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PLASMA NITRJDING AND DUPLEX COATING OF
BIOCOMPATIBLE SURFACES FOR LOW FRICTION AND WEAR
RESISTANT APPLICATIONS

ABSTRACT

Md. Mabfujur Rahman, B.Sc. Eng.

The 316L austenitic stainless steels, Ti-6A1-4V and Ultrahigh molecular weight
polyethylene (UHMWP) are very attractive and well known materials for diverse engineering
applications due to their many superior properties. More specifically, these materials have acquired
much attention in biomedical applications due to their excellent biocompatibility. However, the
practical use of these materials are limited in many cases by the need to attain specific tribological
(that means, low' friction and wear rate) and mechanical (that means, high hardness, high load-
bearing capacity) properties. The long-term outcome of the total joint replacement is currently
limited by the breakdown of the implant by wear processes. Therefore, much research has been
carried out in this area to reduce the incidence of wear. The goal of this project was to enhance the
mechanical and tribological properties of the biocompatible surface by the plasma nitriding and
duplex coating process.

The works consisted of three phases. In the first phase, in order to acquire a preliminary
approximation of the different process parameters, finite volume and finite element methods have
been employed to determine (i) the gas mixture pattern inside the sputtering chamber and (ii) the
thermal stress inside the coating, with and without considering graded interlaycr respectively.

In the second phase of the work, a new plasma nitriding process has been used using an
existing carbon based coating system. Plasma nitriding was performed on biomaterials substrates
where a Saddle field neutral fast atom beam source and an auxiliary heater was used for substrate
heating. It has been observed that low temperature plasma nitriding of the stainless steel samples
produced a precipitation and black layer free, hard, thick and load supporting nitridcd layer within a
short processing time which was suitable for subsequent coating deposition as well. Plasma
nitriding has also been carried out on Ti-6A1-4V and non-conductivc UHMWP biomaterials. In both
cases plasma nitriding treatment increased the untreated substrate hardness and wear properties
substantially.

In the third phase of the w'ork, the additional improvement of mechanical and tribological
properties of the solid lubricant based coatings (M0S2 and DLC), a continuous and discontinuous
duplex coating system has been investigated. The main focus has been on the improvement of the
load bearing capacity of the coating-substratc system. For the first time a continuous duplex process
is being introduced consisting of the plasma nitriding followed by in situ deposition of the DLC
biomedical coating. The process has been successfully carried out in a single process chamber
(PECVD based Saddle field neutral fast atom beam source) without any interlaycr or post nitriding
treatment. Rockwell C indention results confirmed the improvement of the adhesion in the duplex
treated coating samples compared to the non-duplex treated sample. Duplex treatment significantly
increased the composite hardness and reduced the plastic deformation of the substrate. The Pin on
disk tests showed that the duplex treatment increase the overall wear properties of the coating
compared to the non-duplex coating. In addition, a discontinuous duplex treatment consisting of
plasma nitriding and TiN+MoS, coatings with and without a graded interlaycr on the stainless steel
substrate were investigated. Low-temperature plasma nitriding was performed with the newly
developed process (Saddle field fast atom beam source) and coatings were deposited by closed-field
unbalanced magnetron sputtering. Results showed that the graded interlaycr and plasma nitnding
had a great influence on the load bearing and overall tribological properties of the coating-substratc
system.
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CHAPTER 1: INTRODUCTION



1.1. INTRODUCTION

Engineering materials, which are used in different applications, in certain cases
need to amend their surface properties in order to extend their service lives and improve
their reliability. Surface Engineering is the process of enhancing the subsurface properties
of a material, while in general maintaining the bulk properties of the treated substrate. This
process reduces the cost in the service arising due to the early declination of the
engineering components. In service modification of the existing surface of the bulk
materials without adding any layer (heat treatment, nitriding and so on) and the deposition
of a film layer on the bulk material are the common techniques to achieve this goal. These
two techniques are the most important and versatile means of improving component
performance.

Surface engineering techniques are used in a diverse field of applications such as
Biomedical (details in appendix). Cutting tool. Electronic, Aerospace, Optical and so on. In
each application, materials need to be modified according to the physical, chemical,
mechanical and biological characteristics of the particular applications environment, |or
example, in the orthopaedic application (biomedical), the first criterion is that the surface
has to be bioeompatible. Ihe surface also has to exhibit good wear resistance properties as
currently wear is the most important limiting factor for using such materials in orthopedics
application. Materials used in tribological applications, low wear and low friction are
mainly controlled by their surface properties. Various surface properties (such as hardness,
surface energy, roughness, work hardening, cleanliness, contamination, imperfection and so
on) and also bulk properties (such as metallurgical, mechanical, thermal) of a material play
a key role in determining its tribological behaviour. A major area of tribology is to design
surfaces so when they slide and roll against each other friction and wear is minimised. By
reducing friction and wear many benefits, both economical and environmental, can be
achieved in several technological fields of applications. Low wear means that the interval
between maintaining and replacing expensive machines will be shortened. Low friction
between the contacting surfaces in a machine results in less energy losses and thereby
lowers fuel consumption. One way to achieve this is to use a material with poor tribological
performance but otherwise optimal properties, that means high toughness, or low price, as a
base material and modifying its surface with a surface treatment method (for example
nitriding) or coating ii with a thin layer of a wear resistant material with a low friction
coefficient.



