressure could be used to
deposit films containing aTiNg3, €Ti;N, and OTiN phase compositions respectively.
Comparing with composition depth profile and the X-ray diffraction of the stepwise TiN
coating, it is reasonable to say that the OTiN phase is formed at the top layer, €Ti,N
phase is developed in the middle layer, aTiNy ; phase is produced at the layer next to the

coating/substrate interface.

5.3 Hysteresis TiC coating process arrangements

5.3.1 Specimen preparation and experiment parameters

The method and procedure of specimen preparation, experiment parameters and
arrangements of stepwise TiC coatings were the same as that of stepwise TiN coatings

(see chapter 5.2) except that methane (CHy4) was used as the reactive gas in the process

instead of nitrogen.
5.3.2 Methane partial pressure dependent on CH, flow rate

The results are shown in fig 5.3.1 in which the background levels of reduced methane
partial pressure for all the conditions of low power, LP (4x3 kW), mediate power, MP
(4x5 kW), and high power, HP (4x10 kW) processes were almost the same at the initial
depositing stage. Then the methane partial pressure was linearly increasing as the gas

flow rate increased. When the gas flow rate reached a certain value (approximately 40
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sccm in the LP process for example), the partial pressure began to rise rapidly with
increasing methane flow rate. The higher target power process had lower methane partial
pressure even through the introduced methane gas flow rate was the same as that in low
target power process. This reflected the fact that more carbon was used during the high

power process. The change of methane partial pressure dependent on the gas flow rate

was smaller for the higher power process. The total chamber pressure was 2.5x10-3mbar
when the deposition process started, then the total pressure increased to 2.6, 2.65, and
2.7x10-3mbar respectively for the LP, MP, and HP coating processes when the methane

partial pressure began to change rapidly.
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Fig 5.3.1 Reduced CHy4 partial pressure dependent on gas flow rate

5.3.3 Concentration depth profile of hysteresis TiC coatings

The elemental distributions in the depth of the coatings was estimated by GDOES as
shown in fig 5.3.2, 3, and 4. It could be seen that an increase in carbon was accompanied
by a decrease in titanium content from substrate/coating interface to the top surface of
the coating. At low power process, the concentration within the coating showed clearly
two layer’s distribution. The over-stoichiometric composition (C/Ti>1) from the top
surface to the middle of the coating then a titanium richer layer (C/Ti<1) from the

middle to the coating/substrate interface. At Mp and HP conditions, the concentration
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depth profile of the films appeared to be a stepwise distribution. Close to stoichiometric
composition appeared at the top surface, and then the elemental distribution was
changing almost linearly with increasing titanium and decreasing carbon from the top

surface to the coating/substrate interface.

(See page 123 and 124 for fig 5.3.2, 3, and 4)

Fig 5.3.2 Concentration depth profile of stepwise TiC film deposited at LP
Fig 5.3.3 Concentration depth profile of stepwise TiC film deposited at MP
Fig 5.3.4 Concentration depth profile of stepwise TiC film deposited at HP

5.3.4 XRD results

There were four diffraction peaks for the film deposited at low power process as well as
the peaks for the substrate as shown in fig 5.3.5. It can be seen that peak 1 (in the
shoulder of peak 2) belongs to the reflection from Ti (10.0); peaks 2, 3, and 4 were TiC
(111), (200), and (220) respectively. The strongest diffraction peak was TiC (111), thus

indicating a {111} texture.
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Fig 5.3.5 XRD pattern of the stepwise TiC coating deposited at LP
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There were nine diffraction peaks identified in the film deposited at an intermediate
power as shown in fig 5.3.6. Peaks 1, 3, 5, 7, and 9 were reflections from Ti (10.0),
(00.2), (10.3), (20.0), and (20.1) planes, whilst peaks 2, 4, 6, and 8 were reflections from
TiC (111), (220), (311), and (222) planes. The strongest diffraction peak was from Ti
(10.0) plane. The overlapping of the diffraction peaks took place as the diffraction angle

increased, which caused difficulties in identifying peaks.
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Fig 5.3.6 XRD pattern of the stepwise TiC coating deposited at MP

The XRD pattern of film deposited using high target power is shown in fig 5.3.7, in
which eight diffraction peaks present in the film were identified. Peaks 1, 3, 4, 5, 7, and
8 were reflections from Ti (10.0), (00.2), (10.1), (20.0), (11.2), and (20.1) planes, whilst
peaks 2 and 6 were reflections from TiC (111) and (222) planes. There were more
titanium peaks present in the XRD pattern of coating deposited at high target power. The
diffraction peaks were also sharper and had a higher intensity as compared with that of
the XRD pattern from the coating deposited at a low power. The strongest diffraction

peak was Ti (00.2).
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Fig 5.3.7 XRD pattern of the stepwise TiC coating deposited at HP

5.3.5 SEM results

The fracture cross sectional images of the TiC stepwise coatings deposited using a low,
intermediate, and high power were examined by scanning electron microscopy figs 5.3.8
a, b, and c. It could be seen that a columnar structure was produced within the coatings
and the column orientation was normal to the substrate surface. It was clear that the
columnar size changed from the coating/substrate interface to the coating surface. The
column size at the interface was larger than that at the top surface. This indicated that the
TiC coating with high carbon concentration near the surface had fine columnar structure
whilst the titanium rich TiC coating near the coating/substrate interface had coarse
columnar grains. The columnar size was also dependent on the target power. The coating
deposited using higher target power had a coarse columnar structure as compared with
the film deposited using low target power. The thickness was approximately 1um for the

low temperature coating, and 2.5um for the middle and high temperature coatings.
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(See page 125 for fig 5.3.8)
Fig 5.3.8 SEM images of the stepwise TiC coatings deposited at
a.LP,b. MP, c. HP

The outer edge images of the fracture cross section are shown in fig 5.3.9. Cone shaped
defects grown from deposition during the cathodic arc etching stage can be seen on the
coating surface. However, when the coating was deposited using high target power , this

cone defect tended to be flatten and the top surface became more smooth.

(See page 126 for fig 5.3.9)
Fig 5.3.9 Outer edge images of the fracture cross section of the stepwise TiC
coatings deposited at a. LP, b. MP, c. HP

5.3.6 Discussion hysteresis TiC coating

The process of using high target power leads to high plasma density and high deposition
temperature both of which are beneficial to activate the carbons reacting with the
sputtered titanium. As more methane is consumed in the high temperature coating
process, the methane partial pressure is reduced. Therefore the high target power process
had the lower methane partial pressure as compared with the low target power process

using the same methane gas flow rate as seen from fig 5.3.1.

