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ABSTRACT

SURFACE ENGINEERING THROUGH LOW TEMPERATURE DEPOSITION OF 
WEAR RESISTANT LAYERS BY REACTIVE MAGNETRON SPUTTER ION PLATING

by

Michael John Ahern

The aim of this investigation was the deposition of hard» wear 
resistant titanium nitride (TiN) thin films, produced from a reactive 
magnetron sputter ion plating device, at high deposition rates and low 
substrate temperatures. An allied objective vas the understanding and 
development of experimental methods which would permit the deposition 
of titanium nitride-type layers on plastic. The early part of the work 
deals with the formation of TiN layers on high speed steel, at 500°C 
deposition temperature Modifications in equipment design and 
deposition procedures aided the formation of adherent TiN layers. The 
routine deposition of stoichiometric titanium nitride vas facilitated 
by a control feedback network The use of graded interfaces between 
the film and the substrate improved adhesion. Total gas pressure and 
the level of substrate bias affect film hardness and wear resistance.

The next stage of the development process vas the deposition of TiN at 
approximately 250°C substrate temperature. The main source of 
substrate heating, in the case of an indirectly cooled magnetron, was 
identified as the heat liberated from the target The use of a 
directly cooled magnetron configuration resulted in lover substrate 
temperatures With this device, TiN films vere formed on high speed 
steel at high deposition rates and with good adhesion The increased 
ion current to the substrate is, tentatively, attributed to an extended
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plasma region associated with the directly cooled configuration 
Metastable T^N phases are formed from the combination of high 
deposition rates, low substrate temperatures (250°C) and increased ion 
bombardment to the substrate These TiN films, however, are softer and 
less wear resistant than those produced at 500°C

The final part of the investigation centred around the deposition of 
TiN type layers onto plastic T1 -T1N and AI-T1 -T1N layered structures 
were deposited onto polycarbonate plastic at 100°C An experimental 
design approach was employed to develop adhering coatings A slight 
partial pressure of oxygen during the initial Ti deposition improves 
film adhesion The use of the aluminium interface improves film 
reflectivity, cosmetic appearance and adhesion This aluminium 
interface makes the multilayer structure more susceptible to physical 
and chemical attack The wear resistance of the coated plastic is 2 to 
4 times greater than the base plastic material
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EHT Extra High Tension
EPMA Electron Probe Micro Analysis
esu Electro Static Units
DCM Directly Cooled Magnetron
fee Face Centred Cubic
I CM Indirectly Cooled Magnetron
KE Kinetic Energy
KH Knoop Hardness
m/e Mass to Charge Ratio
MFC Mass Flow Controller
MS Mass Spectrometer
PC Polycarbonate
PECVD Plasma Enhanced Chemical Vapour Deposition
PVD Physical Vapour Deposition
RMSIP Reactive Magnetron Sputter Ion Plating
SCCM Standard Cubic Centimetres per Minute
SEM Scanning Electron Microscope
SIMS Secondary Ion Mass Spectroscopy
VH Vickers Hardness
XPS X-Ray Photoelectron Spectroscopy
XRD X-Ray Diffraction

6



CHAPTER I

INTRODUCTION



1 1 INTRODUCTION

At present there exists a vide variety of thin film deposition and thin 
film characterisation techniques In general, these deposition methods 
can be divided into two classes One class depends on the physical 
evaporation or ejection of material from a source, generally termed 
Physical Vapour Deposition (PVD) The second class depends on the 
deposition of a film on a surface by means of a chemical reaction 
occurring in a gaseous phase Usually the deposition surface is hotter 
(~1000°C) than its surroundings so that a heterogeneous chemical 
reaction occurs at that surface, otherwise the reaction may take place 
m  a homogeneous manner in the gas phase. Such chemical reactions from 
the vapour phase are termed Chemical Vapour Deposition (CVD). Since 
CVD techniques preclude low temperature deposition, no further 
consideration of these or allied film fabrication techniques will be 
pursued

Although application of the sputtering process to the deposition of 
thin films has been known and practiced since the first observations of 
Grove [1] as reported in 1852, it is only in the last two decades that 
this method has become a serious competitor to vacuum evaporation The 
long delay for sputtering to mature as a routine method m  thin film 
deposition has been primarily the result of contamination in sputtered 
films and the lack of reproducible process control The latter issue 
will be more fully expoused in relation to this investigation, in 
Chapter II The focus on sputtering processes will be specifically 
related to the deposition of films. A broader discussion on sputtering 
can be found in reviews [2-7] A brief overview of glow discharges as 
applied to sputtering phenomena is contained in Appendix A to which the 
reader is referred

1 2 MAGNETRON DISCHARGES

Central to the interaction of a charged particle with a magnetic and 
electric field is the Lorentz Equation [8] viz ,

F = M dV = q(E + V x B) 
dt
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F is the force on the particle, V is its velocity, q its charge, E the 
electric field and B the magnetic field qE is a vector parallel to E 
The magnetic force is given by qV x B = /V//B/Sin0, and is directed 
mutually perpendicular to V and B

Consider the simple case of a charged particle moving into a constant, 
uniform magnetic field, such that V and B are perpendicular Since V 
is perpendicular to B the particle undergoes circular motion The 
radius described by the particle is determined by equating the magnetic 
force to the centrifugal force encountered m  such motion, viz ,

Rg = (mV+)/B [(Ze/c)“1]

where m is the mass of the particle in grs, V+ is the perpendicular 
velocity component cm/s, B the magnetic field in Gauss, Z the integer 
value of the electronic charge, e the electronic charge (e s.u 
statcoulombs), c velocity of light cm/s Rg is called the radius of 
gyration or the Larmor radius. Since the Larmor radius of the argon 
ion is much greater than that of the electron, it is assumed that in 
magnetron discharges electron motion is magnetic field dependent while 
ion motion is unaffected by the field Thus, ion bombardment which 
produces sputtering, is very similar to that which occurs in the DC 
diode discharge case, but electron motion is substantially changed [8]

When an electron enters a constant uniform magnetic field at an oblique 
angle its velocity can be separated into V+ and components, + 
(perpendicular) and // (parallel) to the B field The V+ component 
induces the circular motion (Lorentz Force) of the electron. The V^  
component causes the centre of rotation of the electron (termed the 
guiding centre) to drift with a velocity of since is
unaffected by B Electrons are now confined to move along magnetic 
field lines with kinetic energies (KE) % Me (V+  ̂+ These fields
do no work on the electron and, hence, do not change its KE The 
electron moving in an orbiting manner produces a magnetic field which 
is in opposition to the B field (Lenzs Law) [9] As a consequence the 
plasma is strongly diamagnetic m  nature

When an electron enters a mutually perpendicular E and B field the 
Larmor radius decreases as the electron approaches the target surfaces
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and increases as the electron moves away from the target (as a result 
of the orientation of the electric field in the magnetron device).
This motion is the E to B drift (sometimes called the electron cycloid 
gyration movement).

A drift, similar to the above, which is also prevalent in planar 
magnetron discharges is the Grad B drift As the magnetic field 
strength increases near the target surface (Grad B), the electron 
producing the circular motion of radius Rg is subjected to a changing 
magnetic field The stronger the field the smaller the Larmor radius 
The particular cycloid gyration (or drift) induced by this motion is 
mutually perpendicular to both B and Grad B

Finally, a particle motion associated with magnetron discharges is the 
"magnetic mirror" effect, which is an electron reflection that occurs 
when a spiralling electron moves into a strongly converging magnetic 
field [8] The electron moving into the converging field reduces its 
drift motion along the magnetic flux line, while tending to increase 
its rotation (so that magnetic moment is conserved). Consequently 
is reduced to zero resulting in the reflection of the electron out of 
the high flux regions of the magnetic field

The cathode/target is planar with a configuration of magnets behind the 
target face as depicted in Fig 1 1 This arrangement yields a 
tunnel-like magnetic field configuration which has the following 
features

a. Mid-way between the magnet poles, the magnetic field lies parallel 
to the plane of the cathode face Since the electric field is 
perpendicular to the target face, this creates an E to B region 
wherein the magnetron drift is created

b The E x B field formed closes on itself forming a continuous path 
This is a basic characteristic of magnetron discharges.

c Since the magnetic field is created from a source located behind 
the cathode face, the field converges near the cathode face, and 
further converges near the pole regions. This configuration 
induces both a Grad B drift and a magnetic mirror effect
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d Over the magnet poles, the magnetic and electric fields are
virtually parallel There is no effective electron confinement in 
these regions The plasma density in the region is very low, and 
no net sputtering occurs from this part of the cathode face

e The plasma density is maximum where the E x B field maximises
This region is called the race-track Sputtering is very rapid in 
the race-track region

Figure 1 2 shows the electron motions which occur in the magnetron 
discharge In the race-track region, the electron motion is governed 
by the E x B drift The maximum excursion of the electrons from the 
cathode face is approximately 0 5 cm at the centre of the race-track

q
The E x B drift velocity is 3 x 10 cm/sec The configuration confines 
this drift motion in a closed loop path until ionising collisions 
occur This is the cycloidal hopping motion indicated in this Figure 
Further away from the target face, the discharge electrons move m  a 
plasma region which is substantially free of any electric field Here 
the electrons tend to spiral around lines of constant magnetic flux.
The gradient in the magnetic field induces a drift in the race-track 
direction, and a magnetic mirror effect causes some electrons to be 
scattered back into the race-track as they approach the pole regions of 
the magnet configuration However, some electrons escape near the 
poles These electrons are accelerated by the electric field which 
exists here, and, since the magnetic field is parallel to the electric 
field in this region, the electrons can escape It is for this reason 
that a flux of high energy electrons escapes from the plasma in these 
pole regions This electron escape can be artificially enhanced by 
unbalancing the magnetic field with stronger magnets in these pole 
regions ( colloquially termed "unbalanced magnetrons") These 
electrons can contribute to substrate heating and further gas 
ionisation

Sputtering of the target material m  the race-track area is increased 
by the magnetron configuration Because of the electron trapping 
phenomenon magnetron discharges can be created at lower pressures 
(0 001 to 01 mbar) compared to DC discharges (> 0 02 mbar).
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In addition to metals being deposited on the substrate surface, 
compounds are readily deposited upon the introduction of a reactive 
gas, namely nitrogen, oxygen, and hydrocarbons (producing nitrides, 
oxides and carbides) The technique is called "reactive magnetron 
sputtering" and is widely used in this investigation to deposit 
titanium nitride (TiN) [10,11].

1 .3  ADSORPTION AND NUCLEATION PROCESSESr

I

Adsorption of atoms onto a substrate surface may occur with (a) the 
partial transfer of electrons (called chemisorption) or (b) without 
such electron transfer (termed physisorption) Physisorption is the 
most basic phenomenon and adsorption occurs via unspecific and 
undirected weak Van der Waals forces This behaviour is reversible and 
typical of inert gas adsorption onto metals [12]. Mechanistically, 
physisorption is a prerequisite to chemisorption. Chemisorption 
produces a surface compound derived from the chemical reaction (through 
partial electron transfer) of the adsórbate with the surface Binding 
energies are greater than in the case of physisorption and reactions 
tend to be non-reversible [7]

Real surfaces are far from perfect, containing a distribution of 
ledges, kinks, dislocations and point defects, in addition to perfect 
terraces These imperfections can influence the binding of single 
atoms and small clusters, to the substrate and, consequently, can 
influence adsorption, diffusion and nucleation behaviour It is 
generally accepted [13] that there are three modes of film growth on 
surfaces, which are illustrated schematically in Fig 1.3 In the 
island, or Volmer-Weber model, small clusters are nucleated on the 
substrate surface and then grow into islands of the condensed phase. 
This occurs when the intra-molecular bonds between the atoms of the 
deposit are stronger than the inter-molecular bonds existing between 
the film and the substrate. This mode of growth is displayed by many 
systems of metals growing on insulators The layer, or Frank-van der 
Merwe model, displays the opposite characteristics Because the atoms 
are more strongly bonded to the substrate, the initial adsórbate layer 
condenses to form a complete monolayer on the surface which then 
becomes deposited with a more loosely bound layer This type of growth 
mechanism is observed m  the case of inert gas adsorption on graphite
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and in semiconductor growth on semiconductors The intermediate case 
of layer plus island growth is called the Stranski-Krastanov model 
Upon formation of the initial monolayer, or a few monolayers, 
subsequent layer growth is unfavourable and islands are generated on 
this intermediate layer Virtually any factor which disturbs the 
monotonic decrease m  binding energy, characteristic of layer 
formation, may give rise to this film growth regime, e g , it may not 
be possible to continue the symmetry, molecular onehtation or lattice 
parameter of the monolayer into the bulk of the deposit This results 
in a high free energy of the deposit-intermediate-layer interface m  
which subsequent island formation is preferred

1 4 STRUCTURE OF THIN FILMS

The microstructure of sputtered thin films depend on many factors some 
of the more important of which are,

- Deposition rate of condensing atoms
- Pressure of working gas
- Temperature of substrate
- Substrate surface roughness
- Bombardment of substrate with ions or electrons

1 4  1 Deposition Rate

It is experimentally very difficult to isolate the influence of 
deposition rate on film morphology from other deposition variables 
The sputtering rate can be increased by raising the energy of the 
bombarding inert gas ions producing an increase in the kinetic energy 
of the ejected species [14] which will be more mobile on the substrate 
surface The whole effect is similar to increasing the substrate 
temperature The continuous increase in deposition Late of A1 films 
leads to the burial of mobile adatoms thus impeding gram growth [14] 
The occurrence of voided structures in metal films deposited at lbw 
deposition rates is rare because the adatom surface mobility is 
adequate to prevent hole formation The texture of metallic thin films 
is related to the kinetic energy of the incident particles or to the 
deposition rate Prefened orientation becomes more pronounced as the 
kinetic energy of the condensing atoms increases [15, 16]
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1 4  2 Pressure, Temperature and Surface Roughness

In the classic article by Thornton [17] the influences of pressure, 
temperature and surface roughness on film structure are considered In 
general, higher inert gas pressures are considered to limit the 
mobility of surface adatoms, because adsorbed inert gas atoms limit the 
surface diffusion of incident species. Increased substrate temperature 
enhances surface mobility and conventional bulk diffusion Thornton's 
Model is depicted schematically in Fig 14. In Zone 1, surface 
roughness features preferentially collect incident atoms which, because 
of the low substrate temperature have insufficient energy to diffuse 
and form a continuous layer structure (the substrate temperature to 
substrate melting point ratio, T/Tm, is <0 2) Typical Zone 1 growth 
yields open, porous gram boundaries In Zone T, the surface 
temperature is insufficient to promote, adatom diffusion at significant 
rates but the surface is sufficiently flat because enough diffusion has 
occurred to overcome the main surface irregularities The dense, 
fibrous structure is identical to that generated in the open grains of 
Zone 1 Inert gas adsorption at increased pressure and the subsequent 
porous film morphology are low temperature effects Zone 2 is 
dominated by surface diffusion processes and the film comprises 
columnar grains with fully dense boundaries The high temperatures 
found in Zone 3 produce substantial bulk diffusion, recrystallisation 
and grain growth

1 4  3 Substrate Bias

Ion bombardment of a growing film can densify an otherwise porous layer 
[18-20] Ion bombardment invariably leads to inert gas incorporation 
[21,23] at high bias potentials (>150V) Low voltage bombardment 
generates an atomic peenmg effect, which produces a fresh surface, 
whereas high voltage bombardment increases surface roughness. For a 
particular film morphology, substrate temperature and bias are 
inversely related "high temperature" deposits may be obtained at low 
substrate temperatures when a substrate bias is employed [24].
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1 .5  STRESS IN THIN FILMS

Virtually all metallic and compound films are in a state of stress 
[25] The total stress is composed of a thermal stress and a so-called 
intrinsic stress The thermal stress is due to the differences in the 
thermal expansion coefficients of the coatings and the substrate 
materials The intrinsic stress arises from the accumulating effect of 
crystallographic flaws which are incorporated into the film during 
deposition While the intrinsic stress is a function of the deposition 
process, the thermal stress only forms when the film-substrate 
combination cools down from the deposition temperature [14] The 
thermal stress induced m  the film is given by

ô th = Ef ( af “ as ) (Ts- Ta) 1 -5 1

where is the Youngs modulus, a the coefficient of thermal expansion, 
Ts the temperature during deposition and Ta is the temperature during 
measurement Subscripts f and s refer to film and substrate, 
respectively [26] A positive value of corresponds to a tensile 
stress

Intrinsic stresses are more complex in nature and can arise for a 
number of reasons [27-30]*

(a) Lattice mismatch between the substrate and film producing 
interfacial disorder

(b) Incorporation of impurities in the growing film which precludes 
the formation of a stress-free deposit.