A large number of techniques, materials and design criteria have been used for
surface treatment and deposition of the thin film coating for several years. Development of
all these techniques have been made gradually to overcome the problems (physical,
mechanical and structural properties of the deposited material) associated with the previous
one. Many methods have been developed for surface treatment and deposition of thin film
coating such as welding, thermal spraying, physical vapour deposition (PVD), chemical
vapour deposition (CVD), and plasma and ion based methods and so on. Selections of a
method depends on a number of factors, such as (a) structure and property required for the
modified surface, (b) maximum temperature can be used for particular samples to maintain
its structural integrity, (c) thickness requirement, (d) conductivity and non-conductivity of
the samples, (c) area of applications and (O deposition or treatment rates. Among all the
techniques, PVD and CVD based methods are commonly used to deposit wear resistance
coating [1]. There are also numerous variations of both these techniques. Many scientists,
for their required film deposition or surface modification, follow different processes under
PVD and CVD. But yet, most of these techniques present a number of problems in relation
to coating/treated sample properties such as adhesion, stress development, uniformity, line
of sight or limitations regarding the wide range of materials that can be used, the thickness
of the treated layer and so on. The problem with the selection of appropriate methods is
mainly due to difficulties in obtaining all the desired properties simultaneously. Again,
there are a number of coatings, such as TiN, CrN, TiCN, TiAIN, MoS*, diamond like
carbon (DLC), CN* coating and so on, w'hich are developed for use in different
applications. For example in certain tribological applications, there is a significant interest
in solid lubricant based coating such as metal/compound-Mo0S2 and diamond like coatings
because of their unique combination of desirable properties like high hardness and the
ability to form transfer layers which reduce wear [2-10]. These coatings arc beginning to
replace conventional liquid lubricants as they perform efficiently and are environmental
friendly.

It is important to have criteria for the selection of the most suitable coating
materials for specific needs. This is not easy because the requirements for the composite
substrate and overlayer are often very complex and many compromises must be accepted.
Complex requirements for surface engineering cannot be realized in a single homogeneous
coating or a single surface treatment process. A combination of more than one method is
used to attain the desired requirement. Several new generation coatings such as
multicomponent, graded, hybrid, duplex, superlatice and so on, have recently drawn the

attention of the tribologists with the intention of achieving further improvement of



properties over the traditional single layer homogeneous coating [11,12]. Another very
important issue in surface engineering is characterization ofthe process and treated samples
by using different methods to evaluate the ability and performance of the new process,
material or design Selection of the method of characterization depends on a number of
factors, such as the property that needs to be characterized, the material used, the level of
precision required and so on.

A significant amount of research and development is continuing in all areas of
surface engineering (material, technique, design and characterization) to develop this field
to a mature level. This work aims to Plasma nitriding of both metallic and non-metallic
material (i.e.. Stainless steel, Ti-alloy and Polymer), in a new low temperature and low
pressure chamber with an engineering application where a surface is in contact motion with
another surface Secondly, to meet the increasing demands for combined properties under
severe contact conditions, there is a new surface engineering approach: hard-solid lubricant
based coatings (DLC and TiN+MoSX) on plasma-nitrided substrate (Duplex coating) have
been investigated with application in low friction and wear resistance. The configuration
for duplex system is shown in figure 1.1. The focus is on a thorough characterization ofthe
microstructure and tribological properties of the nitrided and coated samples. The detailed

objective of this work has been finalized and presented after the literature review in chapter
2.
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Figure 1.1: Duplex, solid lubricant based coating on plasma nitrided sample



The thesis is arranged as follows: Chapter 2 (Literature review) provides
information and theory regarding the surface engineering techniques, materials, methods,
design and application, considering their present capabilities and limitations. In the first
section of Chapter 3 (simulation work design, experimental work and characterization
techniques), in order to acquire a preliminary approximation of the different process
parameters, simulation work has been presented. The next section of this chapter describes
the process and techniques employed for the plasma nitriding and coating deposition
process in the present work. The experimental procedure and dcsign-methods used are also
presented. In the last section of Chapter 3, the different characterization techniques used to
determine the physical, structural, mechanical and tribological properties of the resultant
surfaces have been discussed. In Chapter 4 (Results and Discussion), the results of all
experiments have been presented and discussed and Chapter 5 provides concluding

remarks, and an outline of the direction of further research.



CHAPTER 2: LITERATURE REVIEW



2.1. INTRODUCTION

The control of friction and wear properties of materials in different tribological
applications (such as biomedical, electronics, mechanical, and so on) are vital. Materials in
these applications need high hardness, wear resistance, chemical stability and high
toughness. They must be cable of forming a stable compound at the contact interface in
order to control the friction and wear behaviour [13]. The use of surface engineering to
develop a specific tailor made surface that responds effectively and efficiently to generate
satisfactory design life serviceability in engineering artifacts is not new. Indeed, it is
possible to recognise a whole historical perspective to surface engineering practices such as
the ancient pre-Christ art of carburi/.ing to generate sharp and enduring cutting edges in the
weapons and tools [14]. Surface engineering either by (a) surface treatment or (b) surface
coating has become a well-established technology and is an extremely versatile means of

improving component performance in different science and engineering applications.