There are more diffraction peaks in the XRD pattern of coating deposited using high
target power as compared with that of coating deposited using low target power. This
may be attributed to the thickness of the coatings. High target power leads to high
sputtering rate and hence the high deposition rate. The thickness of the coating deposited
at high target power is less than 2.5 um whilst the thickness of the coating deposited at
low target power is only 1 um. As the diffraction intensity contributed by the thicker
coating is higher, more diffraction peaks could be identified because there is more

chance of recording the weak diffraction signal.
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The grain size of the TiC coating is a function of the composition. The carbon within the
coating is increasing from the substrate/coating interface to the top coating surface.
When the number of carbon within the coating is less than the number of the titanium
atoms, the composition gradients and the chemical potential may develop. This may
direct the migration of the pre-condensed deposits leading to formation of relatively
large stoichiometric grains surrounded by substoichiometric regions and voided
boundaries”. When the composition approaches to stoichiometry at the coating surface,
the composition gradients and directed migration will decrease. This implies the small

grains with dense grain boundaries will be formed®.

5.4 TiCN Coating

5.4.1 Experimental parameters and arrangement

The coating process was arranged to operate at two kinds of target power conditions, 4x
5kW and 4x10kW which resulted the substrate temperatures at 240°C (LT) and 340°C
(HT) respectively. There were five processes performed for each power condition. Argon
flow was kept constant for every coating process. The chamber total pressure for TiCN
coating process was chosen from the average value of the hysteresis TiN and TiC

process. At low temperature (LT) process TiCN coating process, the total pressure was

2.70x10-3mbar whilst the total chamber pressure was chosen 2.75x10-3mbar for the
high temperature (HT) process. The ratio of nitrogen gas flow rate to methane flow rate
was not changed in a single process so that a uniform TiCN film could be produced.
Uniform TiCN coatings with different compositions were deposited using different
ratios of the reactive gas flow rate in the different coating processes. During a process
the total pressure (which was contributed by argon, nitrogen and methane) was kept at a
constant value which was expected in the range of the saturated pressure considered to
produce stoichiometric TiCN, (C+N)/Ti = 1. The reactive gas flow rate was determined
such that the contribution of introduced nitrogen and methane to the total chamber
pressure which kept the total pressure at the considered value. The coating process

parameters are given in table 5.4.1, and 2.
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Table 5.4.1 Process parameters of TiCN coating in LT process

PN Target Bias Coil CHy4flow | N flow Ar; flow Total
power voltage | current rate rate rate pressure
(kW) ) (4) | sccm) | (scem) | (scem) (mbar)
LT01 4x5 120 4x10 15 50 110 2.65x10-3
LT02 4x5 120 4x10 25 48 110 2.65x10-3
LTO03 4x5 120 4x10 29 38 110 2.65x10-3
LT04 4x5 120 4x10 36 28 110 2.65x10"3
LTO05 4x5 120 4x 10 37 20 110 2.65x10-3
Table 5.4.2 Process parameters of TiCN coating in HT process
PN Target Bias Coil CHyflow | Ny flow Ar; flow Total
power voltage current rate rate rate pressure
W) V) @ | sccm) | (sccm | (sccmy | (mbar)
LTO01 4x10 150 4x10 36 87 110 2.75x10-3
LT02 4x10 150 4x10 46 75 110 2.75x10-3
LTO03 4x10 150 4x10 56 53 110 2.75x103
LTO04 4x10 150 4x10 67 32 110 2.75x10-3
LTO05 4x10 150 4x10 80 15 110 2.75x10"3

5.4.2 The variation of N2/CH4 pressure ratio dependent on the N»/CH4 flow ratio

It can be seen from fig 5.4.1 that the Np/CH4 pressure ratio was almost linearly

changing with the ratio of nitrogen gas flow to methane flow. The major variation of

reactive gas pressure ratio dependent on reactive gas flow ratio in both low and high

temperature coating process was not very much different.
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Fig 5.4.1 Ratio of reactive gas pressure dependent on reactive gas flow ratio

5.4.3 Composition dependence on the reactive gas pressure ratio

The elemental distribution with respect to depth of the coating was estimated using
GDOES. In general, the coatings deposited in the low target power process, at low
temperature (240°C), contained about 70 at % Ti and 30 at % (C+N), while the coatings
deposited in high target power process, at high temperature (340°C), contained about 60
at % Ti and 40 at % (C+N) as shown in fig 5.4.2 and 3.

(See page 127 for fig 5.4.2 and 3)
Fig 5.4.2 Composition depth profile of TiCN film deposited at LT temperature

Fig 5.4.3 Composition depth profile of TiCN film deposited at HT temperature
The relationship between the ratio of N/C composition in the coating and the ratio of the

corresponding reactive gas pressure in the coating process is significant. Almost linear

variation of the nitrogen to carbon ratio in the coatings dependent on the change of
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nitrogen gas pressure to methane pressure ratio in the process was found as shown in fig

5.4.4.
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Fig 5.4.4 Concentration ratio in coatings dependence on reactive gas pressure ratio

The N/C ratio in coating deposited at a higher target power process was lower than that
in coating deposited at a low target power process even through the nitrogen gas pressure
to methane pressure ratio was kept at the same level. As high target power process
leaded to high substrate temperature, thus it could give assumption that high carbon

content coatings could be produced at high temperature conditions.

5.4.4 Hardness results

The hardness results as well as the atomic concentration of TiCN coatings deposited at
low substrate temperature (LT, 240°C) are recorded in table 5.4.3. The coated stainless
steel samples were found to have a hardness value varying from 1588 Hv for the lowest
hardness to 2874 Hv for the highest hardness. The coated high speed steel samples were
found to have hardness values varying from 1743 Hv for the lowest hardness to 3455 Hv

for the highest hardness.
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Table 5.4.3 Hardness results of TiCN coatings deposited at 240°C

Concentration Atomic Ratio Hardness Load 25g
atomic (%) (Hv)

PN N C Ti N/C (N+CO)/Ti SS HS
LT01 25.2 3.0 71.8 8.4 0.39 2209 2549
LT02 29.4 5.6 65.0 5.25 0.54 2874 3455
LTO03 22.7 7.3 70.0 3.11 0.43 2449 2790
LT04 15.3 8.9 78.0 1.71 0.31 2253 2533
LTO05 10.9 9.1 80 1.20 0.25 1588 1743

The values of hardness and atomic concentration of TiCN coatings deposited at high
substrate temperature (340°C) are recorded in table 5.4.4. The coated high speed steel
samples were found to have 1409 Hv for the lowest hardness, and 4003 Hv for the
highest hardness as measured using 25g load on the indenter. When 50g load on the
indenter was applied however, a much lower hardness value was measured in the same
sample. This is because the coating is not thick enough to resist the penetration of the
indenter with heavy load. As the indenter is close to the substrate, the measuring value is

influenced more by the substrate and therefore a lower hardness value is recorded.