(c) Rapid film growth leading to the deposition of the kinetically 
more accessible rather than the thermodynamically more stable 
form

(d) Forward sputtering and ballistic recoil mixing (at high bias 
potential) leading to vacancy and interstitial sites

The intrinsic stress in the film increases with layer thickness thus 
stress cracking, buckling and poor adhesion are observed when film
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thickness increases such that the film substrate bond cannot withstand 
the force produced by the integrated stress throughout the deposit 
[25]

1 6 ADHESION

One of the main reasons for the failure of hard wear resistant coatings 
during service conditions is the lack of sufficient adhesion Adhesive 
strength is a function of the type of bonding across the interfacial 
zone [31] This bonding may be due to van der Waals forces, ionic, 
covalent or metallic bonds However, no predicative theory of chemical 
adhesion exists [32] A practical definition of adhesion states that 
the interfacial region does not fail under test conditions The 
interface is of paramount importance both m  the development of the 
adhesive bond and in the quality of the bond between film and substrate 
[33]

1 6  1 The Interface

Interfacial regions may be classed as mechanical, monolayer to 
monolayer, compound, diffusion or pseudo diffusion and combinations of 
the above, as outlined in Fig 1 5 [34, 35] A mechanical interface is 
characterised by the mechanical interlocking of the film material with 
a rough surface In monolayer to monolayer (abrupt) type of interface 
the transition from substrate to film composition occurs over 2-5A 
Such an interface forms when negligible diffusion occurs A chemical 
compound may form at the interface in which case a compound interface 
several angstroms thick is generated In diffusion interface layers, 
there is a gradual change in composition and lattice parameter 
Diffusion layers can act as transitional regions between materials 
possessing different mechanical and chemical properties

Ion bombardment, prior to film deposition, can increase interfacial 
solubility by creating high concentrations of point defects or stress 
gradients which enhance diffusion, resulting in the formation of 
pseudo-diffusion interfaces A single isolated type of interface is 
not generally found, combinations of the various interfacial layers are 
often formed simultaneously. The interface which forms is a function 
of the surface topography, level of contaminants, chemical reactivity
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of the film and substrate material in concert with the energetics of 
the deposition process [7]

1.6.2 Control of Adhesion

(a) Surface Contamination

Cleaning of the substrate prior to film deposition reduces the level of 
surface contamination which can be detrimental to good adhesion [36]
In the PVD area the substrate is commonly ultrasonically degreased in 
an organic solvent prior to m-situ Ar sputter etching It is also 
possible to remove the surface contaminants (especially oxides) by 
dissolution m  a labile intermediate layer Several materials - 
notably Ti, Al, Zr - are capable of readily forming solid oxide 
solutions In addition, the oxides present in a surface can be used to 
form a chemically graded interface through the formation of chemical 
compounds having mutual affinity for the film and substrate. Examples 
of such intermediates include spinels (AB^O^ e g , NiFe20^ and MgA^O^)
or llmenites (ABO^, A Fe, Co, Ni, Cd, Mg and B • Ti, Rh, Mn) Most
of these oxides are formed m  high energy deposition processes

(b) Film-Substrate Material Properties

The movements of the film will follow the elastic movements of the 
substrate since the coating is thin However, because of the
differences in elastic moduli between the film and the substrate a
stress concentration is generated at the interface [37] In 
applications with high loading intensity, e g , wear resistant cutting 
and machining tools, the stress concentration can cause cracking in the 
film, delamination and premature adhesion failure, and, possibly, crack 
initiation and propagation through the tool material. The, ab initio, 
matching of film substrate elastic properties or the generation of 
intermediate layers greatly reduces this abrupt stress gradient [32, 
38].
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(c) Intermediate Layers

To improve adhesion, an intermediate layer of a material which will 
react with both the film and the substrate is commonly employed The 
mechanisms of such adhesion enhancement are not fully understood 
[39-41], however intermediates are quite widely used In the 
deposition of TiN by reactive DC magnetron sputtering onto high speed 
steel, Ti has been used as an intermediate layer [42]. Ti can react 
with 34 atomic % of oxygen, therefore the weak, iron oxide present on 
the steel can readily react with the intermediate Ti thus improving 
adhesion However, if this reaction temperature exceeds 400°C, the 
adhesive strength decreases because of the reaction of the Ti with the 
C of the steel [43] If the Ti interface layer is excessively thick 
(generally >0 2-0 3um) the adhesion strength is reduced [44] Since 
the capacity of Ti to withstand a shearing stress is low, thicker Ti 
interfaces easily fail m  performance assessment tests when the applied 
load to the film has a shearing component

1 7 TITANIUM NITRIDE COATINGS

During the last few years there has been an increasing interest in TiN 
thin films deposited by various PVD methods Because PVD methods 
permit growth of TiN films at low temperature, a large section of the 
literature concentrates on deposition temperatures of 550°C. The most 
successful application area for TiN so far is that of coatings onto 
various high speed steel tools Coatings with thickness of 2-10pm are 
found to increase tool life by many hundred per cent [45]. The use of 
TiN films as diffusion barriers in contact structures to silicon 
integrated circuits [46] and solar cells [47] have been investigated 
In addition, TiN has been studied for selective transparent films and 
for high temperature photothermal conversion [48]

Optically TiN is similar to gold in the visible region and is also used 
for decorative purposes [49] However, TiN has been studied in view of 
its other applications as single phase selective solar absorbers for 
high temperature use and as selective transparent films or "heat 
mirrors" [50]. However, in spite of the many application areas, there 
is still a lack of knowledge of how these films grow and of how the 
resulting structure and properties depend on the growth conditions.
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Even though TiN is stable over a broad range of composition [51] its 
structure and properties depend critically on the actual composition 
For single phase TiN the variation with composition is mainly due to 
the high vacancy concentration on either the metal or the metalloid 
sublattices In thin film samples these effects are often more 
pronounced than, and different from, those m  bulk materials since thin 
films are grown under non-equilibrium conditions [52]

It can be seen that for understoichiometric films two trends can be
distinguished either the hardness increases up to a value of 3500 ±

-2  -2  500 kg mm or it decreases and reaches a value of 1500 ± 200 kg mm
at a nitrogen-to-titanium ratio of 0 6 For overstoichiometric films
all results show decreasing hardness values as the ratio of nitrogen to

-2titanium increases and values as low as 340 kg mm are reported [37, 
53]

Since the dislocation mobility is low for carbides and nitrides below 
1000°C the strength of the grain boundaries is an important factor in 
determining the hardness of polycrystalline films Also for the bulk 
materials, voids or microcracks have been found to be a weak point 
initiating crack propagation and fracture when external forces are 
applied [51] Films possessing voids which are located in grain 
boundaries thus have lower strength and lower hardness This is the 
case for overstoichiometric films, thus explaining the rapid decrease 
in hardness above (N)/(Ti) = 1 However, for films with strong grain 
boundaries, the plastic deformation during a hardness indentation 
occurs through a dislocation movement characteristic of f c c 
materials [51]

An increased ion bombardment during growth can result in an increased 
hardness mainly because of a reduction in grain size It has also been 
shown that the ionisation efficiency during ion plating processes 
should be as high as possible in order to obtain films with maximum 
hardness [54, 55] This implies that not only the energy of the 
incident particles but also the particle flux are important The ratio 
between the ion and metal fluxes should thus be kept as high as 
possible
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Not only do such growth parameters as substrate temperature or xon 
bombardment affect the structure of the deposits, but also, for 
example, the substrate material itself is of importance This is 
especially important if the substrate contains different phases, e g  a 
high speed steel The vanadium carbide particles in these steels have 
the same structure as TiN and the lattice mismatch between the two 
phases is only 1 6% [56] A localised epitaxial growth can then occur 
on these particles, resulting in a microstructure with large grains 
surrounded by small grains The shape of these large grains is 
markedly influenced by the temperature of deposition.

1 8  THE OBJECT OF THE PRESENT INVESTIGATION

Currently, deposition of TiN coatings is technically possible at 
various temperatures (500-800°C), depending on the fabrication process 
employed Many technologically important substrates are damaged when 
exposed to these high temperatures Relatively little work has been 
done in the area of low temperature deposition of TiN as wear resistant 
layers on bulk substrates Work to date has shown that thickness 
distribution, adhesion stoichiometry and morphology of films are 
important for many industrial applications [57-59] The object of the 
present project is to develop the reactive magnetron sputter ion 
plating process to permit the deposition of

(i) hard, wear resistant TiN films on steel at deposition
temperatures between 250°C and 550°C, and

(n) golden coloured TiN films on polycarbonate plastic at approx.
100°C substrate temperature These films would infer a wear
resistance property to the plastic and also have a 
decorative/cosmetic appeal

Plasma enhancement of the deposition process together with 
modifications to the thermal impedance of the magnetron target are seen 
as the keys to lower temperature deposition The uniqueness of a 
plasma to create chemically reactive species at low temperatures is due 
to the non-equilibrium nature of the plasma state whereby free 
electrons within the plasma exhibit temperatures of tens of thousands 
degrees Kelvin, while the free atoms, radicals and molecules remain at
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only hundreds of degrees Kelvin Plasma enhancement is common in 
physical vapour deposition (PVD) whereas plasmas play a key role in 
various ion plating configurations and allow substantial reduction in 
the substrate temperatures associated with traditional deposition 
methods

The initial part of this thesis will concentrate on depositing well 
adherent hard TiN layers at approx 550°C on steel substrates The 
subsequent section will deal with design changes both in the deposition 
equipment and in the method of deposition which allow film formation at 
approx 250°C on steel substrates The final section gives details of 
a Taguchi experiment focused on the formation of anti-scuff, 
decorative, golden-coloured TiN layers on plastic substrates
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Fig 1 1 Planar magnetron configuration
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CHAPTER I I

EXPERIMENTAL EQUIPMENT PROCEDURES
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2.1 REACTIVE MAGNETRON SPUTTER ION PLATING (RMSIP)

The operating principles of diode and magnetron discharge systems can 
be found in Appendix A and m  the Introduction Chapter and, hence, will 
not be discussed in this chapter

2 1 1  PVD Deposition Equipment

The laboratory scale deposition apparatus, pictured in Fig 2.1, was 
designed, constructed and commissioned at Teer Coating Services 
Limited, Hartlebury, U K The vacuum chamber (A) and pumping set (B) 
are mounted on a tubular steel frame The chamber comprises an 
aluminium alloy (2042 Duralloy) top-plate (C), steel (304 stainless) 
base plate (D) and cylindrical stainless steel walls. The 1” thick 
top-plate houses two 8" x 4" magnetron cathodes (E) and two rotatable 
magnetron shutters (F) The substrate holder consists of an 
electrically isolated web of 6 x 60° stainless steel sector plates (G) 
whose distance from the sputtering sources is adjustable A 1/6 horse
power variable speed AC motor, attached to the substrate holder through 
a water cooled 3" feed-through (centrally positioned in the 
base-plate), permits controlled rotation of the substrate at a minimum 
frequency of 1Hz An electrically operated screw hoist, which is fully 
interlocked with the pressure gauges, permits both the top-plate and 
chamber walls to be raised independently The liquid nitrogen cooled 
Edwards CR160/700 Diffstack (7001/s), backed by an Edwards E2M18 rotary

3pump (40m /hr), is mounted from an 8" port (H) in the base-plate.

5KW and 3KW Eratron DC magnetron power supplies were employed to 
operate the two magnetron targets (E) These generators incorporate 
both open-circuit and short-circuit protection together with arc 
suppression capabilities A 1 2KW Eratron RF (13 56 MHz) power supply 
with automatic load match tuning capability is used to bias insulating 
substrates The substrate biasing of conducting samples is achieved 
with an AEI 450W EHT DC (constant power) generator capable of 
delivering -3KV at 150mA

The working gas, usually Ar, is admitted into the deposition chamber 
via a Nupro needle valve (I) with vernier type readout. The flow rate 
of the reactive gas is controlled by a Tylan FC 260 mass flow
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controller (MFC) (J) (calibrated from 0-50 standard cm /min , SCCM, 
with dry nitrogen) The total pressure in the chamber is monitored by 
a Balzers ionisation gauge and an Edwards pirani gauge All shut off 
valves and the quarter swing baffle valve are electropneumatically 
operated

The flexibility m  design of this vacuum coater permits the deposition 
of a range of thin films from a number of target compositions. The 
substrate holder can be biased with an RF potential. This allows the 
deposition of thin films onto non-conducting substrates such as 
plastics or glass with the substrate being ion bombarded The thin 
films themselves, can also be non conducting, such as, silicon carbide, 
silicon dioxide, alumina, titama etc With the RF potential applied 
to the substrate, ion-plating can be achieved In this particular 
configuration insulating films can be ion-plated onto insulating 
substrates The ion-plating of conducting films onto insulating 
substrates e g TiN on plastic or insulating films onto conducting 
substrates is also possible. When the DC bias is applied to the 
substrate only conducting films can be ion-plated onto conducting 
substrates e g TiN onto HSS In this present investigation both RF 
and DC ion-plating were employed

The deposition of a compound film (1 e a chemical compound is formed 
on the substrate material) can be carried out by (1 ) reactive magnetron 
sputtering and (1 1 ) sputtering from the compound target (1 e the 
target is the same material as the proposed thin film) Method (1 ) 
underpins the entire work of this thesis and is discussed in the 
relevant sections However, method (1 1 ) has not been employed in this 
investigation Considering the deposition of silicon carbide, the 
target material comprises hot pressed silicon carbide particles when 
the deposition is carried out by method (1 1 ) Since silicon carbide 
is, essentially non-conducting, the RF power source is connected to 
this magnetron target and sputtering occurs Changing the 
stoichiometry of the thin film requires the composition of the target 
material to be altered which leads to levels of inflexibility. 
Deposition rates are, typically, 2-3 ym/hr for insulating targets 
because of their low thermal conductivity and, hence, the reduced input 
power which can be accommodated. However, this configuration, has two 
main advantages The first advantage relates to the fact that this may

3
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be the only method to deposit a film, e g such films would include 
PTFE (polytetrafluoroethylene), titanium dioxide, aluminium oxide, etc 
The second advantage is based on the fact that many ceramic oxide are 
non-conducting and the metal component in the ceramic is very reactive 
In the reactive DC magnetron deposition of such films, indium tin oxide 
is a particular example, target poisoning converts the target 
properties from those of a metallic conductor to those of an insulator 
from which the target does not recover When the reactive magnetron 
deposition is powered by an RF source this target poisoning has a 
minimum effect With the combination of RF and DC magnetron sources 
and RF and DC ion-plating capabilities a large range of substrates can 
be coated with a variety of films

The position of the magnetron targets can be adjusted so that 
multilayered coatings or three dimensional films can be deposited The 
multilayer coatings can be deposited from the magnetron configuration
outlined in Fig 2 1 Three dimensional geometries, whose maximum

3volume envelope is approximately 125cm , can be coated by placing the 
magnetron on the top right hand side of the chamber directly beneath 
the magnetron on the top right hand side of the chamber directly 
beneath the left hand magnetron

The ability of the PVD coater to use RF biasing on the substrate 
permits limited use of the instrument as a Plasma Enhanced Chemical 
Vapour Deposition (PECVD) unit In this instance, the RF plasma cracks 
a gas or a mixture of gases and the products of the deposition fall on 
the substrate This instrument has been used in this configuration to 
deposit diamond-like-carbon (DLC) from a gaseous mixture of 
methane/hydrogen and acetylene/hydrogen The hybrid nature of the 
PECVD/PVD apparatus finds use in depositing diamond like films and 
boron nitride type films onto steel substrates through the use of PVD 
intermediate layers

The power supplies, vacuum gauges, flow monitors and all controls are 
fully rack mounted in an ergonomically convenient arrangement The 
coating unit is safety interlocked against operator misadventure, mains 
water, electricity and gas failure
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2 12  Feedback Control Network

As both an aid to process parameter control and to enable 
stoichiometric TiN to be consistently and reproducibly deposited, a VSW 
0-100 amu differentially pumped mass spectrometer (MS) was installed 
(refer to item K m  Figure 2 1) The computer controlled mass 
spectrometer was used as a quantitative sensor for the presence of 
reactive gas m  the chamber The computer then controlled the 
admittance of this gas through the MFC to a preset level An IBM AT 
computer with a Graphitek A/D card was employed in the gas control 
network The overall system was designed, installed and commissioned 
to meet specific requirements of the project [60] The feedback 
control and monitoring system can be briefly described as follows

The computer (refer to item L in Fig. 2 1) comprising a colour monitor, 
OKI printer and Graphitek A/D card was interfaced both to the MS and 
the MFC valve The computer is also used as a monitoring system in 
parallel with its control functions Magnetron current and voltage, RF 
forward and reflected power, total pressure, partial pressure of any 
gaseous species in the chamber, time, complete 0-100 a m u  mass 
spectrographs, flow rate in SCCM are the variables which are monitored 
during a typical coating experiment

The facile operation of reactive processes with the RMSIP device is 
compounded because of the reaction occurring at the sputtering target 
surface in the reactive gas [61,62] When the partial pressure of the 
reactive gas reaches the correct level to form the stoichiometric 
compound on the substrate surface, a compound is also formed on the 
surface of the target, and a "poisoned" target surface results [63] 
Increasing the partial pressure of the reactive gas further increases 
the relative proportion of the target surface which poisons, thus 
resulting in reduced metal coating flux from the target In the 
absence of any remedial action a completely poisoned target ensues.
The following mechanisms were adopted to minimise such poisoning 
effects
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A gas separation principle was applied At coating pressures of 0.005 
mbar the mean free path for nitrogen is approximately 1cm [64]. 
Therefore, to a first approximation the nitrogen gas inlet must be more 
than 1 cm from the titanium target surface In practice, the nitrogen 
inlet was positioned near the substrate, which is 7 cm from the target 
surface The argon gas inlet is located near the target surface This 
system exhibited greater stability with less compound formation on the 
magnetron target surface In addition, the amount of reactive gas in 
the sputtering process was controlled by the automatic feedback loop
between the MS and the nitrogen (MFC) valve During the formation of a
poisoned target surface, under constant current operating conditions, 
the potential of the magnetron undergoes changes because of differences 
between the electron emission coefficients of the unpoisoned and 
poisoned target surface The level of nitrogen m  a given titanium 
magnetron discharge is incremented from 0 SCCM (to levels where 
stoichiometric and non-stoichiometnc films are formed) while
monitoring the target potential A typical magnetron poisoning curve
is illustrated in Fig 2 2

It was observed that increasing amounts of nitrogen were required for 
stoichiometric TiN formation as targets aged, presumably because of the 
increase in the surface area of the racetrack Fine adjustments to the 
preset levels of nitrogen were carried out on a regular basis 
Computer control of the admittance of nitrogen, via the MFC valve, 
prevented initial nitrogen flow overshoot which was found to lead to 
abrupt and poorly adhering interface regions. Ramping the nitrogen 
admission rate improved adhesion and facilitated the formation of a 
graded interface The MS-MFC valve system is particularly useful at 
the low target sputtering currents used to achieve low substrate 
deposition temperatures

2 1 3  Pumpdown System

The diffusion and rotary pump combination is capable of pumping the
3 -5steel chamber (approx. volume 0.1m ) to a base pressure of 5 x 10

mbar in 25 m m  without the aid of the cryogenic trap. The rotary pump
evacuates the chamber to 0 07 mbar in 5 min at which point the
diffusion pump is employed to reduce the pressure to the 10 mbar
range At these pressures the mam residual gas is water vapour which
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pumps slowly out of the chamber, as depicted in Fig 2 3 The base 
pressure may be reduced to 1 x 10" mbar through the use of the liquid 

trap The chamber is not bakeable but after a deposition experiment 
where the substrate reaches 500°C the chamber subsequently pumps down 
to <10” mbar Any air leaks m  the system are noted by observing the 
m/e at 28 to m/e at 32 ratio When this ratio is 6 , 1 an air leak 
exists Leaks are located by a He sniffer with the MS tuned to mass 4