2.2. SURFACE ENGINEERING METHODS

Various methods arc used to perform surface treatment and surface coating. A
classification of surface engineering methods is given in figure 2.1. The major
developments in the early and mid-nineteenth century in Europe in processes such as
electroplating and galvanising, to the very recent development of plasma surface
engineering, led to the development of interdisciplinary subject of surface engineering.
Among all the methods physical vapor deposition (PVD) and chemical vapor deposition
(CVD) based methods arc the most versatile and widely used [15]. Figure 2.1 shows, in
detail the classification of CVD and PVD methods. Both CVD and PVD process followed
mainly three principles steps in the formation of a thin film or modification of a surface
[16]: (1) decomposition of starting material into various fragments of neutrals or ions in the
form of atoms, molecules and clusters, (2) transportation of decomposition materials
through the medium of gas or liquid towards the substrate, and (3) nucleation and growth of

these materials on the substrate surface, as described in figure 2.2.
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The properties of the thin film or modifying surface strongly depend on steps (3) of the
proccss bccausc the energy of the decomposed species is dissipated in the very shallow
surface region of the substrate. The surface migration of the absorbed species, chemical
reaction between landing species and finally reconstruction into the structures of the
resulting films arc greatly influenced by the dissipation of the energy of the decomposed
species. In the next two sections of this chapter, brief descriptions of both CVD and PVD

methods have been discussed.

2.2.1. CHEMICAL VAPOR DEPOSITION (CVD)

Chemical vapor deposition (CVD) [19] is a material synthesis process whereby
constituents of the vapor phase react chemically near or on a substrate surface to form a
solid product. It belongs to the class of vapor-transfcr processes which is atomistic in
nature, that means, the deposition species are atoms or molecules or a combination of these.
This deposition technology has become one of the most important means for creating thin

films of a very large variety of materials.



The main feature of CVD is its versatility for synthesizing both simple and complex
compounds. Both chemical composition and physical structure can be tailored by control of
the reaction chemistry and deposition conditions. The fundamental principles of CVD
encompass an interdisciplinary range of thermo-dynamics, kinetics, gas-phase reaction
chemistry, transport mechanisms, film growth phenomena, and reactor engineering [19]. A
CVD reaction is governed by thermodynamics [17,19,20] that is the driving force, which
indicates the direction the reaction, is going to proceed. Chemical thermodynamics is
concerned with the interrelation of various forms of energy and the transfer of energy from
one chemical system to another in accordance with the first and second laws of
thermodynamics. This reaction is also regulated by kinetics, which defines the transport
process and determines the rate-control mechanism (the rate of reactions). Kinetics controls
depend on temperature and factors such as substrate orientation [17]. Considerations
relating to heat, mass, and momentum transport phenomena are especially important in
designing CVD reactors of maximum efficiency [17,20]. In the case of CVD, this transfer
occurs when the gaseous compounds, introduced in the deposition chamber, react to form
the solid deposit and by-product gases. In general, the transport of the gases is determined
by the process pressure and the gas flow rates. Diffusion of source gases to substrate
surface and by-product gases away from the deposition surface is enhanced at low
pressures. Since important physical properties of a given film material are critically
influenced by the structure (such as crystallinity), control of the factors governing the
nuclcation and structure of a growing film is necessary [17].

Deposition variables such as temperature, pressure, gas flow rates, reactor geometry
and operating principle determine the deposition rate and the properties of the film deposit.
Thin-film materials that can be prepared by CVD cover a tremendous range of elements
and compounds. Inorganic, organo-metallic, and organic reactants arc used as starting
materials. Gases are preferred because they can be readily controlled and distributed to the
reactor by means of pressure controllers, gauges, flow meters, and mass-flow controllers.
[20-22]. Liquid and solid reactants must be vaporized without decomposition at suitable
temperatures and transported [20] with a carrier gas through heated tubes to the reaction
chambcr which complicates processing, especially in the case of rcduccd-pressure systems.
CVD has become an important process technology in several industrial fields. For example,
hard, wear and corrosion resistant coatings of materials such oxide, carbides and nitrides

are used in tribological application [19].



2.2.1.1. PLASM A ENHANCED OR ASSISTED CVD

The main difference between the various CVD processes, such as thermal CVD,
laser and photo CVD, and plasma CVD, is the method of applying the energy required for
the CVD reaction to take place [17,19,20]. Figure 2.1 showed, the many derivatives of the
original thermal CVD process. These have arisen in response to energy required for the
CVD reaction, to a need to achieve specific coating characteristics, such as deposition at
lower temperatures (less than 300 "C) and pressures (~ 67 Pascal) [23]. Furthermore,
certain coating types, such as diamond [24-27], are only achievable using particular process
technologies and parameters. Thermal CVD relies on thermal energy to activate the
reaction, and deposition temperatures arc usually high. In plasma CVD, also known as
plasma-enhanced CVD (PECV) or plasma-assisted CVD (PACVD), the reaction is
activated by plasma and the deposition temperature is substantially lower (less than 300 "C)
[19,23]. In thermally driven CVD process, ground state species containing the elements to
be deposited are transported to the vicinity of the substrate surface where they diffuse to the
surface, adsorb on the surface, undergo chemical reactions and surface migration, and
eventually yield a solid film. Reaction by products also form, and they desorbs, diffuse
away into the main gas stream, and arc transported out of the chambcr. This sequence of
steps is summarized as follows [28]: transport of reactants to the growth region, mass
transport of reactants to the substrate surface, adsorption of reactants, physical-chemical
reactions yielding the solid film and reaction byproducts, desorption of byproducts, mass
transport of by products to the main gas stream and transport of by products away from the
growth region. When plasma is generated in a CVD environment, a fraction of the ground-
state parent species in the gas phase undergoes electron impact dissociation and excitation,
and highly reactive species are consequently generated [19, 28]. As a result, in addition to
the ground state species, these highly reactive species also diffuse to the surface, and

undergo similar processes of adsorption, chemical reactions, surface migration, and so on.

Principle of PECVD

Ifa gas (Hi, Ar, He and so on) is heated above a given temperature, eventually most
(not all) of these atoms become ionized, and plasma is formed which consists of ions (with
positive charge), electrons (with negative charge), and atoms that have not been ionized

(neutral) [20], In such plasma, the following events occur:



> In an electric field, the gases are ionized into electrons and ions. The electrons,

with their extremely small mass, arc quickly accelerated to high-energy levels.