Table 5.4.4 Hardness results of TiCN coatings deposited at 340°C

Concentration Atomic Ratio Hardness (Hv) | hardness (Hv)
(%) load 25g load 50g
PN N C Ti N/C | (N+C)/Ti HSS HSS
HTO01 | 30.0 9.0 61.0 3.33 0.64 3722 3411
HTO02 | 27.6 11.2 61.2 2.46 0.63 4003 2548
HTO03 | 21.2 16.4 62.4 1.29 0.60 3290 2689
HT04 | 14.0 21.6 64.4 0.65 0.55 2519 1607
HTO05| 4.0 25.6 70.4 0.16 0.42 1409 992

The relation between coating hardness and stoichiometric coefficient was shown in fig
5.4.5. The stoichiometric coefficient was defined as (C+N)/Ti. It was clear that the

hardness was almost proportional to the stoichiometric coefficient. A higher
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stoichiometric coefficient could result in higher hardness except for the measurement of
samples from HT02 to HTO1 in which the hardness reduced from Hv 4003 to Hv 3722

when the stoichiometric coefficient increased from 0.63 to 0.64.
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Fig 5.4.5 Hardness as a function of stoichiometric coefficient

25g load on the indenter

5.4.5 XRD results
5.4.5.1 TiCN coatings deposited at 240°C

XRD traces for the samples LT01 to LT05 were shown in figs 5.4.6, 7, 8, 9 and 10 in
which the carbon content in the coatings was increased from 3% to 9.1 at %. TiCN
(111), (200), and (220) were found to be the main reflections. The interplanar spacings,
diffracted intensity of the (hkl) reflections, random intensity according to standard XRD
JCPDS files, lattice parameters, and textures are given in table 5.4.5. The interplanar
spacing of the (200) reflection in samples from LTO01 to LT05 were found systematically
increased with the carbon content within the coatings. For the (111) and (220)
reflections, however, the change in interplanar spacing with increasing carbon content in

the films was not so systematic.
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Fig 5.4.7 XRD pattern of TiCN coating from sample LT02
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Fig 5.4.10 XRD pattern of TiCN coating from sample LT05

Table 5.4.5 Texture and lattice parameters of TiCN coatings at 240°C

PN | plane I IR | T(%) d(a) a(A) a* (A)
LTO01 111 444.18 46 62.6 2.484 4.302 4.26441 for
200 209.19 100 | 13.6 2.136 4.272 TiCgy 3Ng.7
220 146.76 40 23.8 1.518 4.252 and
LTO02 111 651.54 46 57.1 2.496 4.323 4.29709 for
200 532.45 100 21.5 2137 4.274 TiCp 7Np 3
220 211.86 40 214 1.521 4.302
LTO03 111 276.98 46 24.3 2.494 4.320
200 278.89 100 11.3 2.150 4.300
220 637.42 40 64.3 1.537 4.347
LTo04 111 283.35 46 4.6 2.485 4.304
200 200.24 100 7.7 2.151 4.302
220 873.61 40 87.4 1.536 4.345
LT05 111 538.36 80 48.5 2.500 4.330
200 288.47 100 11.9 2.161 4.322
220 382.26 60 39.6 1.534 4.339

a* is the standard lattice parameter (TiCq 3N 7 or TiCq 7Ng 3)
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It was observed that the texture varied as a function of composition as shown in fig
5.4.11. An increase in {220} component with a corresponding decrease in the {111}
component was observed when carbon content, C/(C+N), increased from 0.1 to 0.37. As
the carbon content increased up to above 0.37, the {220} texture decreased whilst the
{111} texture increased. The texture as calculated using the (200) planes did not exhibit

greater variation as compared with that calculated using (111) and (220) planes.
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Fig 5.4.11 Texture coefficient dependence on composition of coating at 240°C

The lattice parameters as calculated from the experimentally determined interplanar
spacings together with that of the JCPDS files are shown in fig 5.4.12 in which increased
lattice parameters were found compared with those of the standard XRD JCPDS files.
The lattice parameters calculated using interplanar spacings of (111) and (220)
reflections were always larger than those calculated from the (200) reflection. The lattice
parameters calculated using (200) reflection systematically increased with increasing
carbon of the coating whilst those calculated from the (111) and (220) reflection did not

show any systematically change with increasing carbon content.
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Fig 5.4.12 TiCN lattice parameter dependent on composition (deposited at 240°C)
a, b, ¢, and d are standard lattice parameters of TiN, TiC0_3N0_7, TiC0_7N0_3, and TiC

5.4.5.2 TiCN coatings deposited at 340°C

The XRD patterns of TiCN coatings deposited at 340°C are shown in fig 5.4.13, 14, 15,
16, and 17 in which TiCN (111), (200), (220), and (311) were found to be the main
reflections. It could be seen that in the films deposited at 340°C the carbon content had
little effect on peak position. Table 5.4.6 shows the diffraction intensity of the relative
(hkl) reflections, the random intensity according to standard XRD JCPDS files, the

texture (T%), interplanar spacings, and the relative lattice parameters.
The texture as a function of composition C/(C+N) is given in fig 5.4.18 in which it can

be seen that the intensity of the {220} texture was at a maximum and the {111} texture a

minimum at a carbon content of C/(C+N) = 0.45.
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Fig 5.4.13 XRD pattern of TiCN coating deposited at 340°C (HT01)
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Fig 5.4.14 XRD pattern of TiCN coating deposited at 340°C (HT02)
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5.4.17 XRD pattern of TiCN coating deposited at 340°C (HT05)

Table 5.4.6 Texture and lattice parameters of TiCN coatings at 340°C

PN plane I Ip T (%) d(a) a(A) a* (A)
HTO01 111 160.21 59 17.5 2.47085 4.27963 4.26441 or
200 161.13 100 104 2.14484 4.28968 4.29709
220 358.57 46 50.3 1.52480 4.32192
311 84.42 25 21.8 1.29405 4.29911
HT02 111 125.08 59 39.4 2.46437 4.26841
200 100.80 100 18.7 2.13781 4,27562
220 90.57 46 36.6 1.52482 4.31284
311 7.10 25 5.2 1.30950 4.34312
HTO03 111 134.45 59 9.5 2.47830 4.29250
200 130.99 100 5.5 2.14709 4.29418
220 821.66 46 74.4 1.53460 4.34050
311 63.56 25 10.6 1.30440 4.32620
HT04 111 293.13 59 19.0 2.47401 4.28510
200 114.53 100 5.5 2.14747 4.29494
220 758.23 46 62.0 1.53055 4.32905
311 90.46 25 13.0 1.29907 4.30853
HTO05 111 572.92 59 45.6 2.47296 4.28329
200 106.99 100 5.1 2.14709 4.29418
220 391.24 46 39.9 1.52970 4.32660
311 50.25 25 8.7 1.30059 4.31357
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Fig 5.4.18 Texture coefficient dependence on composition of coating at 340°C

The lattice parameter dependency on composition is shown in fig 5.4.19 in which the
lattice parameters calculated using (220) and (311) reflections were always larger than
those calculated using (111) and (200) reflections. It can be seen that the lattice
parameter value calculated using (111) and (200) reflections was smaller than that of the
standard JCPDS files when composition was at a high carbon level, C/(C+N) > 0.6.
When the composition was at low carbon level, C/(C+N) < 0.6, however, the value was

larger than those of the standard JCPDS value.