2 1.4 Magnetron Design

The housing of the magnetron is fabricated from Duralloy (2042) of side 
wall thickness 8 mm Cooling water inlets and outlets are located in 
the base-plate Ferrite magnets are placed in the water cooled cavity 
and oriented as outlined in Fig. 1 1 such that an outer loop of similar 
magnetic orientation is formed on the internal perimeter of the cavity. 
The central magnet is oriented in the opposite sense to those on the 
peripheral loop To achieve a balanced magnetic field configuration, 
exposed geometrical surface area of the peripheral magnets should equal 
that of the central magnet (In practice this is rarely achieved). In 
the balanced configuration the penetration of stray magnetic field 
lines into the vacuum chamber (and hence the bulk plasma) is reduced 
Such a design enables increased target usage, higher deposition rates 
and less electron bombardment of the substrate surface thereby reducing 
uncontrolled substrate heating [65] Two particular magnetron targets 
were employed, namely, the indirectly cooled magnetron (ICM) target and 
the directly cooled magnetron (DCM) target arrangement. In the ICM a 6 
mm copper backing plate is fixed over the water cooled cavity Onto 
this backing plate a target of dimensions 7 3/4” x 4" x 3/8" is 
mechanically secured In Fig 2 4(A) an ICM with a slightly used Ti 
target is illustrated. When higher deposition rates and reduced 
substrate temperatures are required (as discussed in Chapter IV) the 
copper plate is replaced by a plate machined from a sheet of the target 
material An unused DCM with a Ti directly cooled target is pictured 
in Fig 2 4(B)
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2 1 5  Sample Preparation and Pretreatment

(a) Steel Samples

Ground M2 high speed steel (HSS) and mild steel platelets, 2 5 x 2.5 x 
0 3 cm, were continuously polished with silicon carbide paper, varying 
systematically in grit size from 400-1200 (Buehler-Met) The polishing 
residues were removed by ultrasonic agitation in ethanol at room 
temperature After hot air drying, the platelets were progressively 
polished on 6ym, 3ym and lym diamond lapping wheels (Buehler-Met) until 
the steel surface had a mirror finish This surface was necessary so 
that true adhesion effects could be studied in the absence of gross 
substrate roughness effects Average surface roughness (Ra) values for 
the polished substrates were less than 0 3ym The polished samples 
were ultrasonically degreased in 1,1,1, trichloroethane The air dried 
samples were placed on the substrate table and the chamber pumped to 
base pressure, and backfilled with Ar gas to a pressure of 0 02 mbar. 
The sputter etching of the samples was accomplished by igniting a -2kV 
DC Ar diode discharge between the grounded parts of the steel chamber 
and the steel substrate holder which acted as cathode. The 
temperature of the substrate was monitored by thermocouples placed m  
the body of the substrate table near the samples A typical sputter 
etch step of 30 min. duration produced a temperature increase in the 
steel samples of 180°C

(b) Plastic Samples

Polycarbonate (PC) samples (2 5 cm x 2 5 cm x 0.3 cm) were washed in a 
hot soapy aqueous solution, dried, transferred to methanol and cleaned 
ultrasonically for 20 min and subsequently air dried Substrates to 
be coated were dusted (the PC was observed to electrostatically attract 
fine dust particles) and placed on the rotatable substrate holder (see 
item G m  Fig 2 1) The chamber was pumped to below 2 x 10“  ̂mbar 
before m-situ cleaning commenced at 80W RF power to the substrate 
holder in the presence of 0 015 mbar of Ar gas The temperature 
achieved by the plastic samples was related to the duration of the etch 
time The precise experimental details are discussed, at length, in 
Chapter V
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2 1 6  General Description of TiN Deposition Technique

A poisoning curve similar to that outlined in Fig 2 2 is obtained by 
incrementally increasing the level of ^  into a magnetron discharge, 
operated under the conditions necessary for the experiment In 
general, the current to the target, the type of target arrangement, the 
total gas pressure and the level of substrate bias are fixed parameters 
during the poisoning experiments TiN films, produced when the ^  flow 
is held so that the magnetron voltage lies at position A, are 
under-stoichiometric in N (silver coloured), at position B the films 
are stoichiometric (golden coloured), and at position C the films are 
over-stoichiometric (copper coloured) It was necessary to operate at 
region B of the curve to produce stoichiometric TiN layers. The 
position of B in terms of the partial pressure of Nj in the vacuum 
system is noted for each experiment The feedback network controls the 
level of ^  gas to this fixed partial pressure

(a) TiN Formation on Metallic Substrates

In the case of steel samples, the latter were placed on the substrate 
arm 55-70 mm directly beneath the magnetron target surface A shutter 
was rotated into position between the magnetron target surface and the 
substrates. Upon chamber pump down to 5 x 10“  ̂mbar a -2RV DC 
potential was applied to the substrates in the presence of 0.02 mbar of 
Zero Grade argon gas A diode discharge was established between the 
substrate and the earthed walls of the vacuum chamber This sputter 
etching continued for 30 min and the substrate temperature increased 
to between 180°C and 200°C as measured by a thermocouple fixed to a 
dummy sample Since Ti has excellent gettenng properties the Ti 
target was sputter cleaned before film formation commenced The 
magnetron was operated at 2 5 Amp with the coating flux being 
intercepted by the shutter The initial arcing (due to charge 
accumulation on oxidised titanium sites of the target) abated after 5 
m m  whereupon the potential of the magnetron was approx -270V. It is 
evident from the poisoning curve of Fig. 2 2 that the target is oxide 
or nitride free and only metallic Ti is being sputtered The shutter 
is removed and the Ti flux is deposited on the substrates After a few 
minutes (typically 2-5 m m  ) of Ti interface formation, the total Ar 
gas pressure is adjusted to that required for the bulk deposition
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(typically between 5 to 15ybar) and the bias potential is reduced 
(typically about -50V to -800V) The magnetron sputter current is 
increased to 3 0 Amp and the automatic gas admission is activated 
The (99 99% pure) gas is slowly ramped to the level preset from the
magnetron poisoning curve It was observed that the partial pressure 
of (PPN^) in the chamber during stoichiometric TiN deposition was
approx 0 9 to 1 ybar, across a broad range of coating conditions 
Significantly altering the magnetron current gave rise to a similar 
shift in the required for stoichiometric film formation The TiN
deposition continued for 30 min with deposition rates of >1000A/min 
All discharges were extinguished, the chamber was pumped to base 
pressure, and the samples were allowed to cool m-vacuo for 2 hours 
The temperature of the dummy substrate was monitored during deposition 
The chamber was vented to air and the coated samples removed (these 
samples were at a temperature of approx 50°C)

(b) TiN~Al Formation on Plastic Substrates

In the case of deposition onto plastic substrates, the chamber was 
pumped to below 2 x 10”"* mbar before m-situ sputter etching commenced 
at 80W RF power which was capacitively coupled to the substrate holder 
A self-biasing potential of -300V was generated on the substrates The 
aluminium target was sputtered at 3 Amp (from a DCM system) onto a 
shutter before deposition onto the PC Etching and precleaning of the 
aluminium target occur simultaneously for 5 m m  at 0 015 ybar argon 
pressure at the end of the etch phase The subsequent sequences in the 
deposition procedure are dictated by the Taguchi experiments which are 
discussed in detail m  Chapter V The total pressure was adjusted to 
the required level and the Ti or A1 deposition was initiated to produce 
the interface Overlap of the etching phase and the initial Ti
interface formation improved adhesion Nitrogen gas was slowly
admitted to a fixed partial pressure (as determined from the poisoning 
curve) via the MS-MFC network After deposition for a known period the
substrates were cooled m-vacuo for 2 hrs
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2 2 THIN FILM CHARACTERISATION

The characterisation of thm films can be broadly categorised into 
three main groups, namely, the Physical, Mechanical and Compositional 
characteristics

2.2.1 Physical Characterisation

(a) Crystal Structure

X-ray diffraction (XRD) studies were carried out on a JEOL JDX 
diffractometer employing Cu Ka(X=0 154nm) radiation A special sample 
holder was fabricated such that the complete substrate is at the 
correct orientation to the x-ray beam The scan was operated at l°/min 
with medium slit size Intensities, registered as counts/sec, were 
plotted against 20 in degrees The absolute peak intensities and peak 
intensities relative to the highest peak (taken as 100%) were noted 
The peak positions, reported with respect to 20°, were converted to d 
spacings from the Bragg formula

d = X
2 SinO

These d spacings were compared with the Miller indices of TiN, Ti^N and 
Fe, etc

(b) Thickness

The thickness of the deposit is routinely measured on a ball-cratering 
device [66] pictured in Fig 2 5 The 50 mm diameter steel ball sits 
in a "V" groove on a 15 mm diameter axle The speed of rotation of the 
shaft is variable A small amount of lym diamond paste is placed on 
the ball which is friction driven and wears a hemispherical taper 
section in the sample The lengths a and b are measured at 200X on^an 
optical microscope to yield the thickness, t, of the coating as 
outlined m  Fig 2 5 Comparison of results obtained from this 
evaluation compared to direct scanning electron microscope (SEM) 
observation of the cross sectional thickness of the film suggest that 
thickness data obtained from the ball cratenng device are correct to 
within 5%. SEM thickness evaluation was primarily employed in the case 
of metallic coatings on plastic substrates 1 ym diameter latex
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spheres (Agar Aids) were used to calibrate the SEM image when thickness 
measurements were performed A typical image of a metal film on 
plastic together with the calibration spheres is illustrated in Fig 
2 6

(c) Morphology and Topography

Samples were notched from the backside m  a low speed diamond saw 
(Behuler), then snapped, and mounted with silver dag (Agar Aids) on an 
SEM 45° angle stub The steel substrate - TiN film combination were 
electronically conducting and warranted no further treatment The 
TiN-Al layers on plastic substrates were coated with approx 100A of Au 
in a diode sputtering device (Agar Aids) The sample temperature was 
<50°C during Au deposition The sample was placed at 45° to the 
incident electron beam and the secondary electron image detector of the 
SEM (JEOL-JXA 8600 Superprobe) The morphology and topography of the 
sample can be analysed simultaneously, as evidenced from Fig 2 6

(d) Surface Roughness

Surface texture is quantified by parameters which relate to certain 
characteristics of the topography The universally recognised 
parameter to quantify the amplitude of vertical displacements of the 
surface profile is the surface roughness, Ra Ra is the arithmetic 
mean of the departures (all departures taken as positive) of the 
profile from the mean line It is usually determined as the mean 
asperity height over several sampling intervals, n, along a length 1 of 
the specimen i e.,

Ra = (1/n) {Y1+Y2+Y3+. Y ^  Yr}

where Ŷ  is the amplitude on the interval 1 < i < n. If there is any 
distortion of the test sample, roughness measurement cannot be taken, 
due to the fact that the experimental values will not be on scale Ra
values of samples were routinely measured on a profllometer*
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2 2 2 Mechanical Characterisation

(a) Hardness Measurements

Hardness is defined as the resistance of a material to deformation and 
is usually measured by indenting a diamond stylus of known shape under 
load into the specimen and measuring the size of the resulting 
deformation Common practice among workers in the coating field is to 
minimise the size of the indentation in an attempt to ensure that only 
the hardness of the coating is measured, 1 e , there is no contribution 
to the measured hardness from the substrate In order to achieve this 
a criterion is often adopted in which the indentation depth for an 
indenter must be less than one tenth of the coating thickness [67-70], 
a criterion which is difficult to fulfil using standard microhardness 
equipment since wear resistant coatings are often deposited as layers 
only 3-5 ym thick

With the Vickers indenter the depth of indentation is about one-seventh 
of the diagonal length of the indentation The Vickers hardness number 
(VH) is the ratio of the load applied on the indenter to the surface
area of the indentation

VH = (2PSin 6/2)/d2 
where P is the applied load, in kilograms, d is the mean diagonal of 
the square indentation in mm, and 0 is the angle between opposite 
faces of the diamond indenter (136°) [71] • In order to keep the zone 
of plastic deformation caused by the indenter completely within the 
thin film layer the indentation diagonal, m  the case of Vickers
hardness measurement, must be less than the thickness of the film
[37,72-74] The use of small indentations less than a few ym, places 
severe requirements on the resolution of the microscope optics used for 
the measurement In this project hardness measurements were carried 
out with a ICnoop indenter

Knoop indentation testing is performed with a diamond ground to a 
pyramidal form that produces a diamond-shaped indentation having an 
approximate ratio between long and short diagonals of 7 to 1 The 
pyramid shape thus employed has an inclined longitudinal angle of 172° 
30' and an included transverse angle of 130°. The depth of indQntation 
is about one thirtieth of its length Because of the shape of the
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indenter, indentations of accurately measurable lengths are obtained 
with low loads The Knoop hardness number (KH) is the ratio of the 
load applied to the indenter to the unrecovered projected area of 
indentation

KH = P/A = P/(C12)
where P is the applied load in kilograms, A is the unrecovered
projected area of indentation, m  square millimetres, 1 is the measured
length of the long diagonal in millimetres, and C is 0 07028, a
constant of the indenter relating projected area of the indentation to
the square of the length of the long diagonal [69, 72] To define the
reproducibility and precision of calculated hardness measurements
initial tests were carried out with the Knoop indenter at different
mass loadings on 10um thick TiN films coated on HSS The results of 30
such readings at 25 gram force (grf), at 50 grf and at 100 grf are
tabulated m  Table 2 1 At 100 grf load the measured hardness of the
10ym thick TiN layer was 3110 Kg mm“2 +/- 2% at 50 grf the Knoop

_2hardness was calculated to be 3471 Kg mm +/- 5% and at 25 grf load 
_24182 Kg mm +/- 19% Because of the geometry of the Knoop diamond the 

indentation depth is less than that of the Vickers diamond at the same 
mass loading [70] Knoop indentations from 10 grf - 500 grf loads were 
studied in the SEM It was evident that film penetration occurred at 
500 grf load At 300 grf and less the thin layer was not pierced In
Fig 2 7 an SEM of the indentation at X3000 produced by a 300 grf load
is displayed Further hardness measurement determinations were 
performed at 100 grf loads This value was chosen because the 2% 

degree of reproducibility is acceptable, see Table 2 1, and provides an 
acceptable basis for measuring hardness of layers of 5-8ym thickness 
Values of Knoop and Vickers hardness at various mass loadings were 
correlated using the above TiN layer. Hardness calculations were 
performed on 10 indentations per loading in the same general area of 
the deposit Fig 2 8 depicts the variation of Knoop and Vickers
hardness values with indenter mass loading The apparent increase in
hardness with decrease in load is primarily caused by two factors [75]; 
these are errors in the determination of the size of the indentation 
and in the elastic recovery of the indentation The latter is a factor 
with Knoop values, but experimental studies [75] have indicated that 
elastic recovery of Vickers indentations is too small to explain load 
dependence completely In the case of Fig 2.8 it is clear that under 
given load/sample conditions Knoop hardness values may be related to
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those of Vickers In agreement with the work of Kinosita et al [76] 
the hardness measured at low loads is approximately proportional to the 
square-root of load Fig 2 8 could be used as a method of correlating 
Knoop hardness to a Vickers equivalent for these films

(b) Adhesion Measurements

Among the various techniques used to examine the adhesion of thin hard 
films the one most widely referenced is the "scratch tester" (see Fig 
2 9) The scratch test deforms the coating by drawing a hard indenter 
across the coated surface under an increasing normal load L as outlined 
schematically in Fig 2 9 The load at which the coating "flakes" 
(adhesive failure) or "clips" (cohesive failure), the critical load 
as observed via an optical microscope is taken as a measure of the 
adhesion Critical loads for ceramics coatings on hard steel 
substrates are usually 40-50N [77] A hemispherical scratch diamond, 
which has a radius of 200 ym, initiates plastic deformation in a 
ceramic at a load of approx 5N and causes full plastic deformation at 
a load of approx 200N Critical loads are always measured where 
deformation under normal load would be partially or fully plastic 
Therefore, the indenting diamond leaves a permanent groove in the 
surface, which has the effect of transferring the full load to the 
front half of the indenter resulting in a stress increase of a factor 
of 2 in this region There is plastic accumulation of material ahead 
and to the sides of the indenter and the resulting bending of the 
coating causes the surface to be in tension

Partial ring cracks curved in the same sense as the front of the 
indenter are often observed in the scratch as can be seen in Chapter 
III, Fig 3 13 These cracks first form ahead of the indenter and pass 
beneath it on continued sliding It is commonly observed that 
"chipping" occurs at the edge of the scratch due to delammation of the 
deposit at the tensile cracks This delammation spreads both inwards 
and outwards under the tensile stresses which arise at the interface 
when the cracked material passes out of the loaded region Such 
stresses arise from the difference in elastic recovery of the coating 
and substrate Furthermore, it is likely that these failure processes 
are further augmented by the presence of defects and any resulting 
stress concentrations at the interface Substrate-film adhesion
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evaluations were performed on a scratch adhesion tester (Teer Coating 
Services, UK) at a loading speed to traverse speed ratio of lON/mm with 
an hemispherical diamond indenter of tip radius 200ym

(c) Abrasive Wear Resistance

The abrasive wear resistance of coated substrates was assessed on a
modified ASTM G65 rubber wheel abrasion tester pictured in Fig 2.10 
A rubber wheel tester was constructed in-house and modified to suit the 
measurement of abrasive wear of thin films This involves the abrading 
of the specimen with an abrasive grit (8ym diameter A^O^ powder) which 
is introduced between the test specimen and the rotating rubber wheel 
The test specimen is pressed against the wheel at a specified force by 
means of a weighted lever arm while the grit abrades the surface 
Wear resistance is quantified in terms of the number of revolutions of 
the wheel, per micron thickness of the coating, which are required to 
achieve penetration of the film A water based slurry is used to 
abrade the surface less severely as the lubrication dulls any sharp 
surfaces of the abrasive An 8 litre water slurry of A^O^ abrasive 
was prepared by mixing 65g A^O^ in 1 litre of deionized water 14 1 
of this solution was placed in a container and fitted snugly beneath 
the rotating wheel and specimen holder The specimen was completely
submerged in the slurry The moment of penetration of the abrasive
wear scar into the steel substrate was particularly difficult to 
observe The Ti interface of the TiN deposit exhibited the same colour 
as the steel substrate. (In the case of the clear polycarbonate 
plastic substrate, film penetration was plainly visible) A 1 mol/1 
CuSO^ solution acidified with i^SO^ to pH 2 was spotted onto the wear 
scar If an electroless deposit of Cu metal formed in the well of the 
wear scar then the Fe rich substrate had been exposed. This sample 
test was employed to determine the end of the wear test