> The heavier ions with their much greater inertia cannot respond to the rapid

changes in field direction. As a result, their temperature and that of the plasma
remain low, as opposed to the electron temperature (hence it’s called non-
isothermal plasma).

> The high-energy electrons collide with the gas molecules with resulting

dissociation and generation of reactive chemical spccies and the initiation of the
chemical reaction.

However in plasma process, since ionization temperatures are usually extremely
high (>5000K) [20], a large amount of thermal energy is required. A convenient way to
achieve plasma is with electrical energy. By increasing the clectrical energy in a fixed
amount of gas, all molecules arc eventually dissociated and complete ionization is
achieved. Mainly two types of plasma arc currently used in CVD: glow-discharge plasma
(non-isothcrmal) and arc plasma (isothermal). A glow discharge can be defined as a
partially ionized gas containing equal volume concentrations of positive and negative
charged spccies (mostly ions and electrons, respectively) and different concentrations of
ground-state and cxcitcd species [29,30]. The glow discharge owes its name to the fact that
plasma is luminous. The glow can be produced by applying a potential difference between
two clcctrodes in a gas. The potential drops rapidly close to the cathode, vary slowly in the
plasma, and change again close to the anode. The electric fields in the system are restricted
to sheaths at each of the electrodes. The sheath fields arc such as to repel electrons trying to
reach either electrode (Figure 2.3). Electrons originating at the cathode will be accelerated,
collide, transfer energy, leave by diffusion and recombination, slow by the anode and get

transferred into the outside circuit.
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Sheath region and corresponding voltage profile

Figure 2.3: Voltage distribution in a Direct current glow discharge process.

The luminous glow is produced because the electrons have enough energy to generate
visible light by excitation collisions. Since there is a continuous loss of electrons, there
must be an equal degree of ionization going on to maintain the steady state. The energy is
being continuously transferred out of the discharge and hence the energy balance must be
satisfied. This partially ionized gas can be generated by subjecting the gas to very high
temperatures or to strong electric or magnetic fields. In thermal plasmas, the electrons, ions,
and neutral species arc in local thermodynamic equilibrium. In non equilibrium or "cold"
plasmas, the electrons and ions are more energetic than the neutral species. The reactive
species produced in the plasma have lower energy barriers to physical and chemical
reactions than the parent species and, consequently, can react at lower temperatures.
PECVD uses these reactive species to deposit thin films at temperatures lower than those
possible with thermally driven CVD. The charged species in the glow discharge may also
affect the properties of the deposited films [31]. Glow-dischargc (non-isothcrmal) plasma is
generated in a gas by direct current (DC), alternative current and a high-frequency electric
field, such as microwave (2.45 GHz), at relatively low pressure [20]. Conventional direct
plasma process have some problems such as a higher sample temperature, which is set by

the discharge parameters and cannot be controlled independently, and a comparatively



higher operating pressure increases the possibility of surface contamination, which retards
the diffusion of nitrogen [32] . In contray to this, remote plasma CVD is a technique which
provides independent control of the generation of plasma [33-35] and is designed in such a
way that the plasma source is separated from substrate material. In this technique, only
certain desired species are excited by the glow discharge. These are then transported to the
vicinity of the substrate where the desired deposition reactions take place. The remote
plasma CVD technique does not require the substrate to be exposed to the plasma discharge
environment. Furthermore, it allows independent optimization of plasma parameters.
Microwave plasma can be produced by electron cyclotron resonance (ECR), through the
proper combination of electric and magnetic fields [33,36]. Cyclotron resonance is
achieved when the frequency of the alternating electric field is made to match the natural
frequency of the electrons orbiting the lines of force of the magnetic field. This occurs at
the standard microwave frequency of 2.45 GHz when it is coupled with a magnetic field of
875 Gauss Capacitive and inductive radio-frequency (RF) coupling plasma is generated at a
frequency of 13.56 MHz [37].

2.2.2. PHYSICAL VAPOR DEPOSITION (PVD)

Physical Vapour Deposition (PVD) is becoming increasingly important for small
engineering components. This is a deposition processes in which atoms or molecules of a
material are taken from a solid or liquid source, transported in the form of a vapor through a
vacuum and condensed on a substrate. PVD processes can be used to deposit films of
elemental, alloy, compound as well as some polymeric materials. PVD embraces mainly
evaporative deposition and sputtering in reactive or inert environments (Figure 2.1).
Process temperatures are relatively low, 400 to 600 °C [38], thus minimising distortion and
preserving the heat-treated state of the substrate. PVD processes have the advantage that
almost any inorganic material and many organic materials can be deposited using pollution-
free deposition processes. The deposits can be of single materials, layers with a graded
composition, multi layer coatings, or very thick deposits. PVD processes arc used to
deposit films with a thickness range from a few angstroms to thousands of angstroms.
Although one of the oldest techniques used for depositing thin films, thermal evaporation
or vacuum evaporation, is still widely used in the laboratory and in industry for depositing
metal and metal alloys. The following sequential basic steps take place: (i) a vapor is
generated by boiling or subliming a source material, (ii) the vapor is transported from the

source to the substrate, and (iii) the vapor is condensed to a solid film on the substrate
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surface Evaporants cover an extraordinary range of varying chemical reactivity and vapor
pressures [39] This vaniety leads to a large diversity of source including resistance-heated
filaments, electron beams, conduction, radiation, or RF induction, arcs, exploding wires,
and lasers Additional complications include source-container interactions, requirements for
high vacuum, precise substrate motion (to ensure uruformity) and the need for process
monitoring and control