In general (coatings deposited under both temperature conditions, 240°C and 340°C), the

lattice parameters as calculated using different reflections were different. The lattice

constants, aj', a2, aZ°, and a]"' were a menace of the lattice distortion. In the films

investigated, both {111} and {110} texture were observed as the preferred orientations.
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Fig 5.4.19 TiCN lattice parameter dependent on composition (deposited at 340°C)
a, b, ¢, and d are standard lattice parameters of TiN, TiC( 3Ny 7, TiCq 7Ny 3, and TiC

5.5 Triple layer TiCN coating
5.5.1 Experiment

A triple layer TiCN coating was produced by adjusting the reactive gas flow rates and

keeping the argon flow rate constant. The process parameters are recorded in table 5.5.1.

Table 5.5.1 Process parameters of sandwich TiCN coating

Time | Ny Flow | CHy flow | N2 pressure | CHy4 pressure | total pressure
(min) | (sccm) (sccm) (10-4mbar) (10-4mbar) (10-3mbar)

00-40 | 13.6 0 1.004 1.881x10-3 2.7541
40-80 4.0 7.8 0.2606 0.4984 2.7431
80-120 | 9.5 4.0 0.5513 0.2506 2.7538

Adjustment of the reactive gas flow rate during the process was carried out by using he

relative intensity of the Ti plasma density as measured using a Ti* emission optical

spectrometer as a reference. The reactive gas flow rates, i.e. N2 and CH4, were adjusted
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such that the Ti plasma density remained constant throughout the process. The amount
of adjustment was considered to keep the Ti plasma density constant so that the
sputtering rate would be also constant, and film growth would be uniform. In the first
stage, nitrogen gas was introduced into the chamber; hence a TiN layer was deposited. In

the last two stages, both N2 and CH4 were introduced and therefore two layers of TiCN

with different C/N ratio were produced. The temperature was kept at 350°C. Cathode
power, bias voltage, and coil current were kept at 4x10kW, 120V, and 4x10A

respectively.
5.5.2 GDOES result

The titanium content was almost constant throughout the depth of coating as shown in
fig 5.5.1 whilst the nitrogen and carbon concentration varied through the coating. The
average atomic ratio (C+N)/Ti was about 43/57. Titanium nitride was formed in the
region close the coating/substrate interface. Titanium carbonitride was deposited in both
the middle and top layers. In the middle layer, the carbon to nitrogen ratio is high

(C/N=1.44), whilst the top layer the carbon to nitrogen ratio is low (C/N=0.27).

(See page 128 for fig 5.5.1)
Fig 5.5.1 Composition depth profile of triple layer TiCN film
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Fig 5.5.2 C/N of triple TiCN coating dependent on CH4/Nj pressure ratio
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It can be seen in Fig 5.5.2 that the C/N ratio, as measured by GDOES, is a function of

the ratio of reactive gas partial pressure, higher the CH4/N> ratio the higher carbon

content in the coating.

5.5.3 XRD result

The XRD pattern of sandwich TiCN coating is shown in fig 5.5.3 in which the (111),
(200), (220), (311), and (222) reflections for TiCN were observed. Even though there
was a layer TiN adjacent to the substrate, there were no obvious diffraction peaks
belonging to the TiN phase. This may result from peak-overlaps peaks since the peaks
for TiN are too close to those of TiCN. An other reason is that the carbon from the
adjacent TiCN layer diffused into the TiN layer and therefore there was no TiN phase
present in the film. The texture were 16.8%, 9.6%, 51.6%, and 22.1% as calculated using
TiCN (111), (200), (220) and (311) reflections. The preferred orientation was {110} as
compared with the standard XRD JCPDS file.
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Fig 5.5.3 XRD pattern of sandwich TiCN coating
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5.5.4 SEM and hardness result

A film of about 4um thickness with different columnar layers was produced as shown in
fig 5.5.4 a, b, and c. The columnar growth was normal to the substrate surface. It was
clear that three distinct layers existed and with a different column size. The largest
column size was found in the middle layer with the most understoichiometric
composition as see fig 5.5.1 and 5.5.4. The finest columnar structure was found in the
top layer with composition close to stoichiometry. In the TiN layer close to the
coating/substrate interface, the variation of the cross section structure was similar to that
of the middle and top layers. A cross section through the sandwich layered coating
showing secondary electron image together with EDX X-ray distribution maps and line
scans for Cka, Nka and Tika is shown in fig 5.5.4. The results of the EDX X-ray maps
and line-scans were similar to the that of the GDOES depth profile. The hardness was

measured to be Hv 2861 using a load of 10g on the Vickers indenter.

(See page 129 for fig 5.5.4)
Fig 5.5.4 SEM cross sectional images of triple TiCN coating
a. Fracture cross section, b. X-ray map, c. X-ray line scan

5.6 Discussion of chapter 5

The relation between ratio of N/C in the TiCN coating and the ratio of the corresponding
reactive gas flow N,/CH, is noticeable and the variation is almost linear as see fig 4.4.
This variation is in agreement with the report(s) in the range of N,/CH, from 1 to 3. In
general, if the total chamber pressure is constant, the composition within the coating will
proportional to the reactive gas flow. It can also be seen that when high target power
(HT) is used during the deposition, the N/C within the coating is lower than that within
the coating deposited using low target power (LT) deposition. This is may be associated
with that the carbon in the plasma is more active than the nitrogen as the carbon can be
deposited directly from the plasma“) . High target power leads to high plasma density

within the chamber and therefore high carbon concentration is formed in the coating.
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TiCN coating was reported(5’7) to be strongly textured by (111) planes as deposited by
using cathodic arc and electron beam evaporation techniques. There are two planes,
(111) and (220), however, are strongly textured in the TiCN coatings as deposited using
unbalanced magnetron sputtering technology. The strong texture of TiCN (220) may be
resulted from the bombardment of intensive energetic ions which are produced by the
unbalanced magnetron sputtering technique. As the ion bombardment produces residual
stress within the coating, the lattice parameters as calculated using the (220) as well as

the other interplanar spacings are general larger than that referred to the JCPDS file.

The hardness of TiCN coating is a function of the stoichiometric coefficient. Even
though the variation of hardness dependency on the stoichiometric coefficient intends to
show high stoichiometric coefficient may results in high hardness, it does not mean the
hardness will increase further when stoichiometric coefficient exceeds 1. In fact there
may be two variations afterwards. One is that the hardness may increase if the
composition is carbon rich. The extra carbon may be formed as diamond like film with

(6). Another is

hardness high up to Hv 7000 as reported using the ion-assistant deposition
that hardness may decrease if the composition is nitrogen rich. The hardness of over-
stoichiometric TiN films decreases greatly with a increase of nitrogen within the
coating(s). The nitrogen rich film is resulted from high nitrogen partial pressure during a
deposition. The high nitrogen partial pressure causes a compound formed on the target.
As the target is poisoned, the sputtering yield is reduced which resulted in the deposits
arrive at the substrate with less energy and therefore in-dense and pours film will be
formed. As a result the hardness is greatly reduced. The TiCN coatings presented in this
thesis have the hardness value in a range from HV 3500 to 4000 when the stoichiometric

coefficient is near to 0.6. The TCN coatings with such high hardness may be the

candidates used for wear resistant applications.
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5.7 Conclusion of chapter 5

® TiCN coatings can be deposited using industrial sized unbalanced magnetron
sputtering coating technique and the composition of TiCN coatings is dependent on the
reactive gas partial pressures. The C/N ratio in the coating has a linear relationship with
the CH,/N, flow ratio.