The rubber wheel (as depicted in Fig 2 10) consists of an aluminium 
disc (220 mm diam x 12 mm) with a 5 mm outerlayer of chlorobutyl rubber 
(as defined in ASTM D2240) chemically anchored to the outer rim of the 
disc The wheel is driven by a 1 horse power variable speed DC motor 
whose rate of revolution (0-> 200 r p m ) must remain constant under
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load The abrader is equipped with a wheel revolution counter which is 
used to give the total elapsed revolutions of the wheel The counter 
has the ability to cut off the motor after reaching a pre-selected 
number of revolutions The specimen holder is attached to the lever 
arm to which weights may be added At the base of the machine is a 
basin and stirrer in which the Al^O^-water slurry is contained (not 
shown in Fig 2 10) A typical specimen is rectangular in shape, 25 x 
76 mm and between 3 2 to 12 7 mm thick. The size of the specimen is 
variable but its geometry must allow a planar face, 10 x 10 mm, to be 
presented to the abrading wheel

Abrasion resistance of a thin film on plastic substrates proved to be 
more difficult to measure in absolute terms The rubber wheel abrasion 
test was not discriminatory Eventually a pencil eraser was used as 
the abrading element, and the number of rubbing passes was counted 
until the coating was penetrated This test is subject to 
inconsistancies m  human operation However, if all the tests are 
carried out by the one individual, then reproducible results are 
obtained

(d) Corrosion Resistance

A qualitative measure of corrosion resistance of TiN films coated on 
steel substrates was obtained from a 10 day salt spray test A 5% w/v 
NaCl aqueous solution, held at 35°C, is continuously sprayed over the 
test pieces for 10 days A gray sliding scale between 0-10 is used to 
access the corrosion resistance of the samples TiN films coated onto 
PC plastic were subjected not only to the above corrosion test but to a 
number of chemical corrosion tests The test pieces were submerged in 
concentrated acetic acid, concentrated hydrochloric acid, concentrated 
sulphuric acid, concentrated nitric acid and 20% w/v sodium hydroxide 
for given lengths of time and the condition of the test piece then 
noted
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2 2 3 Compositional Characterisation of Thin Films

(a) Electron Microprobe Analysis

Electron Probe Microanalysis (EPMA) is a technique used to determine
the local composition of solids in the near surface region The
principle underpinning the technique is the excitation of
characteristic X-rays by a finely focused electron beam The popular
application is local analysis on regions down to a volume of 

3approximately 1pm , where secondary electron imaging is frequently used 
to select the position of analysis EPMA can be exploited to determine 
the elemental composition of films as thin as 0 Sum The JEOL JXA-8600 
Superprobe with two wavelength dispersive spectrometers and with a LINK 
AN10,000 energy dispersive spectrometer is employed to carry out the 
EPMA investigations Within the sequence of ultra-light elements B, C, 
N and 0, nitrogen presents particular difficulties to quantitative EPMA 
because (l) the N K^ radiation falls on the K-absorption edge of carbon 
and (n) interference from higher order metal lines frequently occurs

(b) Secondary Ion Mass Spectroscopy

The Secondary Ion Mass Spectroscopy (SIMS) technique is a surface 
analytical method which employs a beam of ions to sputter secondary 
ions (neutrals and electrons are also produced) from a sample surface 
These positive and negative ions so produced are mass detected in a 
quadrupole mass spectrometer adjacent to the sample normal SIMS has a 
surface sensitivity in the ppm range and can be operated m  either a 
"static" mode, where only the uppermost layers of the sample are 
sputtered, or a "dynamic" (or depth profiling) mode which implies that 
a fresh surface is exposed to the beam and is continually eroded aVay 
The rate of this process is a function of the incident ion beam (spot 
size, energy, current etc ) which is under the control of the operator 
The mass scans, as recorded, give the intensity (count rate) of a 
particular mass This is not a true measure of the surface composition 
with regard to the particular element or fragment, since matrix 
(surface structural) effects determine sputtering yields for particular 
ions In order to produce a more quantitative picture of the surface 
composition it is usually necessary to use standards in order to
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determine the sputtering yields for different elements in the matrix 
environment of interest

The ion source used for the dynamic SIMS work was a VSW DPS10 
duoplasmatron system operating on oxygen focused to a 10ym spot size 
with an C>2+ beam current of 75nA and beam energy of 5kV The
quadrupole mass spectrometer was a Balzers QHS 511, 0-500 amu system.
The necessary control, data acquisition and processing was achieved via 
a PC-driven software package

(c) X-ray Photoelectron Spectroscopy (XPS)

When X-rays impinge upon matter, electrons may be ejected from the
material. When monoenergetic x-rays are used, the kinetic energy of 
the ejected electrons, E^, is determined by the difference between the 
binding energy of the electron, E^, and the energy of the x-ray photon, 
hv If, then, the kinetic energy of the ejected electrons is 
determined, the binding energy of the electrons can be evaluated from 
the relationship

Since the binding energies of electrons in the outer region of the 
atomic core depend upon the chemical environment, this method can be 
used to analyse several materials which are chemically similar In 
practice, the samples are irradiated by monoenergetic x-rays and the 
emitted electrons are analysed by an electron spectrometer The XPS 
method of analysis is primarily suitable for surface analysis because 
the ejected electrons are easily stopped, thus the analysis is 
characteristic of the top few monolayers of a surface All elements 
except hydrogen may be identified, and the oxidation state and bonding 
of the element is usually determinable The XPS spectra were obtained 
using a VSW twin anode TA10 x-ray source with the AlKa anode operating 
at 12mA and 10KV The energy analysis system comprises a VSW HA100 
hemispherical analyser with a HAC5000 control unit The system is 
driven by a PC host computer with control of all data acquisition, 
storage and processing functions Binding energy calibration is based 
on the measurement of the Au 4f^ ^  line at 83 8 eV Vlth the resolution, 
at a pass energy of 25eV, typically 2 OeV
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Fig. 2.1 Picture and schematic of reactive magnetron sputter ion 
plating equipment incorporating the mass spectrometer - mass flow 
controller feedback system. The key to the schematic is as 
follows: A, cylindrical steel vacuum chamber; B, diffusion pump
and rotary pump; C, top-plate of vacuum chamber; D, steel base 
plate; E, magnetron cathodes; F, magnetron shutters; G, substrate 
table; H, pumping port and baffle valve; I, Ar gas admittance 
valve; J, mass flow controller; K, mass spectrometer; L, computer.
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Fig 2 2 Magnetron poisoning curve for a Ti target in the presence 
of N2 gas The change in magnetron voltage and partial pressure 
is monitored with respect to the flov-rate Regions A, B, and C 
are discussed m  the text Total pressure vas 8 pbar, 2 5 Amp 
magnetron current and -200V bias voltage
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Fig 2 3 The change in the profile of the mass spectrum obtained 
from the vacuum chamber during diffusion pump operation The three 
mass spectra were taken 5, 10 and 15 min after the initiation of 
diffusion pumping The peak at 18 amu (assigned to water vapour) 
clearly decreases with pumpdown time
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b

Fig. 2.4 A: Picture of the ICM with the erosion zone of a Ti target 
clearly visible.

B: Picture of a DCM containing an unused Ti target.

49



1
1
1

Z/t V

7  '

)

~ ±
0 i
\ I-Dh

r
 

1
—

t = (R2-b2)* - (P.2-a2)* 
or t = R (l-|2)i - (1 - |2)i 

since a2/P. and b2/R^ “« 10~^ 
then the following simplification can be used: 
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Therefore
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Fig. 2.5 Picture of the ball cratering device used to routinely and 
quickly measure the thickness of thin films. Distances a and b are 
measured with the aid of an optical microscope. The radius of the 
ball R, is 50,320 urn. If a, b and R are in ym the the thickness of 
the film, t, can be calculated in um.
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Fig. 2.6 SEM cross-section of fractured edge of metal film on which 
some 1pm diameter latex spheres were placed. The sample was gold 
coated to a thickness of ca. 100A to reduce charging effects on the 
surface x 10,000.

Fig. 2.7. SEM, x3000, of the surface of a TiN film showing the 
indentation produced by a Knoop indenter at 300grf load. The 10pm 
thick film was produced at -200V bias, 0.014 mbar, 480°C and 2.5A 
magnetron current. Substrate: HSS polished with 0.25 pm diamond 
paste.
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INDENTER LOAD (gr)

Fig 2 8 Effect of mass loading the indenting diamond, in grf, on 
the observed Knoop and Vickers hardness of the TiN film described 
m  Fig 2 7. The hardness values depicted are the average of 10 
readings per mass loading Indentations were localised over a 
small area of the film to minimise errors due to inherent 
variations in film hardness



fig. 2 9 Pictor, of sct,teh ,dhesim tesur togethet >|(h 
view of the scratch region.
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Fig. 2.10 Picture of ASTM G65 rubber vheel abrasion tester.
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EXP 25 gr 
DIAGONAL

LOAD
KH

50 gr 
DIAGONAL

LOAD
KH

100 gr 
DIAGONAL

LOAD
KH

NUMBER pm kg/mm2 pm kg/mm2 pm kg/mm2
1 8 3 5164 14. 8 3248 21 1 31962 8. 4 5041 14 2 3528 21 4 3107
3 9.2 4203 14 3 3479 21. 5 30784 10. 6 3166 14. 7 3292 21. 5 30785 8 9 4491 14.7 3292 21 2 3166
6 8. 4 5041 13.9 3682 21. 4 31077 8. 2 5290 14. 7 3292 21.6 30508 10. 3 3353 13. 9 3682 21. 5 30789 8.8 4593 14. 2 3528 21 7 302210 10» 2 3419 14 5 3384 21 3 313611 11. 1 2887 14.3 3479 21 322612 10.8 3050 13 8 3736 21. 4 310713 9.6 3860 13. 2 4083 21 5 307814 9 4392 14. 6 3338 21. 2 316615 8. 3 5164 13. 7 3791 21 6 305016 10 3557 14. 1 3578 21.6 305017 9. 2 4203 14 3 , 3479 21. 3 313618 8 4 5041 14 4 3431 21 322619 10 3557 14.9 3205 21. 1 319620 10. 6 3166 14 7 3292 21 8 299421 8» 9 4491 14 3 3479 21. 3 313622 8. 2 5290 14. 3 3479 21. 5 307823 8 8 4593 13.9 3682 21.6 305024 9.6 3860 13.9 3682 21 3 313625 9 4392 14. 8 3248 21 2 316626 8. 9 4491 14 7 3292 21. 1 319627 10 3557 14. 1 3578 21. 2 316628 8. 3 5164 14. 2 3528 21. 3 313629 9. 5 3941 13.8 3736 21 6 305030 10. 8 3050 15 3162 21.6 3050

AVERAGE 
DEVIATION 

X DEVIATION
4182 
759 
18. 15

3490 
206 
5 90

3114 
61 
1. 97

Table 2 1 Knoop Hardness results at different mass loadings for 10 
uni thick TiN on polished HSS Deposition conditions -200V bias, 8 
pbar pressure and 2 5 Amp magnetron current
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CHAPTER I I I

EXPERIMENTAL RESULTS AND DISCUSSIONS

THE DEPOSITION 07 TIN FILMS AT APPROXIMATELY 
500°C SUBSTRATE TEMPERATURE
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3 1 INTRODUCTION

Titanium nitride (TiN) thin films have been studied extensively for the 
last decade because of their properties which find applications, 
primarily, as wear protective layers on cutting tools [78-81], as 
diffusion barriers in the semiconductor industry [82], or as low 
friction couples for space applications [78]. In addition, the golden 
appearance of TiN coatings is employed in decorative applications 
[53,83] Plasma assisted vapour deposition techniques (200-500°C) are 
more suitable than chemical vapour deposition (CVD) (800-1000°C) for 
the deposition of TiN onto hardened steels The lower substrate 
temperatures associated with the former method greatly increase the 
number and type of candidate substrate materials. The reduced 
substrate temperature does not degrade the mechanical properties of the 
steel and helps to minimise thermal stresses between the surface 
coating and the substrate

Reactive sputtering is widely used to deposit TiN, however, it suffers 
one major disadvantage When the partial pressure of the reactive gas 
(i e N2) reaches the level required for stoichiometric TiN to form on 
the substrate a similar reaction occurs on the Ti magnetron target 
[63] In this "poisoned" state, increasing the partial pressure of the 
reactive gas further increases the relative proportion of the target 
surface which poisons thus resulting in reduced metal coating flux to 
the substrate Literature states [63,79] and experience has 
demonstrated that stoichiometric TiN films are readily produced on that 
portion of the poisoning curve where the reactive gas partial pressure 
increases rapidly, the so-called "transition" region Manual gas flow 
control can only maintain the reactive gas partial pressure in the 
transition region if the vacuum chamber is substantially over-pumped 
If target poisoning occurs the deposition rate decreases Automatic 
feedback control permits both high deposition rates and control of 
reactive gas partial pressure [61,63,84]

To obtain good adhesion between a deposited coating and a metal 
substrate any surface contaminants which would limit diffusion and 
reaction at the interface must be removed [36] In general, a 
degreasing step in chlorinated organic solvents removes the more 
loosely bound carbon based contaminants The tightly bound organics
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and oxide layers are, more commonly, removed from metal substrates 
through an m-vacuo sputter etching process prior to reactive sputter 
deposition In the case of TiN deposition at 450°C, it is necessary to 
overlap the sputter etching process with that of the initial stages of 
interfacial Ti layer production. This technique ensures the formation 
of a continuum between the cleaned metal surface and the Ti interface 
layer in preparation for the TiN deposition, thus providing the graded 
interface necessary for improved fllm-substrate adhesion

TiN is widely used as a coating material for high speed cutting tools 
where fllm-substrate adhesion and high hardness are important TiN has 
been deposited onto M2 steel by reactive magnetron sputtering The 
combination of (a) the control of the rate of admission of reactive gas 
and (b) the control over the etching/deposition bias potential enables 
the facile deposition of a graded substrate-fllm interface The 
variation of film hardness ith substrate bias voltage and the total 
gas pressure are discussed m  terms of film morphology and gas 
scattering effects

3 2 RESULTS

A typical poisoning curve from an indirectly cooled magnetron is 
displayed in Fig. 2.2 showing the flow rates of ^  which produce 
various levels of stoichiometric titanium-nitrogen films To obtain 
reproducible operating conditions producing high deposition rates and 
stoichiometric TiN films, the feed back control system must operate in 
the transition region of the poisoning curve A poisoning curve is 
obtained, for each given set of TiN deposition parameters, and the 
appropriate level of partial pressure (PPN^) is determined to 
produce stoichiometric TiN This PPN^ is used as a set point for the 
automatic feedback control mechanism

Three sets of thin films of TiN were produced on HSS by fixing the PPN^ 
at position A, B and C of the poisoning curve displayed in Fig 2 2 
The experimental conditions are outlined in the legend of Fig. 2 2 
The TiN layers which were formed are photographed in Fig 3 1 The 
cross-sectional morphology of these films were studied in the SEM and 
the images recorded in Fig 3 2 The control feedback system was 
designed and fabricated in a separate sub-project [60] However, the
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device was commissioned during the present investigations of TiN film 
formation at approximately 500°C It was observed that some of the 
early TiN films exhibited poor adhesion as evidenced from the spelling 
effects observed in Fig 3 3 EPMA analysis indicated that the initial 
Ti layer was adherent to the HSS but that the TiN layer spalled at the 
T 1/T1N interface Upon investigation of the rate of admission to 
the deposition zone there appeared to be a high degree of initial 
overshoot in the profile of the ^  admission, see Fig 3 4 This 
overshoot was rectified by increasing the time-constant and slowing 
down the rate of initial ^  injection into the deposition zone The 
controlled injection of and the corresponding change in PPI^ in the 
chamber is depicted m  Fig. 3 5 Subsequent TiN films deposited via 
the controlled injection of i e controlled to the level indicated 
from the poisoning curve in Fig 2 2, were found to be adherent to HSS 
and produced no evidence of delamination

The temperature acquired by the HSS substrate during a typical TiN 
coating deposition was monitored by means of a thermocouple fixed to an 
adjacent HSS dummy sample The temperature of the substrate during the 
Ar etch phase increased from room temperature to 180°C over the 30 min 
etch time, Region I of Fig 3 6 A rapid increase m  substrate 
temperature to 420°C accompanied the deposition of TiN, refer to region
II of Fig 3 6 The m-vacuo cooldown period of 2 hrs permitted the 
substrate temperature to decrease to approximately 100°C, see region
III of Fig 3 6 A slight increase in peak substrate temperature was 
noted on increasing the bias voltage, but at no stage did the 
substrates temperature increase above 480°C

%

To confirm that the HSS did not soften during the TiN coating 
procedure, Knoop Hardness (KH) assessment of the M2 HSS before and 
after TiN coating was performed M2 HSS begins to soften at 550°C 
hence reducing the hardness of the steel [85] HSS samples were 
polished on both flat surfaces and the KH was evaluated at lOOgrf load 
The reverse side HSS was coated under the conditions described 
immediately above for the substrate temperature measurement The KH of 
the uncoated side of the HSb was determined at lOOgrf load and the 
results are tabulated in Table 3 1 demonstrating that no softening of 
the HSS occurred during RMSIP.
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XPS investigation of the TiN films indicated that 0, Ti, N and C were 
present as outlined in Fig 3 7 The relative intensities of the Ti 
and N bands give a value for the Ti N ratio near the film surface of 
close to unity

The hardness of a series of TiN films, produced on polished HSS, 
employing substrate bias potentials varying from -50V to -800V at a 
total pressure of 0 014 mbar, was investigated Six Knoop indentations 
at lOOgrf were taken for each sample and the results are displayed in 
Fig 3 8 Each of the coatings were a minimum of 5ym and a maximum of 
8ym thick The indentation size effect [70] was minimised and could be 
considered negligible [67,86,87] with the combination of substrate and 
thick TiN film employed It was observed that the film produced at 
-100V bias was quite brittle and when subjected to indentation loads of 
300grf developed considerable cracks about the indentation

Thickness measurements, from a ball cratenng device, were routinely 
carried out on six locations of the coated HSS platelet One such 
crater is depicted m  Fig 3 9 Hemispherical craters formed on the 
more brittle coatings displayed severe chippage on the edge of the 
depressions The SEM fracture cross-section of TiN films formed at 
-800V and -100V are detailed in Fig 3 10a and Fig 3 10b, displaying 
columnar and dense amorphous structures, respectively The influence 
of total gas pressure on the apparent hardness of TiN films was carried 
out at -100V bias The apparent hardness decreases as the total gas 
pressure is increased Fig 3 11 The structure of the deposit is
altered as evidenced when Fig 3 12 is compared to Fig. 3 10b. It was 
observed that the critical load (Lc) tends to decrease with increasing 
gas pressure