Sputter techniques are used to deposit a wide range of matenals [40] Peculiar
features of the sputter deposition techmque are generally explained 1n terms of the energy
of the sputtered particles which are decomposed and enutted as a result of high energy 1on
bombardment m the plasma A complex variety of processes simultaneously occur
whenever energetic particles interact with a substrate or growing films

Reactive coating deposition takes place in an ert gas A partial pressure of
reactive gas supplies the carbon or mitrogen, and the metallic species 1s added to the system
by resistance heating, arc or electron beam evaporation, or sputtering from a solid target
Nitrides, carbides, oxides and so on, of metals have been deposited onto metallic
components to provide thin, hard layers of iert, low friction coefficient compounds
Ceramuc coating enhances the performance of cutting tools and has considerable potential

for many applications [41]

2221 SPUTTERING A THIN FILM DEPOSITION TECHNIQUE

Sputtering 1s a glow discharge process (details about glow discharge have been
described 1n section 22 1 1) Basically, sputtering device 1s divided 1nto (1) conventional
sputtering (DC Current, RF Current and so on) and (1) magnetron sputtering The DC
sputtering technique 1s the oldest construction with stmply a target held at a negative
potential, this construction ,1s however, not very efficient and need to be operated at a high

pressure and at a high target potential (2-3 KV) 1n order to sustain the discharge [42)

(a) Basic sputtering

In the basic sputtering process, a target or cathode plate, composed of the materials
to be deposited on samples, 1s bombarded by energetic 1ons These 10ns are generated n a
glow discharge plasma situated in front of the target The bombardment process causes the
removal or sputtering', of target atoms, which may then condense on a substrate as a thin
film [43] Secondary electrons are also enutted from the target surface as a result of the 1on

bombardment, and these electrons play an important role in maintaining the plasma The
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basic sputtering proccss has been known for many years and many materials have been
successfully deposited using this technique [44]. However, the proccss is limited by low
deposition rates, low ionisation efficiencies in the plasma, and high substrate heating effects
[42]. These limitations have been overcome by the development of a process called

magnetron sputtering.

(b) Magnetron sputtering

Magnetron sputtering utilises a magnetic field parallel to the target surface, which
in combination with the clcctrical field causes the secondary electrons to orbit in a closed
circuit in front of the target surface. The force involved is termed the Lorentz force. This
arrangement traps the electron and also creatcs a long electron path near the target surface.
This proccss increased ionisation efficiency, compared with the DC sputtering technique.
This is bccausc each electron is able to ionise more working gas atoms close to the target
surface, which in turn results in increased ion bombardment of the target and, therefore, a
higher evaporation rate. Due to the increased ionisation achieved using magnetron
sputtering, the glow discharge will be maintained at lower operating pressures (0.1 Pascal)
and at lower operating voltage (500 V) than that used during DC sputtering (operating
pressure - 1 Pascal and voltage 2-3 KV) [42,45]. A low working pressure will increase the
deposition rate due to reduced scattering of the evaporated atoms. In addition, the trapping
of the electrons by clectric and magnetic fields near the target, results in lowered electron
bombardment of the substrate and hence lower temperatures at the substrate surface. lons
are not trapped and therefore beneficial ion bombardment of the film continues. During the
sputtering process it is also possible to use a reactive gas. The process is then referred to as
reactive sputtering. During reactive sputtering the partial pressure of the reactive gas is
carefully regulated, to keep a wanted covering of the target by reactive compound and get

the correct stoichiometry of the coating.

(c) Development of Magnetron sputtering

Step by step modifications of the magnetron sputtering system have occurred over
last few years in research. One such modification is the RF power supply (RF diode),
enabling sputtering of dielectric compounds which is not possible using the normal DC
process (DC diode) due to the charging effect. This technique avoids charge built up on the
target surface by switching the polarity of target. By doing this, arc discharges on the target
surfacc that may occur when sputtering low conductivity materials, arc minimised. A

balanced or conventional magnetron is configured in such a way that the magnetic fluxes of
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the opposing magnetic poles are equal (Figure 2.4 (a)), that means, the surface of both the
north and south poles of the magnetron are equal. In this magnetron the plasma is strongly

confined near to the target region.

to be treated |

Low current density

Plasma
| jr>iet (Material to he deposited) | arget (Material to be deposited)
N S N
Conventional balanced Unbalanced magnetron
magnetron arrangement arrangement
(a) (b)

Figure 2.4: Schematic diagram of conventional and unbalanced magnetrons configuration.

Films grown on substrates positioned near to the target region will be subjected to
concurrent ion bombardment which can strongly influence the structure and properties of
the growing film. Substrates placed outside this region, however, will lie in an area of low
plasma density. The ion current drawn at the substrate is generally insufficient to modify
the structure of the film. The energy of the bombarding ions can be increased by increasing
the negative bias applied to the substrate. However, this can lead to defects in the film and
increased film stress and therefore be detrimental to the overall film properties. Thus, it is
difficult to deposit fully dense films on large or complex components using the
conventional magnetrons [46J. However, these problems can be solved by using the

unbalanced magnetrons arrangement.
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Figure 2.5: Closed field unbalanced magnetron sputtering (CFUBMS) configurations.