® High target power process leads to higher substrate temperature by which higher
carbon concentration is formed in the coating.

® Hardness is a function of stoichiometric coefficient. The maxim hardness is achieved
when stoichiometric coefficient is 0.63.

® (111) and (220) are the dominant planes in most of the coatings. There is a large
variation of texture dependent on composition as calculated using (111) and (220)
reflections whilst the texture coefficients calculated using (200) and (311) reflections are
relatively stable with composition.

® Multilayer TiN-TiCN coating can be produced using the reactive gas flow control
during a deposition process. The coating has columnar structure with orientation normal
to the substrate surface. The column size is dependent on composition and layer with

composition close to stoichiometry leads to high density film.
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6. Uniform Ti-N coatings deposited at 350°C

Uniform Ti-N coatings were deposited to study the phase development, especially the
Ti,N phase in the growing films with different compositions at a relative low
temperature of 350°C. The development of Ti,N phase was found to be critically
dependent on the coating composition which was found to be sensitive to the nitrogen
partial pressure during deposition. The physical properties, such as hardness, adhesion
were investigated together with microstructure using cross sectional SEM. The practical
application of the Ti-N coatings containing the Ti,N phase composition was carried out
using a drill test. The high speed steel twist drill coated films containing the Ti,N phase
composition had a very good drilling efficiency which was comparable with the drills

coated with stoichiometric TiN film.
6.1 Experimental parameters and arrangement

Uniform Ti-N coatings (composition sub-stoichiometric to stoichiometric) were
deposited at 350°C using the unbalanced magnetron sputtering process. A heater was
used to warm the chamber and to heat the substrate up to a temperature of 350°C during
the evacuating procedure. The heater was also used during the glow discharge target
cleaning and deposition stages to keep the substrate at a constant temperature. The
regular process parameters were that the target power was 4x5 kW, coil current 4X10 A,
bias voltage was 120 V, bias current was 12 A, and argon flow rate 100 sccm.
Parameters of a hysteresis process ant the regular process are given in table 6.1.1 and |

6.1.2 respectively.

Table 6.1.1 Parameters of stepwise Ti-N coating deposited at 350°C

Deposition N2 gas flow N2 partial Chamber total
time (Min) (SCCM) pressure (mbar) pressure (mbar)
0+20 0 2.19x106 2.54x103
(20)+20 30 3.99x10 2.53x103
(40)+20 60 8.05x106 2.55x103
(60)+20 90 5.36x104 2.95x103
(80)+20 120 9.10x104 3.25x103
(100)+20 150 1.30x103 3.50x103
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Table 6.1.2 Parameters of Ti-N uniform coatings deposited at 350°C

N2 Gas flow Njpartial Chamber total | Coating time
PN (SCCM) pressure (mbar) | pressure (mbar) (min)
01 35 4.001x106 2.6920x103 920
02 45 4.454x100 2.6854x103 120
03 50 4.731x100 2.6871x103 120
04 55 4.963x10 2.6858x103 120
05 65 5.534x106 2.6834x103 120
06 75 6.799x100 2.6865x103 120
07 85 9.595x106 2.7024x103 120

There were seven regular processes performed to produce uniform coatings with
different compositions. Nitrogen gas flow rate was the only process parameter to be
changed process to process, which resulted in the variations of nitrogen partial pressure

in different coating process. The coating procedure was described in section 4.2.

The industrial application of the Ti-N film containing TipN phase was carried out using

a milling machine to test the coated high speed steel drills. The test was performed
continuously drilling holes in bulk cast iron without cooling and lubricating until the
drill failure was judged by hearing a sharp scream from the drilling. The improved
quality of the coated drill was evaluated by counting the drilled holes of the coated drill

as compared with that of un-coated drills. The cutting condition is given in table 6.1.3.

Table 6.1.3 Cutting conditions of high speed steel drills

Drill diameter | Material for | Drilling speed | Feed speed Drilled depth
(mm) drilling (m/min) (mm/rev) (mm)
6 Cast iron 50 0.2 25

6.2 Results of composition dependent on nitrogen partial pressure

6.2.1 Stepwise coating

A composition depth profile through the stepwise coating as measured using GDOES is

shown in fig 6.2.1 which gave three distinct compositional layers, an outer layer of over
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stoichiometric composition, an intermediate layer containing approximately 30 at % N
and an inner layer adjacent to the coating/substrate interface with a titanium content
greater than 80 at %. It would appear from a comparison of the composition with that of
the partial pressure data for the stepwise coating, that the sub-stoichiometric TiN layer,

composition increased from 0 to 30 at % N, was due to the nitrogen partial pressure

increased from 2.19x10-6 mbar to 8.05x10-6 mbar and this resulted from the increasing
of nitrogen gas flow rate from 0 to 60 sccm. The total chamber pressure, however, was
kept almost constant with the increase of nitrogen gas flow rate. Whilst a sharp change

in composition of the coating between 30 at % N and 50 at % N was due to an increase

in nitrogen partial pressure from 8.05x10-6 mbar to 5.36x 10-4 mbar and this resulted

from a increase of nitrogen gas flow rate from 60 sccm to 90 sccm which caused the
target poisoning and therefore total chamber pressure increased from 2.5%10-3 to

2.9%10-3 mbar.

(See page 149 for fig 6.2.1)
Fig 6.2.1 Composition depth profile of stepwise coating measured by GDOES

6.2.2 Uniform Ti-N coatings

The nitrogen concentrations of the uniform Ti-N coatings were a function of the reduced
nitrogen partial pressure as shown in fig 6.2.2. There were two stages to describe the
relation between concentration of nitrogen in coatings and nitrogen partial pressure
within the main chamber. The nitrogen concentration increasing from 17 to 35% was
the first stage in which the nitrogen partial pressure within the chamber was very
sensitively to affect the nitrogen content of coating. In this stage, any small change in
nitrogen partial pressure resulted in a big change in composition. The nitrogen partial
pressures for coatings with concentration at 17, 20, 26, and 35 at % N were 4.0, 4.5, 4.7,
and 5.0x10°® mbar respectively. The composition over 35% at N was the second stage in
which the variations of nitrogen concentration dependent on the nitrogen partial pressure

are not as sensitive as that in the first stage. There was only a small change in the
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nitrogen content of the coatings even though a big change in reduced nitrogen partial
pressure was evidenced. The nitrogen partial pressures for coatings with concentration at

40, 46, and 50 at % N were 5.5, 8.0, and 9.6x10°mbar respectively.
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Fig 6.2.2 Concentration of Ti-N coating dependent on reduced N, partial pressure