Scratch adhesion measurements were carried out for each TiN layer but 
the results are, somewhat, inconclusive It is widely reported in the 
literature [88-91] that parameters such as hardness, coating thickness, 
substrate and coating roughness and friction coefficient affect the 
interpretation of the critical load results In general, the critical 
load values produced by adhesive failure were greater than 65N, as 
illustrated in Fig 3 13 Fig 3 14 shows the abrasive wear resistance 
of the TiN layers deposited at approximately 420-480°C from the ICM 
target system as a function of their Knoop Hardness at lOOgrf load
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The abrasive wear resistance is linearly related to the KH value from
2 2 2000 to 4000Kg/mm but appears to deviate from linearity at 1800Kg/mm

Fig 3 15 displays the types of wear scars produced by the rubber wheel
abrasion tester The wear scars show no obvious signs of gross film
delamination or cracking In effect, a slow polishing (or mild
abrasion) has taken place which did not disrupt the remainder of the
film

A polished edge of a TiN coating, formed at -200V bias, was subjected 
to analysis by SEM X-ray wavelength spectrometry The resulting energy 
dot density map produced in Fig 3.16 clearly shows a gradual build-up 
of Ti at the interface The lack of an abrupt interface is confirmed 
by a 02+ SIMS depth profile in Fig 3 17 where a level of Ti is 
observed m  the surface of the steel

3 3 DISCUSSION

3 3 1 The Deposition of Stoichiometric TiN

In agreement with the work of Howson [61] it was observed that the 
"transition1’ stage of the TiN poisoning curve can be made less 
pronounced if the magnetron is operated at high sputtering rates in a 
vacuum chamber pumped at high speed In Fig 2 2, the typically steep 
A-B transition occurs over a gradual sloping interval of 2 SCCM N2 
flow TiN films, produced when the N2 flow is held so that the 
magnetron voltage lies at position A, are under-stoichiometric in N 
(silver coloured), at position B the films are stoichiometric (golden 
coloured), and at position C the films are over-stoichiometric (copper 
coloured) Photographs of these films are displayed in Fig 3 1 
Their SEM cross-sectional mjrphology is clearly Zone 2 type as 
evidenced from Fig 3 2 As the PPN2 increases (l e. from A-B-C) the 
level of columnar structure of the coatings increase (A-B-C) of Fig 
3 2) in agreement with the general considerations outlined in the 
Thornton Diagram in Chapter I Section 1 4  2 The increase in PPN2 
increases the level of adsorbed nitrogen on the substrate thus limiting 
adatom surface mobilities and promoting the growth of island structures 
resulting in the columnar morphology observed
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During the commissioning of the feedback control system, it was 
observed that the TiN films (deposited at approx 480°C onto HSS) 
delaminated, as evidenced from Fig 3 3 EPMA investigations of the 
spalled regions indicated that the exposed surface was Ti with no 
nitrogen content Thus the delamination had occurred at the interface 
of the initial Ti deposit and the subsequent TiN layer This type of 
delamination indicated that an abrupt interface had formed. The 
analysis of a typical N2 admission curve can be viewed in Fig. 3.4 
The level of initial overshoot of the N2 flow rate compared to the 
required steady state is significant This overshoot may have 
generated an abrupt interface with Ti due to the formation of an over 
stoichiomatic TiN layer. The initial rate of N2 admission was 
decreased by a software adjustment which prevented the overshoot 
problem The rate of admission of N2 gas is followed closely by a 
concomittant increase in the PPN2 in the vacuum chamber see Fig 3 5 
On attainment of the steady-state condition, the feedback network 
easily controls the PPN2 to the desired level. The gradual addition of 
the N2 gas to the Ti deposition zone is intended to build a graded 
interface region between the initial Ti metal deposit (as described in 
Section 2 16) and the final ceramic TiN layer This graded interface 
would have material properties intermediate between those of Ti metal 
and TiN ceramic TiN films on HSS, deposited under the above regime, 
displayed no premature delamination

The temperature profile of the HSS substrate during a deposition cycle
is outlined in Fig 3 6 The softening point of M2 HSS is 550°C
therefore it is imperative that the substrate is not subjected to such
temperatures during PVD deposition The 2KV Ar etch increases the
substrates temperature from room to 180°C On exposure to the
magnetron source (operated at 2 5 Amp) the temperature of the HSS
quickly rose to 380°C and equilibrated at 420°C The m-vacuo cool
down to approx 100°C was required especially with high hardness TiN

o
films When a high hardness (i e >4200Kg/mm KH at lOOgrf load) TiN 
film was taken out of the chamber immediately after deposition, the 
fllm-substrate bond broke at> a result of the rapid cool down The high 
level of thermal stresses in the brittle TiN coatings was alleviated 
via the m-vacuo cool down The precaution of a 2 hour cool down 
period was employed as a general rule.
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As a check on the deposition temperature, the KH of a sample before and 
after deposition was analysed From Table 3 1 it is clear that, within 
the error of the measurement, the KH of the steel substrate did not 
change during the TiN deposition process The latter indicates that 
the maximum temperature attained by the HSS during TiN deposition did 
not approach 550°C [85]

XPS studies of the films (refer to Fig 3 7) revealed that the TiN
stoichiometry was close to unity for all the layers produced at 
position B of the poisoning curve An interesting feature of this XPS 
investigation is that curve fitting of the Ti 2p atomic orbital region 
indicates the presence of three distinct Ti environments The mass 
spectrometer registered large levels of oxygen in the magnetron 
discharge immediately after switch-on Hence, the magnetron is 
sputter cleaned onto a shutter for some minutes to reduce the oxygen 
level in the initial Ti layers The presence of oxygen in the TiN
layers as evidenced from XPS results in Fig 3 7 means that, in the
absence of an air leak, oxygen must be generated in the plasma from the 
decomposition of residual water vapour (refer to Fig 2.3) and thereby 
incorporated into the growing TiN film The low levels of C in the
film can be attributed to C species entering the plasma as a result of
backstreammg of the pump oil or by the presence of advantitious 
carbon

3 3.2 The Effect of Deposition Parameters on TiN Film Properties

The effect of bias potential on the hardness of TiN films, produced
from region B of the poisoning curve was investigated Knoop
indentations at 100 grf load were studied At bias potential values
greater than -100V (in a positive sense) the ion current density to the

_2sample was >0 5 mAcm At less than -100 volts bias the ion current
_2density approached 1 to 1 25 mAcm Freller [92] states that ion

_ 2current densities of the order of 1 5 mAcm and low bias voltages are 
required to generate hard films At these low voltage levels, high 
energy neutrals impinging on the growing film may sputter-forward 
surface atoms or etch the surface through an "atomic peenmg effect", 
thus densifying the layer [25]
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At high bias voltages back sputtering (or re-sputtering) may be the
more dominant mechanism At low bias voltage settings the temperature
of the substrate was near 400°C As the bias was increased the
substrate temperature increased The shape of the curve depicted m
Fig 3 8 originates from the underlying morphology of these TiN films

- 2The ICnoop hardness of 4000 Kg mm is generated by a TiN film whose 
cross-sectional morphology is outlined in Fig 3 10b This particular 
film while apparently very hard, is also quite brittle, and hence of 
limited technological importance In subsequent TiN deposits produced 
at higher bias voltages (Fig. 3 10a is a typical example) a columnar 
fibrous structure is observed in the cross-sectional SEM investigation. 
The indentation size effect [67,86] cannot be invoked to offer an 
explanation to the observed hardness variation of these films, since, 
the thickness of these coatings lies between 5-8ym. A hemispherical 
indentation dimple (depression) is diagrammed m  Fig 3 9 for the TiN 
layer produced at -200V The initial Ti deposit and subsequent TiN 
layer are clearly visible Thickness measurements indicate a Ti layer 
thickness of lym with a TiN layer thickness of 4ym In the case of 
harder films, produced with bias voltage settings of -100V, cracking at 
the edge of the crater was observed lending further evidence to the 
brittle nature of such films

The effect of total gas pressure on the resulting hardness of the TiN
_ 3deposit was investigated from 5 to 40 x 10 mbar, while keeping the

_3
bias voltage at -100V At total gas pressures between 5 to 15 x 10 
mbar the hardness of the TiN layer appears constant, however, the 
hardness of the deposit decreases dramatically at higher pressures, as 
shown m  Fig 3 11 This is probably due to the formation of a more 
open columnar morphology a^ a result of collisional scattering and 
reduced surface adatom mobility These pronounced morphological 
changes can be clearly seen from Fig 3 12 The topography of this 
sample is relatively smooth as a result of the rather low bias voltage 
(viz , -100V) employed These films display properties of toughness 
with a reduced level of brittleness These films are the subject of 
continuing research.

The TiN films which were the subject of the graph in Fig. 3 8 were 
tested for their wear resistance on the ASTM G65 modified rubber wheel 
abrader The wear scars depicted in Fig 3 15 are typical of the
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abrasive tracks produced on the TiN/HSS combinations. It must be
2remarked that brittle films whose hardness exceeds 4200 Kg/mm

possessed areas of delamination in the wear scar consistant with films
having high levels of stress The variation of wear resistance with
TiN film hardness is seen, from Fig 3 14, to be directly related to
film hardness confirming the theory of Tabor [71] and discussed in
Appendix B This decrease in slope suggests that a change in wear
mechanism may have occurred The criterion, that the hardness of the
abrading particle be approximately 0 8 times that of the abraded

2surface, may not hold when the TiN films hardness is 1800 Kg/mm (refer
to Appendix B for a more complete discussion of abrasive wear) In
this instance severe wear of the TiN surface may occur and instead of a
polishing action, associated with films whose hardness is greater than 

22000 Kg/mm , the film surface may be subjected to a deep ploughing 
action from the abrasive alumina grit

3 3 3 Adhesion of TiN to High Speed Steel

In general, the Lc observed for TiN coatings on steel, produced at
various substrate bias, was 50-70N These films, with Knoop hardness

-2less than 3000 kgmm , failed the scratch adhesion test by the same 
adhesive failure mode, see Fig 3 13 The broken rings on the 
indentation track being consistent with the film piling up ahead of the 
indenter and passing beneath it on continued sliding A more complete 
description of this phenomenon can be found in reference [93] In the 
harder TiN films, the scratch failure mode was cohesive, indicating the 
higher levels of stress in these thin films. It is difficult to draw 
firm conclusions about the level of adhesion of these coatings to the 
steel substrate because the scratch test results are influenced by the 
thickness of the coating, its coefficient of friction against the 
indenter and the morphology of the layer, etc [88] Those films which 
failed by an adhesive failure mechanism produced critical load values 
of 65-70N The TiN layer formed at -200V bias and 14 x 10”  ̂mbar was 
fractured, mounted in bakelite, and polished with diamond paste A Ti 
distribution density map (obtained by x-ray wavelength spectrometers in 
the SEM) was taken of the polished region and is reproduced m  Fig 
3 16 It is clear that an indistinct interphase region exists between

65



the steel substrate and the TiN layer (Extreme precautions were taken 
during the polishing procedure to minimise spill-over of the Ti into 
the steel) This investigation was further embellished by submitting 
the same TiN film to an 02+ ion SIMS depth profile from the top of the 
TiN surface through to the steel substrate Two interface regions can 
be clearly distinguished in Fig 3 17, namely, the TiN/Ti and the 
Ti/steel In the case of the TiN/Ti interface, it appears that the 
gradual addition of gas into the Ti sputtering flux produces the 
desired graded interface (Note, also, the differences in the Ti ion 
yield m  the TiN and Ti layers) This may be related to the sputtering 
yield of Ti form both of these matrices when an 02+ ion beam is 
employed. Based on a composite film thickness of 5pm and an 02+ etch 
rate of approximately lOOA/min , the TiN/Ti interphase layer 
approximates to 0 4ym in thickness In a similar manner, the Ti/steel 
mterphase can be measured as approximately 0 3ym m  thickness The 
embedding of the Ti into the steel is clear from the onset of the Fe 
profile which indicates the beginning of the steel surface, thus, 
confirming the earlier Ti density map studies of Fig 3 16 By 
overlapping the plasma etching/cleaning conditions with the onset of 
initial Ti deposition, a graded interface was formed which produced 
improved fllm-substrate adhesion
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HSS A B C

Fig. 3.1 Photograph of (from 1 to r): polished 2.5 x 2.5 x 0.3 cm 
M2 HSS; A, under-stoichiometric TiN film; B, stoichiometric TiN 
film; C, over-stoichiometric TiN. A,B and C refer to regions of 
Fig. 2.2 and are discussed in the text.
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A

B

C

Fig. 3.2 SEM cross-sectional morphology of the films outlined in 
Fig. 3.1 (x4000).
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Fig 3 4 Variation of flow of N2 with time for a typical TiN 
reactive magnetron deposition, shoving the overshoot feature 
discussed in the text
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Fig 3 5 The variation m  the controlled levels of N2 admission 
and the corresponding change in PPN^ after the software correction 
to prevent the overshoot
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Fig 3 6 Profile of substrate temperature during TiN deposition 
cycle Coating conditions -2KV Ar sputter etch for 30 min - 
Region I, 5 m m  deposition of Ti vith gradual introduction of N2, 
2 5 Amp magnetron current, deposition time 60 m m  - Region II, 
m-vacuo cool-dovn for 2 hr - Region III
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Fig 3 8 The effect of substrate bias on the Knoop Hardness of TiN 
films The TiN layers were produced at 0 014 mbar total pressure, 
at 2 5 Amp target current for 30 min The films were between 5-8 
ym thick The quoted hardness values are the average of 6 readings 
per sample at 100 grf load (standard deviation was approx 5%)
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Two TiN films displaying regions of film delamination.
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Fig 3 9 Photograph of a ball cratenng depression on a TiN film 
Coating conditions are outlined in Fig 3 8 with -200 V bias 
Composite coating thickness is 5 pm x 100
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Fig. 3.10a SEM photograph of a fractured edge of ; 
produced at -800 V bias at 0.014 mbar pressure, x

Fig. 3.10b SEM photograph of a fractured section 
produced as outlined in Fig. 3.10a at -100 V bias.

TiN film 
7500.

of a TiN layer 
x 4500.
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Fig 3 11 Variation of Knoop Hardness of TiN films deposited onto 
HSS at various gas pressures and -100 V bias The hardness values 
are the average of 6 readings
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Fig 3 12 SEM micrograph of a fractured edge of a TiN film formed 
at 0 04 mbar and -100 V bias, x 7500.
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Fig 3 13 Picture of a scratch scar showing the region of adhesion 
failure with no evidence of "kidney shaped" crack patterns 
generally indicative of cohesive failure Same sample as depicted 
in Fig 3 9 x 50
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Fig 3 14 The relationship between the abrasive wear resistance 
and the Knoop Hardness of TiN films produced at 480°C with the ICM 
Abrasive wear tests conducted in an ambient solution of A l ^  with 
the rubber wheel tester
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Fig. 3.15 Wear scars produced on TiN coated HSS by the rubber 
wheel abrasive wear test. The TiN and Ti film have been penetrated 
as evidenced by the electroless copper deposit (from the CuSO^ spot 
test) on the left hand photograph.
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HSS T iN

Fig. 3.16 Ti distribution density in the area localised in the 
interface between the HSS substrate and the TiN film. The presence 
of an indistinct boundary region between the TiN and the HSS is 
indicated. Deposition conditions were -200 V bias and 0.014 mbar 
pressure.
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HARDNESS OF HSS 
BEFORE TiN COATING

HARDNESS OF HSS 
AFTER TiN COATING

EXP
DIAGONAL KH lOOg DIAGONAL KH lOOg

NUMBER pm kg/mm2 pm kg/mm2
1 38.3 1080 36.6 1062
2 36. 4 1074 36 2 1086
3 36. 3 1080 36 5 1068
4 36.2 1086 36. 3 1080
5 36. 3 1080 36. 4 1074
6 36. 3 1080 36 6 1062
7 36 3 1080 36. 5 1068
6 36.3 1080 36. 4 1074
9 36. 2 1086 36. 1 1092
10 36. 4 1074 36. 3 1080

AVERAGE
DEVIATION

1080
4

1075
9

X DEVIATION . 35 . 87

Table 3 1 Knoop hardness of M2 HSS before and after coating with 
TiN HSS was polished with 1 um diamond paste on both flat 
surfaces and Knoop Hardness was evaluated at lOOgrf load The HSS 
was then coated with TiN at 8 ybar, -200 V bias and 2 5 Amp 
magnetron current for 1 hour This coating was deposited on the 
reverse side to that on which the initial hardness measurements 
were performed After cooldown, the Knoop Hardness of the HSS was 
evaluated at lOOgrf load on the same face of the substrate During 
the deposition process this surface rested on the substrate holder 
and vas not coated The maximum substrate temperature during the 
coating was 480°C
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CHAPTER IV

EXPERIMENTAL RESULTS AND DISCUSSION

THE DEPOSITION OF TIN FILMS AT APPROXIMATELY 
480° TO 160°C SUBSTRATE TEMPERATURE
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4 1 INTRODUCTION

Magnetrons are used to routinely deposit a broad range of thin films at 
the research and industrial level [94-96] It is generally accepted 
that ion bombardment of the substrate during sputtering produces 
changes m  the nucleation characteristics, morphology, stress and 
composition of the growing film Such effects are attributed to 
resputtermg, increased deposition rate, magnetic field confinement 
effects, increased adatom mobility, defect formation etc , [37,65] At 
substrate temperatures of approx 500°C, the use of indirectly cooled 
magnetron targets (ICM) is common At deposition rates of 0.1 ym/min 
the main parameter affecting substrate temperature is the radiative 
heat loss from the target surface. In extreme circumstances the target 
material may become red hot. The thermal impedance of the 
magnetron-target combination ultimately limits the power which can be 
delivered to the system The deposition of thin films at approx 
0 lym/min, with substrate temperatures of 250°C (on uncooled 
substrates) and sufficient ion bombardment is not readily possible with 
ICM's The main thrust at lowering the temperature of deposition from 
ICM's is by reducing the magnetron input power, thereby ultimately, 
compromising the deposition rate In attempting to deposit at low 
temperatures and at high deposition rates, many investigators use the 
directly cooled magnetron system The ICM can be converted to a 
directly cooled magnetron (DCM) system by replacing the copper backing 
plate of the magnetron with the target material However, this simple 
modification to the magnetron target results, not only, in reducing the 
substrate deposition temperatures, but also, in changes in the 
operating characteristics of the magnetron, which ultimately have an 
influence on the film properties. This configuration provides a means 
of reducing the thermal impedance of the target system, increasing the 
deposition rate at a reduced substrate and chamber temperature. In 
addition, the ion bombardment to the substrate is not compromised

The operation of both directly and indirectly cooled magnetron 
configurations for TiN film production are compared in terms of; (l) 
the temperature increase in an uncooled substrate, (n) the changes in 
the magnetic field of the magnetrons, (in) the ease of target 
poisoning, ( i v )  the input power limitations, (v) the TiN deposition 
rates and (vi) the substrate ion current possible during ion-plating
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The hardness, crystallographic orientation and chemical composition of 
the resulting TiN layers are analysed The XPS and XRD data reveal the 
presence of two titanium-nitrogen phases in films produced from the 
directly cooled system, with only one titanium-nitrogen phase present 
in films produced from the indirectly cooled device Possible reasons 
for such differences in film properties are addressed

4 2 RESULTS

The operating characteristics of both magnetron systems follow the 
empirical [97-99] current-voltage relationship, viz ,

I=KVn
where K is a constant, I is the cathode current, V is the cathode 
voltage and n is an exponent which reflects the electron trapping 
efficiency of the plasma The graph, outlined m  Fig. 4.1, indicates 
the values of n and K for both the ICM and DCM configuration.