(Where “N” and “S” indicate the north and south pole respectively) [47]

In an unbalanced magnetron the outer ring of magnets is strengthened relative to the
central pole. A schematic diagram of the unbalanced magnetron configuration is shown in
figure 2.4 (b). In an unbalanced magnetron, not all the field lines are closed between the
central and outer poles in the magnetron, but some are directed towards the substrate, and
some secondary electrons are able to follow these field lines Consequently, the plasma is
no longer strongly confined to the target region, but is also allowed to flow out towards the
substrate. Therefore, high ion currents can be extracted from the plasma without the need to
externally bias the substrate. Although unbalanced magnetrons proved some good
advantage, it is still difficult to uniformly coat complex components at acceptable rates
from a single source Multiple magnetron systems have been introduced to overcome this
drawback. In a multiple magnetron system, the magnetic arrays in adjacent magnetrons can
be configured with opposite magnetic polarities (north and south) to create a closed field

arrangement'. The configuration of magnetron and target is shown in figure 2.5. In the
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closed field configuration, the field lines are linked between the magnetrons Losses of
electron to the chamber walls are low and the substrate lies 1n a high density plasma region
Operating 1n the closed field mode results 1n an 10n-to-atom ratio incident at the substrate
some two to three times greater than that obtaned under single unbalanced magnetron
configurations [48] The influence of the closed magnetic field on the ion-to-atom ratio
becomes more significant as the distance from the target increases Moreover, due to recent
development 1n magnetron design and the introduction of rare earth magnets, very high
magnetic field strengths at the target surface are obtainable [49-51] The increased field
strength 1ncreases the 10omisation efficiency in the plasma, which n turn, results in a good
quality coating In general, the most commercially useful coatings tend to be ceramic
materials, including oxides, mitrides and carbides These matenals can be deposited by
sputtering a metallic target in the presence of the appropnate reactive gas Single element
nitrides, most commonly titanium nitride, are now routinely produced by magnetron
sputtering However, the multiple magnetron CFUBMS systems are 1deally suited to the
deposition of multi-component, or alloy nitrides, as each of the magnetron targets can, 1n
principle, be of a different material By sputtering the targets at different rates, any desired
alloy composition can be attained Moreover, by varying either the sputtering rates or the
flow of reactive gas during deposition, composition, and, therefore, properties can be
graded through the thickness of the coating In this manner, properties can be optimised,
both at the coating and substrate interface for adhesion, and at the coating surface for the

desired functionality

2.2.3. COMPARISON BETWEEN CVD AND PVD PROCESSES

The main difference between CVD and PVD 1s how the coating maternals are evaporated
and the process temperature Typical deposition temperatures in PVD processes are 200-
500 °C but recently also processes running at lower temperatures have been developed [52]
Traditionally, the temperature 1s 1n the range 600-1100 °C for thermally activated CVD
processes Today, as a result of extensive research, CVD processes where the reaction 1s
activated by for example plasma or laser at significantly lower temperatures are available
[52] Plasma CVD combines a chemical and a physical process to bridge the gap between
CVD and PVD In this respect, 1t 1s similar to PVD processes operating in a chemucal
environment, such as reactive sputtering A general comparison between PVD, Thermal

CVD and PECVD processes has been given 1n table 2 1
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Table 2 1 General comparison between PVD, Thermal CVD and PECVD processes [23,

52-54],
PVD Thermal CVD PECVD
(Sputtering)
Mechamsm of production of momentum chemical reaction chemical reaction
depositing species transfer
Deposition temperature 200-500°C 600-1100 °C below 300 °C
Depositing rate low except for moderate moderate
pure metal
Energy of deposited species can be lmgh (1- low can be high
100 ev)
Throwing power good, But non- good good
uniform thickness
distribution
Operating pressure carried out under  ambient pressure a moderate vacuum
low-medium (~0133-133
vacuum (below Pascal)
~1 3 Pascal)
Source matenals sold volatile iquid / volatile hqud /
gases gases
Source of Energy plasma heat plasma
Impunty incorporation (such as low hgh low
organic groups etc)
Step Coverage moderate good good
Density high moderate high
Range of Matenal can deposited high medium medium
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2.3. SURFACE MODIFICATION

Surface treatment 1s a process through which properties of the surface tailored
without adding any layer on top substrate surface Surface treatment such as, surface
hardening of steels by carburising to sharpen the cutting edges of tools and weapons has
been practised since the passing of the Bronze age [55] However the new technology of
plasma-assisted carburising (and mitriding) 1s greatly improved variant of this old process,
offering a higher degree of control and sophistication with economy and much enhanced
properties and mmproved quality i turn With the progress of technology, further
improvement of the plasma-assisted process like pulsed plasma mtriding or laser treatment
processes like laser nitriding or laser carburismg are also continuing Details classification
of surface modification methods 1s shown 1n figure 2 1 Surface modification usually can be
divided into two groups (a) By mucrostructural modification modifying the surface
without altering the substrate's chemical constitution, (b) By chemucal modification

changing the surface layers by altering the alloy chemustry

2.3.1. MICROSTRUCTURAL MODIFICATION

In this case the surface microstructure 1s modified without altering the substrate's
chemucal constitution and without or little change of the core This treatment 1s mostly used

for ferrous matenals There are two alternative methods for modifying the surface

(a) Microstructural modification by heating

In this case, instead of heating the whole component (as 1 through hardening),
only the surface 1s affected, so that the bulk properties, specifically the toughness, remain
unaffected, and component distortion 1s minimized In most treatments, a thin surface shell
of ferrous materal 1s rapidly heated to a temperature above the critical pomt so that steel
changes the microstructure from a bec lattice, ferrite, to an fec lattice, austemite The quick
quenching of the steel transforms austenite to body centered tetragonal structure, martensite
(a phase with high hardness) Two treatments are being widely used, induction and flame
hardening while electron beam and laser hardening have also become popular [S6] As

close control cannot be maintained by flame hardening, 1t 1s usually for large parts Such
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processes produce parts which must be post ground 1n order to achieve the correct size and
to provide a good surface fimish As the build-up of energy in laser and electron beam
hardening 1s rapid and well controlled, post heat treatment operations are not necessary 1n
many cases Very thin surface layers (02 [57] - 06 [58] mm) can be hardened by laser
hardening They produce almost no features that would be detrimental to opposmg surface,

but the processes are unlikely to be applied to lightweight alloys of titanium or aluminum