6.3 XRD analysis of the coating
6.3.1 Compositional Stepped Coating

An X-ray diffraction pattern from the stepped coating is shown in fig 6.3.1. The
diffraction pattern contained peaks at positions consistent with the face centred cubic
STIN (111), (200), (220), (311) and (222) (as referred to XRD JCPDS file number 38-
1420), the tetragonal €TioN* (112) and (224) (as referred to XRD JCPDS file number
23-1455), the hexagonal aTiN, ;3 [aTi(N)] (10.0), (00.2) and (10.1) (as referred to XRD
JCPDS file number 41-1352), as well as those from the substrate. There was
considerable shift in the positions of the peaks of aTi(N) relative to pure titanium,
values for shifts of -0.27°, -0.21°, and -0.4° in 20 for (10.0), (00.2) and (10.1) reflections
respectively. This shift was due to the nitrogen atoms incorporated into the o Ti lattice,

which results in an expansion of the o Ti lattice.
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Fig 6.3.1 XRD pattern of the stepped Ti-N film

Values of interplanar spacings for fcc TiN and tetragonal TipN together with standard

data from the JCPDS files are respectively given in table 6.3.1. It could be seen values

smaller and larger than the standard value were measured.

Table 6.3.1 TiN and TipN* Interplanar Spacing of stepped coating

TiN Plane Interplanar Spacing (A)
(hk1) Specimen Standard
(111) 2.491 2.449
(200) 2.118 2.121
(220) 1.533 1.499
(311) 1.279 1.279
TigN* Plane Interplanar Spacing (A)
(hkl) Specimen Standard
(112) 2.42 2.435
(224) 1.22 1.219
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6.3.2 Coatings of Uniform Composition

The XRD pattern from the coating containing 17 at % N is shown in fig 6.3.2. The
reflections present in the diffraction pattern gave the typical diffraction peaks
corresponded to the aTiNy ; [aTi(N)] JCPDS file number 41-1352 and the peaks were
identified as the (10.0), (00.2), (10.1), (10.2), (11.0), (10.3), (20.0), (11.2), (20.1), and
(00.4) planes. The aTi(N) has the same hexagonal structure as that of the titanium.
However the lattice parameters of aTi(N) is larger than that of titanium due to the
nitrogen atoms incorporated into the growing titanium lattices. It was obvious from fig

6.3.2 that the coating had a strong {00.1}texture.
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Fig 6.3.2 XRD pattern of coating at 17% N
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When the composition of the coating was increased to 20% N, some peaks
corresponding tetragonal €Ti,N* could be identified resulting in a reduction in
diffraction intensity of the aTi(N) peaks. It can be seen in fig 6.3.3 that the reflections
from (10.2), (11.0), (20.0), (11.2), and (20.1) planes for aTi(N) as appeared in fig 6.3.2
not present. Also it was clear that the Ti,N* (204) was developed as composition of the
coating increased up to 20% N. Although there was clear evidence to show the
development of the eTi,N* phase, the dominant phase composition was still aTi(N) with

a {001 }texture.
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Fig 6.3.3 XRD pattern of coating at 20% N

When the composition of the coating increased to 26 at % N, the tetragonal €Ti,N*
phase was almost fully developed as shown in fig 6.3.4. The diffraction pattern
contained peaks at positions corresponding to those of tetragonal €Ti,N* and hexagonal

aTi(N), as well as those from the substrate.
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Fig 6.3.4 XRD pattern of coating at 26% N

The €Ti,N* peak positions corresponded to the (hkl) reflections from (112), (004), (204)
and (224) planes. The most intense €Ti,N* reflection was the (112) which corresponded
to the strongest intensity for a standard randomly oriented powder. However, the results
from the pattern indicated that (112) plane parallel to the surface of the film was
preferred, since the other reflections were less intense than those from a randomly

oriented powder. The peak positions of the €TipN* corresponded with those of the

standard data, and the amount of peak broadening was significantly less than the films
containing the TiN phase. The aTi(N) reflections identified in the coating were from the
(10.0), (10.1) and the (20.1) planes. However, there was considerable shift in the 20
positions for the three peaks identified. Values of -0.36°, -0.55° and -2.03° in 20,
compared with reference data of pure titanium, were found for the (10.0), (10.1) and
(20.1) reflections. Calculation of the lattice parameters based on the 3 peak positions
gave values of a=2.983 and ¢=4.837 A for aTi(N) with increases of 1.1% and 3.2%

respectively in the lattice dimensions as comparing with the data from JCPDS file
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number 5-682. It was clear that considerable peak broadening was associated with the

titanium diffraction peaks.

The XRD pattern of a coating containing 35% N is shown in fig 6.3.5 which gave clear
evidence that the face centred cubic (fcc) 8TiN was the dominant phase composition
whilst the aTi(N) phase had disappeared. The main reflecting planes in the diffraction
pattern were (111), (200) and (220). It could be seen from the shoulders of the
diffraction peaks for TiN(111) and (200) that reflections corresponding to peak positions
for €Ti,N (hkl) planes (101), and (111) (JCPDS 17-386) were present.

Counis Sub Sub
988 -
Sub
7 (220)
625 -
] (111)
{200)
G11)
22
eTi2N (222)
(111)
25- LTiN |-TiH LT3N TiH TiH
B'a Illllllllllllllllllllllllll|||IIllllllllllllllllllllll
39 48 58 6@ 78 88 [°26]

Fig 6.3.5 XRD pattern of coating at 35% N

XRD patterns from coatings above 40 at % N indicated that the coating contained only
(fcc) 8TiN. There were however, significant differences between the traces obtained for

TiN coatings with different nitrogen concentrations as shown in fig 6.3.6.
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It could be seen that extensive peak broadening was found in the pattern for the coating
containing 35% N as compared with patterns for coatings containing above 40% N. With
increasing nitrogen concentration the diffraction peaks became sharp and the peak for
TiN (111) reflection increased in intensity. The intensity of the peak for STiN (311)

reflection was also found increasing with the nitrogen concentration.

The interplanar spacing measurements and line broadening determinations for 8TiN
(111), (200) and (220) reflections, together with standard data, at 35, 40, 46 and 50% N
are given in table 6.3.2. The coatings exhibited a systematic increase in the interplanar
spacing and decrease in peak broadening with increasing N:Ti ratio up to the
stoichiometric composition. The percentage increase in the interplanar spacings for
{110} oriented grains was always significantly greater than either {111}or {100}
oriented grains, which differed only slightly from the equilibrium stress free levels.
However, with the exception of {111} and {100}oriented grains in sample 04, there was
lattice expansion above the equilibrium stress free level. In general the amount of peak
broadening was the greatest in {100} oriented grains and the lowest in {111} oriented
grains. The lattice parameter of {110} oriented grains also increased with increasing

N:Ti ratio.