The magnetron poisoning curves for both the ICM and DCM are depicted in 
Fig 4 2 The ICM was operated at 3A and the deposition system 
required 8 SCCM (standard cubic cm per min) N2 for stoichiometric TiN 
production In the case of the DCM stoichiometric TiN formation 
necessitated the controlled admission of 15 SCCM N2 when the target was 
operated at 5A It was observed that a greater tolerance m  N2 flow 
was permitted in the DCM mode before excessive and non-reversible 
target poisoning occurred The ICM system required very precise 
control of the N2 partial pressure as discussed in Chapter III

The effect of altering the DC substrate bias potential, at different 
settings of the magnetron target current, on the substrate ion current 
is plotted in Fig 4 3(a) and Fig 4 3(b) As the bias potential is 
increased the substrate ion current gradually increases A cut-off 
voltage of -1000V was chosen for the ICM because higher voltages caused 
the discharge to extinguish. This effect was noted m  the DCM at 
-600V In the case of the ICM, changing the magnetron current from 1A 
to 3A produced a change in bias current from 22mA to 46mA when the bias 
voltage was held constant at -600V Holding the bias voltage at -600V 
for the DCM and changing the target current from 1A to 3A alters the
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bias current to the substrate from 50mA to 120mA Operating the ICM at 
3A target current and -300V bias resulted in the Ti target becoming 
incandescent In this investigation the DCM Ti target reached a 
maximum of 50°C under the highest input power conditions. It was found 
that operating the ICM at 3A target current and -100V bias resulted m  
an equilibrium substrate temperature of 480°C These conditions were 
chosen to deposit the high temperature TiN layers from the ICM design

An M2 HSS steel substrate was heated to 100°C in the vacuum chamber and 
subjected to different magnetron target currents at various bias 
voltages for a period of 60 mins The resulting changes m  substrate 
temperature are noted in Fig 4 4 for the DCM case The plateau 
temperatures which the substrate reached during film deposition were 
independent of the initial starting temperature When the substrate 
temperature before deposition was usually 160°C (viz , the typical 
substrate temperature after plasma etching) The subsequent 
plateau-temperatures thus generated are outlined in Table 4 1

The XPS data from the N Is and Ti 2p transitions of TiN layers, 
produced from the ICM and DCM at different substrate temperatures, 
indicate that two types of titanium nitride are present It is evident 
from Fig 4 5(a) that the TiN, formed from the ICM, comprises mainly 
the stoichiometric TiN However, titanium nitride produced by the DCM 
technique exhibits two forms of nitride From the evidence of Fig 
4 5(a) and Fig 4 5(b), the environment of the Ti 2p atomic orbital is 
similar but that of the N Is atomic orbital is altered when deposition 
occurs from the ICM or the DCM This observation is also supported 
from XRD data tabulated in Table 4 1 TiN films produced from the DCM 
have a stronger TiN (111) orientation with Ti^N phases present The 
TiN films, deposited from the ICM, are preferentially oriented m  the 
(200) plane with an absence of T ^ N  phases

The Knoop hardness of the TiN films produced from the DCM configuration 
decreases with substrate deposition temperature, as illustrated in Fig 
4 6 While the substrate temperature is the measurable variable which 
appears to influence the film hardness, the substrate temperature is, 
itself, a macroscopic parameter which is influenced by deposition rate, 
pressure, bias voltage, bias current, etc,. Hence, it is very
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difficult to clearly identify a single reason for the change in 
hardness

The TiN films, produced from the DCM configuration, were wear tested m  
an Alumina slurry and the wear resistance is plotted against film 
hardness in Fig 4 7

4 3 DISCUSSION

4 3 1 Comparison of ICM and DCM Operating Conditions

The design of the magnetic field of the ICM is, essentially, unbalanced
in nature Side-plumes of plasma can be readily observed originating 
from the perimeter of the target and extending 10-12 cm into the 
vacuum chamber. Upon changing targets to the DCM design, these streams 
of plasma become more pronounced (at given target current levels) The 
I/V curves of these two systems, displayed m  Fig 4.1 , indicate that 
the electron trapping efficiency factor, n, increases from 6, in the 
case of the DCM, to 7 4 in the case of the ICM This difference 
suggests that the plasma is more confined to the ICM target whereas the 
plasma is more diffuse in the DCM system It is suggested that this 
penetration of the bulk vacuum with magnetic field lines, and the
consequent plasma elongation, would enhance the levels of plasma gas
ionisation experienced in this region This increased gas ionisation 
would contribute, in addition to the higher magnetron currents, to the 
increased substrate ion current density found in the DCM configuration 
In most thin film deposition experiments the substrates would have been 
surrounded by this extended DCM plasma envelope

The DCM can be operated at much higher sputtering rates (up to 0 25 
pm/min) compared to the ICM system (typically 0 lym/min ). Together 
with high deposition rates, the control of stoichiometric TiN formatibn 
is more facile as illustrated in Fig 4 2 The sharp, transition from 
stoichiometric to over stoichiometric films, observed at ca. 9 SCCM ^  
with the ICM, is absent in the directly cooled device There is a 
continuum in flow over which golden coloured stoichiometric TiN 
layers can be deposited with the DCM Because of the increased 
sputtering rate, target poisoning is readily reversible The 
requirement for a high level of substrate ion current during the
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deposition process is recognised [92] and was developed in Chapter III 
The DCM offers a greatly increased (refer to Fig 4 3) level of 
substrate ion current at low levels of applied bias potential. The 
latter phenomenon is related to the greater sputtering rates available 
from the DCM and the subsequent increase in the number of activated or 
charged gaseous species which are formed The plasma envelope 
developed in the DCM system concentrates gas ions and ionising 
electrons in the region about the substrate, thereby, increasing the 
substrate ion flux Increased ion fluxes at low potential minimise 
substrate surface damage and enhance film quality via a "surface 
peening" effect [95] At high sputtering rates, the ICM target glows 
cherry red in colour, thereby causing radiative heating of the 
substrate To reduce substrate temperature the ICM is operated at 
lower input power thus compromising deposition rates From an 
inspection of Fig 4 4 it is clear that the DCM can provide high rate 
sputtering, with appreciable substrate ion current, at low substrate 
temperatures The conditions employed in such processes are outlined 
in Table 4 1 All TiN films produced were between 5-8 um thick.

4 3 2 TiN films Produced from ICM and DCM Systems

The orientation of the deposited films varied, as indicated in Table 1, 
from (200) to (111) This effect is important for tribological 
properties since different orientations apparently exhibit different 
wear properties [52] At the substrate temperatures of 480°C and low 
deposition rates (0 lpm/min) single phase TiN with (200) preferred 
orientation is formed. The change in preferred orientation from (200) 
to (111) is observed as the deposition rate increases in broad 
agreement with Ref 100 The preferred orientation changes with the 
growth conditions and literature [100, 101] reports a change from (111) 
to (200) with increasing substrate ion current, whereas other workers 
[102] observe a change from (111) to (220) with increasing bias 
potential The XRD reflections, from the films produced by the DCM 
method, tended to be sharper indicating the presence of fine grain 
structure The grain size is dependent on growth parameters such as 
the substrate temperature and ion bombardment [52] At high substrate 
temperatures the adatom mobility and the rate of grain boundary 
migration increase, resulting in increased grain size. Increased ion
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bombardment produces greater numbers of nucleation sites and greater 
levels of resputtenng (resulting m  lower adatom mobility) which can 
cause the gram size to decrease However, high ion currents and low 
bias voltages can produce larger grain sizes by increasing the energy 
of adatom species by momentum transfer reactions without a resputtenng 
effect In this brief study, the interactions of substrate 
temperature, ion current and bias voltage could not be further 
elucidated

The formation of the T ^ N  phase is generally attributed to kinetic 
limitations and non-equilibrium growth conditions [63, 100, 103, 104] 
High deposition rates and/or low substrate temperatures lead to the 
development of film structures where Ti^N phases are often observed 
[52] The combinations of high deposition rate, low substrate 
temperatures and high ion currents may combine to produce the 
kmetically more accessible rather than the thermodynamically more 
stable phase The T ^ N  phase was only found m  the films deposited 
from the DCM system The Ti^N phase was more prominent in thin films 
produced with high levels of ion bombardment The XRD data (Table 4 1) 
indicate the presence of T ^ N  phases in films produced from the DCM 
system which are absent in the ICM deposited film Such XRD 
observations are confirmed by surface XPS analyses which show the 
presence of two Ti-N species formed from the DCM device The TiN film 
formed at 480°C (see Fig 4 5) contains one TiN phase There is 
evidence from the 0 Is XPS spectra (not diagrammed here) that a Ti-0 
moiety is also present in these layers particularly in the ICM 
deposited films The base pressure in this reactor was 5xl0-5 mbar 
with water vapour as the m a m  contaminant At higher substrate and 
chamber temperatures it is reasonable to assume that both the 
desorption of water from the chamber walls and reaction of water with 
the growing film is favoured [17] The presence of different 
titanium-nitrogen phases produced from the cooler DCM procedure can be 
understood in terms of the higher deposition rates and the reduced 
substrate temperatures employed

The Knoop hardness of the TiN films decreases monotonically with the 
substrate deposition temperature, as outlined in Fig 4.6 and Table 
4 1 These films were deposited under different sputter currents, 
substrate ion currents and substrate bias voltages. In the case of the
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DCM produced films, the Knoop hardness appears to be related to the 
level of both applied bias potential and ion current The reasons for 
the change in film hardness are complex functions of substrate 
temperature, deposition rate, substrate ion current and bias potential, 
radiative heating effects, etc, In this study it was not possible to 
separate the main deposition parameters affecting film hardness 
However, the decrease in hardness with substrate temperature is not 
unusual An inspection of the Thornton Diagram (Fig 1 4) reveals that 
the resistance to deformation is dependent on the morphology of the 
film which, in turn, is temperature sensitive

All TiN films investigated passed the Salt Spray Test Corrosion 
occurred only in areas where the film had been penetrated or at the 
edges of the HSS

As discussed m  Appendix B, the abrasive wear law relates abrasive wear 
resistance directly to hardness In Fig 4 7 the wear resistance of 
the TiN films gradually decreases with a decrease in film hardness As 
the deposition process permits TiN films to be produced at lower 
temperatures, the wear resistance (and hardness) of the films are 
compromised The effectiveness of such films as wear resistant 
coatings is dependent on the end-use These types of TiN films find 
applications in the areas of corrosion resistant coatings on base 
metals, as electrode materials in prosthetic devices (e.g as 
electrodes in heart pacemakers), as coatings which preserve edge 
integrity on surgical needles and scalples and as wear resistant 
coatings when deposited onto bearings
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Fig 4 1 Log/Log plot of magnetron target voltage against target
-18current Chamber pressure was 8 pbar n -7 4 and K=10~ for the 

DCM configuration, n=6 0 and K=4xl0-^  for the ICM configuration
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Fig 4 2 Plot of the poisoning curves obtained for TiN deposition
from both ICM and DCM types The total gas pressure vas 8pBar The
ICM vas operated at 3A total input current The DCM vas operated at
5A input current The rate of admission of ̂  gas vas identical for
both experiments
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Fig 4 3a Variation of substrate bias current vith substrate bias 
voltage (negative potential) at the various ICM magnetron current 
settings indicated Total pressure was 8 ubar
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Fig 4 3b The effect on substrate bias current with applied 
substrate bias voltage at different settings of the DCM magnetron 
current indicated Experimental conditions were the same as those 
employed in Fig 4 3a
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Fig 4 4 The effect of bias voltage on substrate temperature at 
given DCM magnetron currents during TiN deposition The substrate 
was initially sputter-etched to 100°C prior to deposition
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Fig 4 5a The high resolution XPS profiles of the N Is region for 
the DCM (480°C substrate temperature) and ICM (250°C substrate 
temperature) are graphically compared Curve de-convolution 
indicates the presence of one major and one minor peak in the case 
of the ICM deposited films These two curves are resolved when 
films produced from the DCM are analysed
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Fig 4 5b The high resolution XPS scans of the Ti 2p region are 
represented Curve fitting procedures indicate thé presence of 
three Ti environments. (The simple Ti 2p region exhibits a doublet
peak structure because of splitting due to the presence of Ti 2p

3/2and Ti 2? )
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SAMPLE
NUMBER HK

lOOg
DEP
TEMP
°C

CURRENT
BIAS

VOLTS

XRD REFLEC 
TiN

;tions
Tx2N

111 200 220 311 111 210 211 002

1 4203 ICM 480 3A,100V 75 100 55 25
2 3124 DCM 350 5A,300V 100 37 29 - 55 29 18 37
3 2202 DCM 257 5A,100V 100 44 68 84
4 1815 DCM 173 5A, 50V
5 1792 DCM 188 5A,25V 100 28 9 64 10

Table A 1 Summary of data relating to deposition conditions and XRD 
reflections of TiN films produced from the ICM and DCM systems The 
values between 0-100 m  the XRD reflections refer to the intensities 
of the peaks, normalised to the largest peak of the Ti-N phase 
(taking the largest reflection as 100£)
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CHAPTER V

EXPERIMENTAL RESULTS AND DISCUSSION

THE DEPOSITION OF TIN FILMS ON PLASTIC AT 
APPROXIMATELY 100°C SUBSTRATE TEMPERATURE
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5 1 INTRODUCTION

The use of decorative and functional sputtered coatings on low 
temperature substrates has been of considerable interest in the last 
few years [105, 106] Coating easily machined cheap substrate metals 
as substitute products for more expensive components and the decorative 
coating of plastic parts, especially for the transport industry, are 
among the current developments in low temperature coating technology 
Reactive magnetron sputtering as a physical vapour deposition technique 
has specific advantages both for the deposition of complex coating 
materials, enabling process temperatures to be reduced through a 
judicious choice of process parameters, and allowing temperature 
sensitive materials to be coated Ion plating is a process whereby ion 
bombardment of the substrate during film growth changes morphology 
[107, 108], crystal structure [109, 110], chemistry [111] and phase 
formation [112] The substrate film interface can also be 
significantly affected by ion bombardment in the initial stages of 
deposition [113]

TiN has been deposited with process parameters optimised to decrease 
substrate temperatures to approximately 100°C, to maximise film 
substrate adhesion and to minimise substrate surface damage The 
present investigation highlights some of the experimental methods used 
to deposit lym thick Ti-TiN layers onto polycarbonate plastic for 
decorative purposes at approximately 100°C Problems such as substrate 
pretreatment, film cracking and substrate deformation are also 
addressed

Thin films of TiN were deposited onto polycarbonate platelets at low 
temperatures The effect of deposition on the adhesion, stress 
cracking, deposition temperature and appearance of these films was 
studied using a designed experimental approach Substrate heating as a 
result of the magnetron plasma was the primary sources of high 
substrate temperatures during deposition TiN layer stress was reduced 
by decreasing magnetron deposition power and increasing deposition 
pressure Improved adhesion to polycarbonate was achieved by admitting 
10% (by volume) of oxygen during the formation of the titanium 
interface region The coating of TiN onto polycarbonate improved the 
abrasive wear properties and the appearance of the substrate
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5.2 RESULTS AND DISCUSSION

5 2.1 The Experimental Design Approach

Initial investigations into the deposition of TiN on PC have shown that 
stress cracking of the film and stress induced bending of the substrate 
are primary problems requiring solutions Layers that crack are formed 
from dense morphologies, with tightly knit columnar structures 
Increasing the amount of open columnar structure should aid stress 
relief [17, 92] The maximum temperature at which PC may be coated in 
vacuo is 120°C, thereby setting an upper limit on bulk plastic coating 
temperature The bias voltage and current density during deposition 
contribute, in addition to the magnetron heating effect, to the 
increase m  substrate temperature The thickness of both the titanium 
interface and the TiN layers may contribute to the level of internal 
stress observed in the coatings The thickness of the coating is 
determined by both the magnetron deposition rate and the deposition 
time A statistical modelling approach has been adopted as a 
convenient means of finding the most suitable set of operating 
conditions in the shortest time The approach selected has been that 
of orthogonal design which is well documented in the literature and is 
known by a variety of names, including the "Taguchi method" [114, 115] 
The orthogonal approach is a well-established partial factorial design 
where the relationships between process parameters and their resulting 
outputs are examined by selecting and operating at certain meaningful 
combinations of input level settings

The parameters chosen for the Taguchi experiment into the deposition of 
stress-free Ti-TiN layers are outlined as follows. The directly cooled
titanium magnetron would be operated at 1A and 2A. The total pressure

-3 -3 -3during deposition would be set at 8 x 10 , 10 x 10 and 15 x 10
mbar The initial deposition of the titanium interface would be of 1,
2 and 3 min duration Further layer thickening of the titanium film
would take place for 10, 15 and 20 min The TiN deposition time would
be 1, 2 and 3 min The RF bias during titanium and TiN deposition
would be 0, 10 and 20W The plastic substrate would be RF etched for
periods of 40, 60 and 80 min at 80W. Table 5 1 relates to the factors
and their levels m  the Taguchi experiments The 18 experiments of the
Taguchi experiment were carried out and the resulting films graded
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visually with respect to cracks, crazing and colour. The factors 
optimised for reduced stress cracking and increased wear resistance are 
outlined in Table 5 1 Validation studies were carried out using the 
optimised parameters The resulting films were golden in appearance 
and free from cracking However, Scotch tape tests showed that 
adhesion to PC had not been optimised Having achieved ability to 
deposit stress-free T1 -T1N layers the problem of adhesion was 
addressed