(b) Microstructural modification by mechamcal working

While a ductile metal 1s deformed plastically below the recrystallization
temperature, dislocations are produced in numbers proportionate to the degree of
deformation A complicated network of interlocking dislocation 1s produced which impedes
the dislocation movement and the metal 1s strengthened or work-hardened Cold working
the surface by metal working, shot peening, shot blasting or other specialized machining
processes to produce deformed layers increases the stored energy and compressive stress,
thereby increasing the hardness, fatigue and stress corrosion resistance The process 1s
highly controlled and leaves no residues or inclusions 1n the surface Shot peening can be
applied to lightweight alloys to provide a controlled surface texture For example, 1t can be

used to influence friction or prior to the deposition of a solid lubricant coating

2.3.2. CHEMICAL MODIFICATION

In this category, both surface microstructure and composition 1s changed either by
the incorporation of carbon, mitrogen, boron, or occasionally other elements through

diffusion or implantation 1nto the matenial It can be divided into two categories

2321 THERMOCHEMICAL DIFFUSION TREATMENT

Thermochemical diffusion treatment i1s a combination of heat treatment and
chemical processes 1n which the chemical composition of the surface layers of a component
1s modified at elevated temperatures through diffusion The typical elements diffused into
the surface include nonmetallic elements (C, N) metalloids (B, S1) and metals (Cr, Al) [59-
61] Depending on to the elements to be incorporated into the material, thermochemucal
diffusion process can be divided nto intersuitial diffusion or metallic substitution by

elements or metalloids In the case of interstitial diffusion, the diffusion element or
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elements enter into the solution at the metal surface With increasing concentration of the
diffused elements, the solubility limuts are exceeded and the second phase may be
precipitated Any further increase in concentration forms a continuous layer on the outer
exposed surface The most common interstitial diffusion processes are mnitriding,
carbunzing, mtrocarburizing, carbonitriding, surface alloying and boronising [59,60,62]
Interstitial element diffusion into steels falls into two categories those carried out at low a
temperature, within the ferntic range, or high temperature treatments in the austenitic
range Ferntic processes involve the introduction of element (s) into the ferrite phase
Ferntic processes imnclude gas mitriding plasma mtnding and mtrocarburising

processes They are used to increase the hardness and wear resistance of a steel surface
Nitriding of low alloy steels for gears 1s 1deal, but if a lightweight material (titanium) 1s
required, only the technique of plasma mitriding can be applied Austenitic processes
involve the mtroduction of element (s) into the austenite phase The austenitic treatments
broadly include carbunsing employing sohid (pack), hquid (salt bath) or gaseous media,
carbonitriding and boronising They are performed at temperatures near 900 °C [61] and
produce much greater case depths (up to several mm) than the ferritic treatments
Thermochemucal diffusion processes can be divided into five categories according to the
treatment media used [59-61]

1) Pack process (such as pack carburising, and boriding)

2) Salt bath process (salt-bath carburising, carbonitriding, and boriding)

3) Gaseous process (gas carbunsing, carbonitriding, nitnding, and boriding)

4) Vacuum and plasma process (vacuum carburising, plasma carburising and nitriding)

5) Laser process (laser carburising and nitriding)

Gas and vacuum processes produce better quality cases with more precise control of

the diffused element profile than the pack and salt bath processes Later processes are very
cheap and simpler to use Plasma processes produce better quality cases in a considerably

reduced treatment time or temperature

2322 ION IMPLANTATION

Ion 1mmplantation 1s not a coating process It bears a great resemblance to mtriding
and shot peening rather than to coatings The essential feature of 10n implantation generally
involves positive 1on production, acceleration and delivery to the surface of a base matenal

If the energy of the 10ns 1s high enough, they will go nto the surface and change the surface
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composition. If this material is an clcctrical conductor, acceleration to the desired energy
can be accomplished near the surface [63]. If the material is not conductivc then
acceleration must take place remotely, cither near the positive ion production source or near
clcctrodces that possess the contour of the surface and can be placcd adjacent to it. If the
material is an electrical insulator, or if the ion energies arc low, electrons or negative ions
may have to be injectcd with positive ions to prevent surface charging, which leads, in tum,
to deflection of ions away from the surface [63]. Three different ion implantation processes
are identified, namely, beam line ion implantation, direct ion implantation and plasma
immersion or plasma source ion implantation (PI11/P13or PSII) [43].