Table 6.3.2 Lattice parameter and line broadening of Ti-N coated specimens

Lattice parameter of standard is 4.2417A
sample | N/Ti lattice parameter (A) line broadening 3(°)
No (111) (200) (220) (111) (200) (220)
04 35/65 423 423 431 133  3.23 211
05 40/60 426 425 432 1.28 2.66 1.82
06 46/54 427 426 4.32 0.93 1.68  1.63
07 50/50 427 427 433 0.72 1.12 1.48

The texture, micro strain and grain size of coatings deposited at 35, 40, 45 and 50 at % N
are recorded in table 6.3.3. It was clear from table 6.3.3 that the {110} was the preferred
orientation but the intensity of the {111}component increased with increasing N/Ti ratio.
The micro strain and grain size decreased when the nitrogen content increased from 35

to 45% at N and then increased dramatically at stoichiometric TiN coating.
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Table 6.3.3 Texture, strain and grain size results

Texture (%) Strain | Grain size
% at N | (111) | (200) (220) | 311) | (332) [ (420) | (%) (A)
35 44 63 212 122 | 117 | 38 1.44 354
40 97 89 148 19 0 144 | 1.01 291
45 64 | 111 77 213 0 131 | 0.675 146
50 234 | 24 241 58 25 16 0.96 438

6.4 Thickness and hardness results of uniform Ti-N coatings

The results of coating thickness as measured using a calotest and the calculated
deposition rates are shown in table 6.4.1. It can be seen that the deposition rate for
process from number 1 to number 6 was almost the same value, about 2.0x107 um/min
in average, whilst that for process number 7 reduced to 1.8x107 pm/min. The hardness
values obtained using Vickers indentation measurement with a load of 10 g on coated
stainless steel samples are also recorded in table 6.4.1 in which the hardness
systematically increased with the nitrogen concentration within the coatings. The
hardness for film containing 17 at % N was HV 942 whilst that for film containing 50 at
% N was Hv 2008. The hardness for the coating containing 26 at % N (Ti,N phase
composition dominant) was Hv1233 which was lower than that for the stoichiometric

TiN film.

Table 6.4.1 Thickness and hardness of uniform Ti-N coatings

Process number 01 02 03 04 05 06 07
Thickness (um) 1.8 |23 (24 |23 |24 |24 |22
Deposition rate (10“um/min) {20 |19 (20 (1.9 [20 [20 |18
Hardness (HV) 942 | 950 | 1233 (1285|1569 | 1642 | 2008

6.5 Scanning Electron Microscopy

Scanning electron microscope images of fracture cross sections of the coatings are

shown in fig 6.5.1 a-h. A fracture cross section through the stepped coating is given in
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fig 6.5.1 a which shows three distinct layers. The morphologies at the surface of the
deposit and adjacent to the coating/substrate interface are columnar. The structure at the
centre of the deposit was rather indistinct. Fracture cross sections at low nitrogen,
medium and stoichiometric composition levels are shown in fig 6.5.1 b-h respectively.
The structures mirrored the stepped sample showing columnar structures at both the low
nitrogen level and stoichiometric composition. At the medium nitrogen level (from 20%
at N to 40% at N) the structure is similar to that at the centre of the stepped coating. It is
clear from the micro-graph that the coatings with medium nitrogen concentrations had

relatively dense and homogeneous films.

(See page 150 to 153 for fig 6.5.1)
Fig 6.5.1 Cross sectional structure of Ti-N coatings as measured by SEM
a. Stepwise film, b, ¢, d, e, f, g, h. composition at 17, 20, 26, 33, 40, 45, 50% N respectively.

6.6 Investigation of cutting test of the coated high speed steel drills

High speed steel twist drills were deposited with substoichiometric titanium nitride films
(nitrogen contents from 0 to 29%). Composition, phase development and drilling tests

were investigated.

6.6.1 Composition and phase analysis of the coatings using GDOES and XRD

The composition and phase development of the coatings are given in table 6.6.1. There
were seven coating processes in which the nitrogen concentration in the coatings was 0,
12%, 23%, 26%, 28%, and 29% respectively. The main phase compositions within the
coatings were hexagonal aTi(N) and tetragonal €Ti,N. The reflecting planes (hkl) were
identified as a function of the nitrogen concentration within the coatings. With
increasing the nitrogen content, the intensity of reflections from the aTi(N) phase
decreased whilst those from the €Ti,N phase €Ti,N* (as referred to JCPDS file number
23-1455) started to develop when concentration was above 12% at N and it became the

dominant phase as the concentration was more than 23% at N. Another €Ti,N phase (as
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referred to JCPDS file number 17-386) was also found when concentration of the

coating increased above 24% at N.

Table 6.6.1 phase analysis of XRD

PN [ Concentration | compound (hkl) plane

01 0% at N Titanium | 100 | 002 | 101 102 | 110 | 103

02 12% at N aTiNg 3 | 100 | 002 | 101 102 | 103
eTiN* 204 | 312 | 107

03 | 23%atN | aTiNg3 | 100 | 101 | 110
eTiN* | 112 | 224 | 107

04 | 24%atN | aTiNg3 | 002 | 200
eTi]N | 101 | 002
eTipN* | 112 | 004 | 204 | 224

05 | 26%atN | oTiNg3 | 100 | 110
eTiN | 111 | 002
eTiN* | 112 | 004 | 215 | 224

06 | 28%atN | oTiNg3 | 100 | 110
eTi,N | 111 | 002
eTigN* | 112 | 004 | 215 | 224

07 | 29%atN | aTiNg3 | 100 | 110
eTiN | 111 | 002
eTipN* | 112 | 004 | 215 | 224

6.6.2 Physical properties of sub-stoichiometric Ti-N films and drilling test

Vickers hardness, Rockwell and scratch test of the coatings, as well as the results of

drilling test of the coated high speed steel twist drills are shown in table 6.6.2.

Table 6.6.2 GDOES, Hardness and drill test Results

PN at % N | Hardness | Rockwell Scratch Drilled
(HV) adhesion LdN)< holes
(Ry)

02 12 1000 1 12 32 37 46

03 23 1040 1 15 67 129 164

04 24 1270 1 20 22 131 153

05 26 1190 1 25 73 148 158

06 28 1108 1 25 134 179 215

07 29 1260 1 26 227 253 263
Uncoated 850 29 35 49
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The hardness was increased from HV 1000 when coating was at 12% N, to HV 1260
when coating was at 29% N. All of the coatings had very good adhesion (R.=1) as
measured using Rockwell indentation test as shown in fig 6.6.1. The value of the critical
load (L) of the scratch test, however, was not high (less than 26 N) which may be
attributed to the relative low hardness value (HV 1200) as comparing with that (HV
2500) of stoichiometric TiN films. It was clear as seen from table 6.6.2 that drills
deposited by €Ti,N film had better drilling performance than that deposited by aTi(N)
film. There was no improvement of the performance of the drills coated by aTi(N) as
comparing with the uncoated drills. The drills coated by €Ti,N film had the very good
drilling giving up to 263 drilled holes which was 7 time that of the uncoated drills. This
matched the performance of stoichiometric 8TiN coated drills of approximately 250

holes.