5 2 2 Preliminary Investigation

A preliminary investigation, prior to the designed experiment, was 
undertaken to identify those parameters which might have a bearing on 
adhesion Oxygen was added to the etching process and also during the 
deposition of the initial titanium layer Some improvement in adhesion 
was seen with oxygen (10%) added to the initial titanium layer An 
interface of aluminium on the plastic improved the appearance and 
reflectivity of the overall coating In the case of the PC substrate, 
etched with 80 RF power, the aluminium interface produced a film with a 
matt finish However, the deposit is mirror like when flat glass is 
the substrate Evidently the etching process increases the surface 
roughness of the PC It also tends to increase the adhesion of the 
Ti-TiN layers If the same level of RF power is used for a shorter 
time simultaneously with an external heat source, such that the overall 
maximum substrate temperature is unchanged, layer reflectivity improves 
but adhesion is compromised When aluminium as an interface is used m  
the latter case, adhesion improves and reflectivity remains unchanged

5 2 3 The Deposition of Ti-TiN on Polycarbonate

Those parameters thought to be important for improving the film 
substrate adhesion are as follows the inclusion of aluminium as an 
interface layer, the use of 10% oxygen in the initial aluminium and 
initial titanium layers, and the temperature prior to deposition as 
controlled by the duration of the 80W etch Three levels of each of 
the four factors were used, yielding an L9 Taguchi experiment. The 
factors and their levels are outlined in Table 5.2 The adhesion of
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the coatings onto the plastic was tested with the Scotch tape test.
The reflectivity of the overall coating was judged under the attributes 
bad, good and very good The optimised parameters were, a substrate 
temperature of 45°C before deposition, a 30 sec deposition (at 3A) of 
aluminium onto the PC m  the absence of oxygen and the inclusion of 10% 

oxygen in the initial titanium layer The resultant coatings were 
adherent, passing Scotch tape tests The reflective AI-T1 -T1N coatings 
were golden coloured thin films. Another set of coated PC pieces were 
produced as described above but excluding the aluminium interface.
Such coatings passed the tape test but were not as reflective in their 
finish A photograph of these films is displayed m  Fig 5 1

Figure 5.2(a) shows the cross-section of the TiN coating on PC 
containing the aluminium interface The morphology is dense with the 
interface layers clearly evident. On fracturing the coated PC sample 
the film readily cracked The PC sample coated with Ti-TiN, using high 
bias when etching, was prepared for scanning electron microscopy (SEM)
investigation Figure 5 2(b) shows the SEM cross-section of the
matt-fmished PC-Ti-TiN film. This sample did not crack on SEM
preparation The matting effect is due to scattering of incident light
on the rough surface The stress-relieved nature of the coating again 
emanates from an open morphology and rough topography Further tests 
were carried out on these two coatings in an attempt to understand 
better the relevance of the differing morphologies Test results are 
summarised in Table 5 3 Using the eraser method ( described in 
Chapter II) the PC-Ti-TiN material was three times more wear resistant 
than the PC-Al-Ti-TiN material as outlined in Fig 5.3 In general, 
the wear scars produced on the Al-PC interface were cracked, indicating 
that spalling and delamination of the interface occurred The latter 
probably accounts for the poor performance of this material in wear 
testing experiments It was difficult to obtain any meaningful results 
on hardness of these films because of the plasticity of the PC 
substrate No significant correlations were possible between abrasive 
wear resistance and hardness of these deposits
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It has been demonstrated that thin TiN layers can be deposited onto 
clear polycarbonate plastic However, the simple deposition of TiN 
onto PC is not readily achievable but it can be produced by the 
techniques outlined above The role of the interface film plays a 
dominant part in the overall characteristics of the multilayer film 
It is clear that the aluminium layer enhances the reflective and 
cosmetic properties of the film but compromises the thermal, chemical 
and environmental stability of the overall composite coating.

108



Fig. 5.1 Photograph: (bottom left to right), TiN-Ti-Al on PC and 
TiN-Ti on PC. The top row of samples is ismply the obverse of the 
bottom row. The reflective Al interface is clearly visible.
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Fig 5.2 Scanning electron micrographs of cross-sections of T1N-T1 -AI 
on PC (upper micrograph) and T1N-T1 on PC (lower micrograph)
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Fig 5 3 Wear resistance of PC-T1 -T1 N and PC-AI-T1 -T1N films relative 
to the substrate PC Wear was assessed via the erasor method
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EXP
1 ,2 ,3 4 ,5 ,6 7 ,8 ,9 10, 11, 12 13,14,15 16,17,18

FACTOR

A 1 ,1 rl 1 ,1 rl 1 rl rl 2 ,2 ,2 2 ,2 ,2 2 ,2 ,2
B 1 ,1 rl 2 r 2 ,2 3 , 3 , 3 1 rl rl 2 r 2 ,2 3 ,3 ,3
C 00,10,20 00,10, 20 00,10,20 00, 10, 20 00,10,20 00,10,20
D 00,10,20 00,10,20 10,20,00 20,00,10 10,20,00 20,00,10
E 10,15,20 15,20,10 10,15,20 20,10,15 20,10,15 15, 20, 10
F 8 ,10,15 10, 15,8 15, 8 , 10 10, 15, 8 8 , 10, 15 15, 8 , 10
G 1 ,2 ,3 3 ,1 ,2 2 ,3 ,1 2 ,3 ,1 3 rl r 2 1 r 2 ,3
H 40,60,100 100,40,60 100,40,60 40,60,100 60,100,40 60,100, 40

A = MAGNETRON CURRENT IN AMPS 
B = TxN DEPOSITION PERIOD IN MINS 
C = RF BIAS (WATTS) DURING TiN DEPOSITION
D = RF BIAS (WATTS) DURING Tx DEPOSITION
E = Tx DEPOSITION PERIOD IN MINS 
F = TOTAL PRESSURE x<O.OOl) MBAR 
G = INITIAL Ti DEPOSITION TIME (MINS)
H = INITIAL PERIOD (MINS) FOR 80W RF ETCH

USING THE ERASER TEST AND A VISUAL INSPECTION ON CRAZING THE 
OPTIMISED PARAMETERS DETERMINED ARE THE FOLLOWING.

A = MAGNETRON CURRENT 1 AMP
B = TiN DEPOSITION PERIOD 1 MIN
C = 10W RF BIAS DURING TiN DEPOSITION
D = ZERO RF BIAS DURING Ti DEPOSITION
E = Ti DEPOSITION PERIOD 15 MINS
F = TOTAL PRESSURE 015 MBAR
G = INITIAL Tx DEPOSITION TIME 2 MINS
H = INITIAL PERIOD OF 60 MINS FOR SOW RF ETCH

Table 5 1 Taguchi array for Ti-TiN on polycarbonate
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EXP
1 2 3 4 5 6 7 6 S

FACTOR

A 43°C 43°C 43°C 65°C 65 °C uoIDUD CD O o n uoOCO 80 p C
B 0% ov. 10% 0% 0% 10% 0% 0% 10%
C 0% 10% 25% 10% 25% 0% 25% 0% 10%
D 15 SEC 0 SEC 30 SEC 30 SEC 15 SEC 15 SEC 0 SEC 30 SEC 15 SEC

A = SUBSTRATE TEMPERATURE BEFORE Ti DEPOSITION
B = LEVEL OF OXYGEN IN INITIAL AL LAYER (V/V)
C = LEVEL OF OXYGEN IN INITIAL Tx LAYER <V/V)
D = TIME FOR AL DEPOSITION <3 AMPS)

USING THE ERASER TEST AND A VISUAL INSPECTION ON COSMETICS THE 
OPTIMISED PARAMETERS DETERMINED ARE THE FOLLOWING-

A = SUBSTRATE TEMPERATURE BEFORE Tx DEPOSITION OF 43°C
B = ZERO LEVEL OF OXYGEN IN INITIAL AL LAYER (V/V)
C = 10% (V/V) OXYGEN IN INITIAL Ti LAYER
D = 30 SEC OF AL DEPOSITION (3 AMPS)

Table 5 2 Taguchi array for Ti-TiN on polycarbonate focusing on 
improving adhesion of the layer to the plastic
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PHYSICAL TESTING

Ti/TiN LOW POROUS
COLUMNAR

+ ♦ ♦ + ♦

Al/Ti/TiN HIGH DENSE
COLUMNAR

♦ - - + -

TESTING
PROCEDURE

REFLECTIVITY MORPHOLOGY SCOTCH
TAPE

WEAR WATER
100°C

C02
ICE

LIQUID
NITROGEN

RESISRANCE AGAINST CHEMICAL ATTACK

Ti/TiN - - ♦ + ♦ +

Al/Ti/TiN - - - 4 - + -

TESTING
PROCEDURE

NaOH 2 0 % W/W CH3C00H
CONC

SALT
SPRAY

HC1
CONC

H2S04
CONC

HN03
CONC

TEST PRESENTED NO EFFECT ON LAYERS 
TEST HAD DETRIMENTAL EFFECT ON LAYERS

Table 5 3 Summary of test results
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CHAPTER VI

CONCLUSIONS
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The deposition of stoichiometric TiN films on HSS at 420-480°C, using 
the indirectly cooled magnetron configuration, has been achieved. The 
adhesion of the TiN to the steel is improved by the formation of a 
graded interface The latter is generated, firstly, by the overlap of 
the pretreatment etch with the initial phase of Ti formation. In the 
second instance, the feedback control mechanism facilitates the 
generation of a graded interface at the T1 /T1N boundary by slowly 
admitting the gas to the appropriate level SEM, EPMA and dynamic 
SIMS investigations provide evidence for the existence of such 
interfaces The computer controlled feedback system permits the 
deposition of stoichiometric TiN films by maintaining a constant 
partial pressure of N2 gas in the chamber. This level of nitrogen gas 
is ascertained from the magnetron poisoning curves The bias voltage 
and total pressure affect the hardness of the films The wear 
resistance of the films is influenced by the hardness of the TiN layers 
and, hence, consequently by the bias voltage and total pressiire during 
deposition (at these substrate temperatures and deposition rates)

The influence of the type of magnetron (i.e. ICM or DCM) target 
configuration was investigated with a view to depositing TiN at approx 
250°C on an uncooled steel substrate The limitations of the ICM, in
this application, were identified as (1 ) large radiative heating
effect on the substrate, (1 1 ) insufficiently high levels of ion current 
to the biased substrate and (1 1 1 ) in order to deposit at low substrate 
temperatures, reduced target power was necessary, which consequently 
reduced the sputtering rate The DCM configuration allowed deposition 
of adherent, stoichiometric TiN films at approximately 250°C The 
advantages of the DCM were. (1 ) low substrate deposition temperature, 
(1 1 ) high deposition rates, (1 1 1 ) high substrate ion currents at low 
bias potentials and ( i v )  compared to the ICM device, control of target 
poisoning and stoichiometric TiN production was facile The operating 
characteristics of the ICM and DCM configuration were different, 
particularly, in the case of the magnetic field confinement of the 
target The changes in the magnetic field of the DCM permit the 
greater levels of ion current observed, compared to the ICM The TiN 
films produced at the lower substrate temperature by the DCM method 
were different than those produced by the higher ICM configuration. In 
particular TiN films produced from the DCM device were softer and
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contained both TiN and T^N phases whereas only single phase TiN was 
observed in the case of films formed from the DCM configuration. The 
ability to deposit TiN at reduced substrate temperatures was achieved 
through the use of the DCM

The DCM technique was then employed to deposit a golden coloured TiN 
film on clear polycarbonate plastics using a designed experimental 
approach The stresses in the TiN layer were reduced by reducing 
magnetron power and increasing deposition pressure which resulted m  an 
open film morphology The adhesion of the film to the plastic was 
improved by (1 ) the use of an aluminium interface layer and (1 1 ) the
addition of oxygen to the initial phase of the Ti deposit prior to TiN 
deposition A reflective coating was deposited with method (1 ) above, 
but a matt-fmished film resulted from deposition method (1 1 ) Results 
of physical and chemical testing of these films indicated that the 
AI-T1 -T1N layers were not as robust as the set of T1 -T1N films 
However, both types of coating afforded the PC plastic some wear 
protection
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RECOMMENDATIONS FOR FURTHER WORK

The following achievements have been outlined in this thesis*

(a) Deposition of hard, wear resistant TiN on HSS at 480°C

(b) Control of TiN stoichiometry

(c) Control of graded interface formation

(d) Deposition of TiN at 250°C approximately

(e) Deposition of T1 -T1N layers on plastic at 100°C approximately

The trend in modern thin film deposition is towards lower substrate 
deposition temperatures, more adherent films and films with given 
preferred orientations Based on the investigations presented here, 
certain future work can be identified At present, the reactive 
deposition of indium-tin-oxide with surface conductivity approx 1  

ohm/square, on substrates heated to 70°C is difficult. In this 
application substrates would include clear plastic and glass Clearly, 
many of the deposition methods outlined in this thesis would be useful 
for such investigations In another development, piezo-electric films, 
with preferred crystal orientation perpendicular to the substrate 
surface, are required on metal and ceramic substrates High deposition 
rates and consistent crystal texture are required The results from 
the DCM target system suggest that this configuration may be useful for 
the above application.

The work to date has been on flat 2 dimensional substrates, these 
investigations should be extended to substrates with 3 dimensional 
geometry

The control feedback system may allow the high rate deposition of 
aluminium oxide, titanium dioxide or silicon dioxide from a metal 
magnetron target.
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APPENDIX A

GLOW DISCHARGE PHENOMENA RELEVANT TO 
DIODE SPUTTERING
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A 1 THE DC GLOW DISCHARGE

An understanding of the processes that occur within the self sustained 
glow discharge is vital for the design and interpretation of sputtering 
experiments Argon gas is mainly used for such purposes, and the 
predominant collision process responsible for charge carrier generation 
is that which occurs between a fast electron (whose kinetic energy 
>15 76 eV, the ionisation energy for Ar) and a neutral Ar atom, viz ,

Ar + e~(fast) -- > Ar+ + e”(slowed) + e“(slow) A.l 1

In the presence of an electric field the two slow electrons produced 
are accelerated and engage m  further ionising collisions This 
avalanche effect results in the generation of an abundance of positive 
ions and electrons which are able to migrate through the gas discharge 
and thereby carry current The avalanche is known as gas breakdown, 
and is marked by an abrupt drop in the voltage required to carry a 
given current, Fig A 1 The luminous regions are called the negative 
glow and positive column, their colour spectrum being typical of the 
excitation gas The gas discharge can be visualised as consisting of 
an aggregate of relatively fast mobile electrons, and relatively slow, 
immobile ions and gas atoms The Crook's dark space, Fig A 1, 
consists of an abundance of positive ions, combined with a relative 
sparcity of electrons In this region, the cathodic potential has 
electrostatically repulsed the mobile electrons leaving behind the 
positive ions In effect, the cathode voltage is screened off by the 
positive ion cloud, resulting in  a large potential drop across this 
region The latter description combined with the low potential drop 
across the remainder of the tube, Fig A 1, imply that the glow regions 
are excellent conductors The so-called plasmas tend, on average, to 
be electrically neutral, containing an equal concentration of positive 
and negative charge and unable to support an electric field gradient
A typical DC gas discharge used in a sputtering process will contain a

9 10 3concentration of N̂ , of 10 to 10 ions per cm and an equal number of
electrons in the plasma region At 60 mbar pressure, the unexcited gas

15 -3contains N 2 x 10 atoms cm thus the fractional degree of
o —6ionisation is of the order of N /N 5 x 10 which is very dilute1 0  *

f
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The large voltage drop which occurs across the cathode dark space 
causes the acceleration of positive ions which enter this region by 
diffusion from the negative glow This ion bombardment causes an 
atom-by-atom ejection of the cathode (or target) material The 
sputtering process occurs by virtue of momentum transfer between the 
impacting ion and the target lattice atom, Fig A 2 The incoming 
inert ion is Auger neutralised and may recoil from the target surface 
with appreciable energy The sputtered atom leaves the target surface 
with 3 to 10 eV of energy (compared to the thermal evaporation 
situation where evaporated atoms have 0 03 eV) The neutralised 
bombarding ion and sputtered target atom are deposited on the substrate 
surface, placed so as to intercept the coating flux In general, most 
target materials are polycrystalline and so a randomisation of 
trajectories of sputtered atoms takes place

Several other events occur at the cathode surface The bombarding ions 
dissipate in excess of 90% of their kinetic energy in the form of heat 
(which necessitates water cooling of the target) The rapid 
deceleration of the bombarding ions upon striking the cathode results

f *1 -  «■
m  the emission of a bioad spectrum electromagnetic radiation, whose 
shortest wavelengths are given by,

X = hc/eV A 1 2

wheie V is the datk-space sheath voltage , h is Plancks' constant and c 
is the speed of light

The events which occur m  the dark space involving the slow electrons 
consist of ionisation of the gas atoms accompanied by further 
generation of electrons which are subsequently accelerated (i e 
secondary electrons) At the edge of the dark space an abundance of 
electrons and positive ions exist This negative glow region comprises 
particles undergoing excitation collisions resulting m  luminescence 
This plasma region can be considered as

"a quasineutral gas of charged and neutral particles 
which exhibit collective behaviour”
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The motion of: particles m  plasmas exhibit Maxwellian velocity 
distributions where the most probabJe velocity CQ is given by,

Co = (2kr/m)1/2 A 1 3

since a high velocity paiticle can be characterised as having a high
¥»"temperature11 (viz , Cq a T ~) plasmas are typically described by their 

electron, ion and neutral atom temperatures The average kinetic 
energy of a gas is related to the absolute temperature, T, by

mC2 = 3/2 kT A 1 4
2

If, for example, the kinetic energy of the electrons m  a plasma is 1
3eV then the electron temperature of that plasma ( 1 e 1 eV - kT) is

11,600° K A typical sputtering plasma would have the following 
characteristic temperatures, electron temperature > 25,000°K, T^ 
ion temperature = 500°K, Tq, neutral gas temperature = 300°K

DC discharges are inefficient m  their use of high energy electrons to 
cause enhanced ionisation, produce low sputtering rates of 10 to 500 
A/mm and generate unnecessary substrate heating from the high energy 
electrons The high energy secondary electrons can be manipulated by
magnetic fields In the 1930's magnetically confined discharges - 
magnetron discharges - were introduced, and are discassed more fully m  
the Introduction