(See page 154 and 155 for fig 6.6.1)
Fig 6.6.1 Rockwell test of the substoichiometic Ti-N coatings
a,b,c,d,e,f referred to composition of 12, 23, 24, 26, 28, 29% N respectively

6.7 Discussion of chapter 6

The compositional stepped specimen indicated a mixture of TiN, TioN and titanium with
a highly strained lattice. The GDOES depth profile shows three distinct compositional
layers within the stepped coating (a surface layer of approximately stoichiometric
composition, an intermediate layer containing 30 at % N, and a layer adjacent to the
coating/substrate interface greater than 80 at % titanium). From the XRD results this
clearly indicates a surface layer of TiN, an intermediate layer of TipN, and a titanium
layer near to the coating/substrate interface. The presence of both TipN and Ti in
coatings containing up to 30 at % nitrogen may be predicted from the titanium nitrogen

phase diagram(l).

X-ray diffraction results from the 26 at % N specimen indicated that the structure was a

mixture of €TipN, and aTi(N) with a highly strained lattice whilst the XRD pattern of
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the film containing 35 at % N had the €TisN and 8TiN multiphase without the aTi(N).
Comparing with the nitrogen partial pressures for the two specimen deposition
processes, it is reasonable to say that the reduced nitrogen partial pressure for deposition

of €TisN film is about 4.8x10°mboar.

It was known that the growth of TioN phase was strictly dependent on the substrate
temperature (T2500°C) and the deposition rate™?. The coatings with approximate 30
at % N were always formed with multiphase compositions. It was often difficult to
interpret the X-ray diffraction profile due to the overlap of lattice plane reflections. In
the work presented here, all the specimens were coated using three fold rotation. When
the substrate was facing the target, the growing film was rich in titanium, when the
growing film was in the shadow region, the main activity was nitriding with
bombardment of energetic particles. Therefore, multiphase compositions were always
produced in the process This may explain why the overlap of different lattice plane
reflections took place in the XRD pattern of coatings with low value of nitrogen

concentration.

It is not always possible to unambiguously determine the presence of TipN by X-ray
diffraction, since some reflections belonging to this phase were not present in the trace. |
Also some of the reflections assigned to TisN, such as €Ti,N*(204), are close to those
for unstrained TiN, such as 8TiN(220). However, no peaks were observed in the trace
corresponding to positions of the reflections from (200) and (311) planes in TiN.
Furthermore, the trace for the 26 at % N was significantly different from those for the
TiN deposits containing above 35 at % N, in terms of line broadening and peak position,

thus further substantiating the evidence for the presence of TipN.

Despite the low deposition temperature (350°C) there is sufficient adatom mobility to
allow the formation of TipN rather than o-Ti(N). This is due to the high ion
bombardment of the films during growth made possible by the ABS magnetron design.
Following the definition proposed by Poulek et al(s) of a deposition parameter S values

in the 106 Jem-3 range were obtained for these coatings. Despite deposition
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temperatures in the range 450-500°C only for bias voltages in excess of -250V was TioN

formed when using a single magnetron static deposition process(4’6).

The presence of a titanium in deposition up to 26 at % N is clearly predictable from the
Ti-N phase diagram(l) . However, the results of the X-ray diffraction indicate that the
lattice of the atitanium is heavily distorted resulting in increases in both a and c values.

This is because nitrogen dissolves in the o titanium and expands the lattice™®.

The amount of line broadening present in the film of stoichiometric composition is
consistent with that of a film deposited at -120V bias®. The percentage increases in the
interplanar spacings of (220) oriented grains were always systematically greater than
other orientations. High d (interplanar spacing) for the (220) planes was often
characteristic of TiN coatings(g). The amount of strain broadening was also found to
decrease for all (hkl) orientations with increase in the nitrogen content from 35 at % to
50 at %. Strain broadening resulted from a non-uniform distribution of strain within the
lattice such as. an increase in lattice distortion and disorder. The lattice parameters

calculated by the formula of cubic lattice as shown in table 6.3.2 were, in general,

different. These differences of a;'',a’°’,and a2’ were the consequence of lattice

distortion. According to the Ti-N phase diagram, 8TiN forms a stable solid solution
between 40 at % N and 50 at % N. It is a cubic nitride with the metal atoms at the face
centred cubic sites and the nitrogen at the interstitial positions in a structure of the NaCl
type. TiN with compositions less than stoichiometric contain vacancies in the interstitial
positions, the number of vacancies decreases as the nitrogen content increases. Since, the
deposition process is random the distribution of vacancies is not uniform and hence an
increase in disorder and lattice distortion. This results in an increase in line broadening
in the TiN phase with decreasing N:Ti ratio. The systematic increase in the lattice
parameter with increasing N:Ti ratio is consistent with increase in the equilibrium value
from 0.422nm at the low N phase boundary to 0.424nm at the stoichiometric

o, 1
composmon( ),
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The experiments documented that the hardness of the Ti-N films is a function of the
nitrogen concentration within the films. The film with the highest hardness do not
correspond to the €Ti,N phase. On the contrary, the hardest film was found only
containing OTiN phase. It is very common that the deposited films containing Ti,N
phase have very good adhesion with the substrate since the measurements made by
Rockwell test always indicate the Rc=1 results. However, the critical load of the scratch
test on the same kind of films 1is not high as compared with the scratch test on
stoichiometric TiN films. As the performance of Ti,N coated cutting tools can match
that of the stoichiometric TiN coated components, the advantage of using Ti,N film
instead of stoichiometric TiN film is obvious. The deposition of Ti,N film is operated at
the un-poisoned mode and therefore the deposition rate is high, this is very important for
the industrial mass production as more time and energy are saved as comparing with the
deposition of stoichiometric TiN film. In addition the films containing Ti,N phase
composition have more dense packed structure as compared with the stoichiometric TiN
films. This is also an advantage to produce pin-hole free film for the corrosion resistant

applications.

6.8 Conclusion of chapter 6

(1) The X-ray diffraction results indicate the presence of almost pure TipN in the
specimens containing approximately 30 at % N. The nitrogen partial pressure for
depositing TisN film is about 4.7x1 0"%mbar. The nitrogen gas flow for TipN process
is 50 sccm.

(2) The presence of a titanium was identified in deposits containing up to 26 at % N.
There was considerable displacement in the peak position for titanium because of
lattice expansion by dissolved nitrogen.

(3) The texture of TiN {111} tends to increase as the N content increased from 35 at %
N to 50 at % N, at the same time, but the {220} is always the preferred orientation.

(4) The relative increase in interplanar spacings of (111), (220), and (222) oriented

grains are systematically greater than in other orientations. The amount of peak
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broadening and hence non-uniform strain distribution decrease as the N content
increased from 35 at % N to 50 at % N.

(5) The ABS chamber allows TipN to be deposited at lower temperatures due to the high
ion bombardment.

(6) The Ti,N coated high speed steel twist drills have very good practical performance

due to the dense columnar structure, relative high hardness, and good adhesion to the

substrate.
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Fig 6.2.1 Composition depth profile of stepwise coating measured by GDOES
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