A 2 LOW FREQUENCY AC GLOW DISCHARGES

Low frequency AC glow discharges are not often used for sputtering At
frequencies up to 50KHz, ions are sufficiently mobile to enable a 
complete DC discharge to form at each electrode on each AC half-cycle 
Thus this type of discharge is similar to a DC discharge with both 
electrodes being alternatively sputtered
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RADIOFREQUENCY (RF) GLOW DISCHARGES

At AC frequencies above 50KHz electrons oscillating in the glow space 
acquire sufficient energy to cause ionising collisions, thus both 
reducing the dependence of the discharge on secondary electrons and 
lowering the gas breakdown voltage [116] In addition, the electrodes 
may be both insulators and conductors since the RF voltages can be 
transmitted through any type of impedance At typical RF frequencies 
of 5-30 MHz, a pulsating, negative voltage can develop on an electrode 
which is capacitively coupled to the RF generator Due to the 
substantial differences in mobilities between the lo'is and electrons, 
the I-V characteristics of an RF glow discharge resemble those of a 
rectifier, (Fig A 3) [117] Upon application of the RF potential 
through the capacitor, an initially high electron current flows to the 
electrode On the next half cycle only a small ion current can flow 
The voltage on the electrode surface must self-bias negatively until 
the net current is zero, since no charge can travel tnrough the 
capacitor The average DC value of this negative self bias potential 
is almost equal to the peak RF voltage applied [118] The electrode 
potential redistribution’is understood by considering the equation 
which relates the ion flux through the sheath (i.e the difference 
between the floating potential and the plasma potential) to the voltage 
which develops across the sheath Assuming a space charge limited 
current, then the ion flux J, is given by the Langmuir-Child relation

where V is the potential across the sheath, D is the sheath length, m 
is the ion mass and K is a constant If the cuirent density of ions is 
equal at both electrodes then

11 = (K V3/2)/(/mD2) A 3 1

A 3  2
D 2 D 2

1 I

where D̂ , D^ and V̂ , refer to the respective potential differences 
and the sheath lengths associated with two electrodes of areas A^ and 

The sheath region is associated vith a large potential drop and



limited conductivity and can be regaided as having a capacitance given 
by,

C - k A/D A 3 3
where, K. is the dielectric constant adoss the sheath Since the
quantity of charged passed = or V^C2, then

V V2 - C2/Cl  A 3 4

Rewriting Equn A 3.4 fiom Equn A 3 3 yields

V1 = A2/D2 = A2 D1

V2 Al/ D l  A l D2

Substituting this into Equn A 3 1 gives

V 2  2 2
V  D1 <Al V

or

„ 3/2 n 2 /A „ .2 
2 2 ^ 2 2

V1 = ( A2>4

V2 (A^ 4

A 3 5

A 3 6

A 3 7

In actual practice, the larger electrode comprises the entire 
sputtering chamber which has a common electrical ground with the RF 
generator The smaller target electrode develops a large sheath 
potential and sputters vigorously, whereas the chamber develops a small 
sheath potential insufficient to cause sputtering
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Cathorie(-) Glass Envelope

Fig A 1 Schematic representation of a DC glow discharge shoving 
(1 ) the variation m  the number of ions (n+) and electrons (n~) vith 
distance from the cathode, (1 1 ) variation of voltage and (1 1 1 ) 
variation in the voltage gradient across the discharge (-dv/dx is 
the electric field E)
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APPENDIX B

AN OVERVIEW OF WEAR PHENOMENA EXPERIENCED IN 
TRIBOLOGICAL SYSTEMS WITH PARTICULAR REFERENCE

t

TO ABRASIVE WEAR
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B 1 TYPES OF WEAR

Wear is the removal of material from one 01 both of two surfaces m  
contact It occurs when solid surfaces are in relative sliding, 
rolling, or rubbing movement [119] The most common types of wear are 
adhesive, abrasive, corrosive, erosive, fatigue, fretting and 
cavitation To reduce wear in practical tnbological devices it is 
important to understand and appreciate the various wear mechanisms

B 1 1 Adhesive Wear

When two solid surfaces are placed m  solid-state contact, bonding 
across the interface generall} occurs [120] This bonding can be weak 
when it is simply a physical attraction of one body for another (i e 
Van der Waal's attraction) It can also be extremely strong e g. where 
chemical bonding occurs When a load is applied to the two surfaces in 
contact the probability of strong bonding occurring is enhanced Even
with the most effective lubrication, contact occurs through the 
lubricating films if the forces applied are sufficiently large When 
two atomically clean surfaces are placed m  contact, the attractive 
forces of the solids for each other are sufficient io produce extremely 
strong bonds as a result of the electronic interaction of the solid 
surfaces m  the clean state When the surfaces are clean, the entire 
real area of contact undergoes adhesion. Where the surfaces are 
covered with a film, whether it is simply a contaminating surface film 
or a lubricating film, the amount of adhesion decreases In cases 
where adhesion occurs at the interface and tangential motion is imposed 
on the surfaces to cause one to move relative to the other, shear takes 
place rupturing the adhesive bonds at the interface in order to 
accomplish the tangential motion In practice the bonds seldom rupture 
at the interface, instead, the bonds of the cohesively weaker material 
break The latter transfers to the cohesively stronger material This 
results m  adhesive wear [119]
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Abrasive wear [75, 120] occurs m  practical mechanical operations such 
as grinding, cutting, and machining The fundamental mechanism 
involved m  the abrasive process* is shown schematically in Fig B 1(a) 
There are generally two methods by which abrasion and abrasive wear can 
take place The first mode, frequently encountered in industrial 
material removal processes such as cutting, grinding, and machining an 
abrasive grit is embedded in a matrix The abiasive grit begins to cut 
or skive a groove in the workpiece surface and to r move material from 
the workpiece Generally the grit is a material of high cohesive 
strength, e g , SiC The second mechanism [119] involves high cohesive 
strength material (such as silicon dioxide, aluminium oxide, or silicon 
carbide) becoming trapped as individual particles between two s u l faces 
(as indicated i n Fig B 1(b)) Trapped between surfaces A and B is a 
relatively hard, high atomic density, high cohesive energy material 
that skives or cuts material from both surfaces

In the study [121, 122J of the abrasive wear process, the properties of 
the abrasive are as unpoitant as the pioperties of the material being 
removed The physical characteristics and the chemical composition of 
the abrasive influence its interactions with the workpiece matenal 
Abrasives, in addition to simply removing material from a solid 
surface, results m  that surface having a considerable amount of strain 
energy The interaction of the abrasive with the selid surface can 
produce surface cracking even m  brittle materials where plastic 
deformation is less likely The energy supplied to the interface is 
dissipated m  the formation of cracks as opposed to the generation of 
dislocations Dislocations associated with those materials that are 
sufficiently ductile to undergo deformation Correlations [71] have 
been found between the Darticle size of the abrasive and the depth of 
damage observed m  the abraded matenal As the particle size of the 
abrasive increases the depth of damage m  the surface is deeper A 
cohesively veaker material experiences a greatei depth of daTage than a 
cohesively stionger material

Polymers aie extremely susceptible to abrasive wear because of their 
relatively weak cohesive strength compared to most othei solids. The 
paLticle size has an miluence on the abrasive we*r characteristics of

B 1 2 Abrasive Wear
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the polymer [123] The larger the abrasive particle, the greater the 
amount of material removed from the polymer surface

B 1 3 Corrosive Wear

Corrosive wear o c c u l s  when the environment interacts with the surfaces 
m  solid-state contact to produce reaction products that affect the 
wear characteristics of the materials m  sliding, rubbing, or rolling 
contact [120] This environmental interaction can occur by a number of 
mechanisms Where the mechanical components are m  dry sliding, oxygen 
from the air or the gaseous species piesent in the particular 
environment can interact with the solid surface, the resulting reaction 
products can cause corrosive wear In addition, the presence of 
excessive quantities of extreme pressure or anit-we^r additives or 
other chemical agents in lubrication systems can bring about corrosive 
wear at the interface Even with conventional liquid lubricants, high 
temperatures can cause excessive reaction of dissolved oxygen in oils 
with the solid surfaces resulting in corrosive attack of any labile 
elements present

tu*. * *■
Corrosive wear is not entirely detrimental The concept of extreme 
pressure and anti-wear additives is based on the premise that the 
additive interacts with the solid surface to form reaction products 
similar to those produced in the corrosive wear situation Typically 
m  the anti-wear and anti-seizure situation the organometallic additive 
containing S, P, or Cl are intended to decompose and then react at the 
solid surfaces to form inorganic chloride, sulphide or phosphide films 
which prevent metal to metal contact

The friction coefficients of the materials in contact influence the 
corrosive wear The higher the coefficient of friction the greater the 
amount of energy dissipated at the interface and the greater the 
surface temperature becomes, thus promoting surface reactivity In 
addition, the higher the ambient pressure of the gaseous or liquid 
species which interact with the solid surface, the greater probability 
of surface reactions occurring
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Erosive wear is defined as the process of material removal from a 
surface subjected to impingement attack by solid or liquid media, being 
particulate in nature for the former and in the form of droplets for 
the latter [119] Various investigations [119, 120] have attempted to 
relate the basic properties of materials to their erosive wear 
behaviour For metals* the binding energy appears to be related to 
erosive wear resistance The cohesively strongly bonded metals are 
more resistant to erosive wear than the cohesively weaker bonded 
metals Polymers are extremely prone to deformation and although 
cohesively weaker than metals display good erosive wear resistant 
properties Ceramics experience less erosive wear than metals or 
polymers [121] The rate of erosive wear depends on the velocity of 
attack, the angle of impingement and the prior diameter of th impinging 
particles [124-127]

B 1 5 Fatigue Wear

Fatigue wear occurs bŷ 'the repeated application of stress which leads 
to the production of surface and subsurface cracks generating wear 
particles and resulting m  the loss of material from solid surfaces 
This process can occur m  such devices as roller bearings where a crack 
is observed to initiate either subsurface or m  the surface region, the 
subsurface crack gradually migrates to the surface and liberates a wear 
particle In relatively homogeneous materials, the initiation of the 
fatigue cracks can be assisted by dislocation mechanisms. The 
accumulation of dislocations along the slip or cleavage plane results 
in the generation and growth of the surface originated fatigue crack. 
Dislocations can also act m  the development of subsurface initiated 
cracks because of their coalescence to the solid surface with repeated 
stress cycles, particularly where strain occurs m  the material

B 1 6 Fretting

Fretting occurs when surfaces are in oscillatory or reciprocating 
motion where the amplitude of the oscillation is relatively small 
Initially the rubbing of two solid surfaces m  solid-state contact 
generally produces a failure because of the adhesive wear in the

B 1 A Erosive Wear
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materials Adhesive veer debris is generated at the interface which 
becomes oxidised m  the environment because of the excess energy stored 
m  the particle The envnonment pi^ys a very important role on the 
wear observed for surfaces which undergo f r e t t i n g  Uhlig [128] has 
developed a wear law and proposes that fretting wear is proportional to 
the total number of cycles, the frequency of oscillation and the load

B 1 7 Cavitation

Cavitation wear is the loss o f material-surfaces as a result of a 
stream of liquid containing entrapped gas bubbles impinging the solid 
surface The impinging liquid brings the gaseous bubbles to the 
surface at relatively high velocities The bubbles strike the solid 
surface and collapse on impact Their collapse imposes shock waves on 
the solid surface and results m  the liberation of material from the 
surface Cavitation wear produces a roughening of the surface similar 
to the effect of an etchant It is frequently observed, on impellers 
and propellers where the liquids have impacted near the hub and the 
vanes

B 2 CHARACTERISTICS OF THE ABRASIVE WEAR PROCESS

In wear the act of rupture is localised m  a small volume of material
which is removed from the rubbing zone m  the form of wear particles 
The magnitude of the wear is usually judged from the decrease in 
dimensions of the body in a direction perpendicular to the sliding 
surface A typical plot of wear versus time of operation indicates the
presence of a thiee stage wear process The first stage, termed
running-in wear, is a non-equilibrium stage of the wear process, and 
represents only a small proportion of the total time of operation of 
the junction It is characterised by the specific wear rate dQ/dL 
(where Q is the wear and L the length of the wear track), which falls 
with time during sliding contact The second stage of the wear 
process, which is the longest, is characterised by constant values of 
the wear rate, l e , dQ/dL = constant The third stage, called 
catastrophic wear, is characterised by increasing wear rate and is not 
applicable to rubbing surfaces In steady-state conditions of wear the 
real contact area is constant at any point in time [119] It is 
assumed that the volume of material SV removed from the surface as wear
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particles is proportional to the real contact area, Ar, i e ,

6V = Ar B 2 1

The mass wear intensity Ig or volume wear intensity Iv for a rubbing 
pair are defined [124] as

where 6G and 6V are the change m  mass and change in volume of the worn 
material along a sliding part L

A simple abrasive wear law [126] can be obtained by considering the 
interaction of a hard conical asperity of apex angle, 28, penetrating a 
solid to a depth, h, under a load, 6W

Ig = 6G/L B 2 2

Iv = &V/L B.2.3

A16



The cone pushes a wall of material ahead ot it, procucmg a volume of 
wear debris If the lengih traversed is dL, the volume dV which is 
removed is

dV - Y2 2a h dL B 2 4

where 2a is the diameter of the indentation Since h = a cot (0),

clV - a2 dL Co 1(9) B 2 5

tThe load is supported by only half the basal area ua^ If H is the
hardness of the indented material

%rui2 = 6W/H or a2 = .¿iW/jiH B 2 6

2Substituting this value of a into Equation B 2 6

dV = {(26W/nH) Cot(9)} dL B 2 7

The rate at which material is removed is dV/dL and
„ A - i  TV V. -H it

dV/dL - (SW/H) (0 63Cot 0) B 2 8

By analogy, m  the case of the whole surface being abraded by many 
cones, supporting a total load W, then

V/L = (0 63Cot0) (W/H) B 2 9

According to this simple abrasive wear law the wear resistance of a 
material is directly proportional to the load applied and inversely 
proportional to its hardness Also for a cone, the larger the 
semi-apex angle 0, the smaller the rate of wear This can be explained 
since a cone with a larger value of 0 is more blunt and a sharp cutting 
edge is essential for improving ploughing efficiency

When used as an abrasive an initially sharp grit will become blunt 
because of wear It is commonly perceived that a hard abrasive will 
retain its sharpness longer than a softer abrasive However, hardness 
is not always an accurate guide to abrasive wear ability, and foi 
example, quartz is known to be more aggressive than diamond m  certain
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circumstances [124] Richardson |129] suggests that a ratio Hm/Ha be 
used to predict the abrasive wear efficiency of grits where Hm is the 
hardness of the abraded material and Ha is that of the abrasive If 
the ratio is laLge, the rate of wear is small but not zero since the 
may have soft micro-constituents, and also repeated attacks remove 
surface layers of the abraded material by a fatigue mechanism The 
ratio Hm/Ha for a steel being abraded by quartz is 0 95 and the latter 
is known to wear the former successfully Experiments [129] with 
certain combinations suggest that when the ratio Hm/Ha <0 8, the victim 
undergoes rapid abrasive wear When Hm/Ha >0 8 a situation of soft 
abrasive wear is experienced and the abraded material should not 
undergo abrasive wear when Hm/Ha greatei than or equal to unity

Khruschov and Babicher [121] quote the Vickers Haidness (HV) as a 
parameter capable of characterising the yield stress, Pt. Using pure 
metals and annealed alloys (with Sn-Pb as standard) they found that

H standard/H sample - e = 0 127 HV B 2 10

It was established that Equation B 2 10 is^not universal and that the
method of hardening influenced the abrasive wear life For example, it*
was found that e varies m  a complex fashion for quenched and tempered 
steels [121] The elastic modulus E was also used as a criterion 
against which abrasive wear can be evaluated [130] For a wide range 
of materials, i e , metals, alloys, minerals and solid compounds 
Khrushchov [1 2 1 ] showed that

e = (0 49 1CT4 E1 3) B 2 11

This equation cannot be applied to heat treated steels since E is a 
structurally insensitive parameter and is virtually independent of heat 
treatment conditions, whereas heat treatment has a significant effect 
on the wear resistance of steels Accordingly, E cannot be regarded as 
a universal criterion of wear resistance

Whereas much emphasis is placed on the hardness of the component and of 
the abrasives together with the sharpness of their cutting edges, the
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effect of particle size does not become obvious in theoretical 
treatments of abrasive /ear p^ocesse* 'i> metals and non metals 
Experiments show that up to 'i certain size, the wear rate rises m  a 
linear fashion with increasing diameter of the abrading particles 
Characteristically, for a particular friction couple, there is a 
critical particle diameter beyond which the size of the abradants is 
ineffective The reasons for the latter are somewhat nebulous In the 
process of abrading thin films on substrates the diameter of the grit 
must be of the order of the thickness of the film [ 19]

An overall increase m  abrasive wear resistance with hardness has been 
reported [121] but this is not in proportion to the hardness values as 
dictated by the wear laws Wear processes in materials are very 
complex phenomena and neat trends with variables are not always 
attainable As far as hardness of the material which is being abraded 
is concerned it can be stated that abrasive w£ar resistance increases 
with increasing hardness

Since both the bond energy ana the melting pom«. are measures of 
cohesive forces in the solid state, theie is evidence to demonstrate 
[131] that abrasive wear resistance can be correlated with bond 
strength at an aiomic level The reason for such encouraging 
correlations lies in the non-dependence of the bond energy on the 
presence of small quantities of other elements, however, the latter may 
influence the hardness of the material

A19



Fig B

B

SUHfAri 8

1 Abrasive wear mechanism.



. PUBLISHED WORK

"The Deposition of TiN at less than 150°C by Reactive Magnetron Sputter 
Ion Plating" M J Ahern Surface and Coating Technology, 43/44, 
(1990), 279

"The Role of Deposition Parameters and Adhesion Effects on the 
Formation of TiN Films on High Speed Steel" M J. Ahern and M S J 
Hashmi, J Material Processing Technology, Submitted, 1991

"On the Reactive Sputtering of TiN at 450°C Substrate Temperature",
M J Ahern and M S J Hashmi, 11th International Conference on 
Production Research, August 1991, (Ed Prof Ming, Dept of Precision 
Machinery and Instrumentation, University of Science and Technology of 
China, Hafai) to be published, 1991

"Comparison of Operating Conditions and TiN Films Produced from Both 
Directly and Indirectly Cooled Magnetron Targets", M J Ahern and 
M.S J Hashmi, Surface and Coating Technology, accepted for 
publication, 1992

"Low Temperature Vacuum Deposition Process", Irish Patent Application 
No 1186/90