The implanted specics occupy interstitial sites and distort the latticc. It is a low temperature
proccss, typically 150 °C for small items and less for larger components [61]. The ions
become embedded into the substrate lattice to a depth of 0.01 tol jim, controlled by the
incident ion energy in the range of 50-500 keV. The implantation parameters that are
controlled directly to establish the thermal power, radiation damage and concentration of
incident atoms in the treated surface layer are the ion energy, ion current density, the
implantation time and the particular specics implanted. By establishing the correct balancc
between the thermal input power from the ions and heat removal rate via radiation and/or
conduction to some heat sink, very precise control of the surface temperature can also be
achieved. The usefulness and breadth of applicability of the proccss lies in the fact that
these five parameters (energy, current density, specics, time and temperature) can be
controlled independently and with great precision to achieve a desired microstructure,
composition and thickness of engineered surface layers. When it is possible to implant any
ionic specics to engineer desired surface properties, it is generally easier to implant species
that are gaseous either at room temperature or have a relatively modest vaporization
temperature. The general shortcomings of ion implantation are high cost, inability to
producc thick layers and inability to treat geometrically complex surfaces, have largely
been overcome in recent years. This has been accomplished by processing at high current
densities and elevated target surface temperatures [64,65], and by using Plasma source ion

implantation [66] or Plasma immersion ion implantation [67] techniques.
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2.3.3. PLASMA NITRIDING: AN IMPROVED METHOD FOR
SURFACE TREATMENT

Nitriding is a thcrmochcmical surface treatment process for ferrous/austcnitic alloys
involving the introduction of atomic nitrogen into the ferrite phase at a wide range of
temperature (590-340 °C) [60]. The nitrogen then reacts with steel and produces hard, wear
resistance iron-alloy nitrogen compounds. Various nitriding methods, such as, gas nitriding,
liquid nitriding and carbonitriding, have been applied to various ferrous alloys to achieve
superior surface hardness. Plasma nitriding, also called lon nitriding or Glow discharge
nitriding or Plasma assisted nitriding, is now widely used for surface hardening of ferrous
(steel) and non-ferrous materials (Ti and Al) in the manufacturing industry for surface

modifications, such as improving hardness, fatigue and wear resistance [68-70].

2.3.3.1. METHODS OF PLASMA NITRIDING

Broadly, plasma nitriding can be classified into two categories according to the
method of sustaining the plasma during nitriding: conventional DC or DC diode and

enhanced or intensified plasma nitriding.

(a) Conventional or DC diode plasma nitriding

Plasma nitriding by a DC glow discharge is generally efficient for numerous
materials such as low-alloyed steels and tool steels. It is usually carried out under a near
vacuum (100-1000 Pa) and with a moderate substrate voltage (0.3-0.8 kV) [70]. Glow
discharge plasma is set up in a vacuum chamber by introducing nitrogen gas and applying a
DC potential where the workpieces form the cathode with respect to the vacuum vessel. In
this configuration, a large cathode sheath (a few centimetres) surrounds the nitriding
substrates. The nitrogen and hydrogen ions and neutral atoms accelerate towards the
workpiece and heat it via the transfer of Kinetic energy. The nitrogen and hydrogen ions
bombard the cathode surface and remove oxide and other contaminants providing a
sputtering effect. In case of small samples ion bombardment can heat the sample to the
nitriding temperature, whereas for large samples auxiliary resistive heating is necessary.
Parts arc held for a period of time to allow nitrogen atoms diffuse into the substrate and
react with the alloy constituent of ferrous material or with the bulk material (Ti or Al) to

form the nitride compound.
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Depending on the process parameters and the steel compositions, like other
conventional nitriding, two zones are formed: a diffusion zone and a compound zone on top
of the diffusion zone, consisting of a solid solution of N in Fc and precipitates of the
nitrided alloying elements dispersed on the microstructure. In the compound zone, y“
(FC4N) and e-(Fez2-sN) intermetal lies as well as nitrides with alloying elements arc formed.
These compound layers are called white layers because they appear white on polished and
etched surfaces [71]. This method is also called cathode nitriding as the substrates become
the cathode. However, it has also been reported that nitriding of a substrate surface can be
achieved by RF nitriding [72] or by anodic plasma nitriding [73]. In RF nitriding the
substrate is held at a negative potential (about-100 V [72]), which means that it can be
considered as a modification of the cathodic process. In anodic plasma nitriding, the
discharge anode is nitrided and so the nitrided parts are at the positive potential [73]. In this
ease, surfaces of treated parts are, however, not only nitrided but also cnrichcd by material
from the cathode, which is sputtered in the nitriding discharge. As the material of the
cathode can be different from that of samples to be nitrided, the surfaces of nitrided
substrates can be modified by the addition of selected materials, such as Mo, Cr, Ti, V, C,
and so on. The sputtered material transferred onto the surface of a treated sample forms a
surface layer of nitrides from the deposited material.

Czerwiec et al. [32] identified some problems with the conventional plasma
nitriding. In this process, the substrate temperature is dominated by the discharge
parameters and cannot be set independently from the plasma reactivity. The minimum
current density necessary to maintain an abnormal glow discharge can be high, leading thus
to workpiece ovcrtcmpering. The substrate voltage can also entail surface finish
degradation and distortion for a large number of materials of practical interest. Also, at
rather high operating pressures (about 1000 Pa) used in conventional nitriding, the surface
of the substrates is sensitive to impurity contamination, which can block nitrogen uptake.
The sputtering of the cathode in anodic nitriding plasma nitriding discharge is, however,
too slow due to high-pressure (about 1000 Pa). Instead of using the DC power supply;
pulsed power supply has significantly improved the performance of the conventional

plasma nitriding process [34].
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(b) Enhanced /intensified plasma nitriding: Toward low temperature and low-
pressure nitriding

To overcome some of these problems the introduction of new generation low-
pressure low temperature, and high-density plasma sources has led to the development of
an enhanced or intensified Plasma Assisted Nitriding (PAN) concept [34]. They can
provide low-pressure low temperature treatment along with are deduction in nitriding time.
Because of the reduced collisionality at the lower pressure, the plasma contains a large
number of active species, which increases the nitriding efficiency. Lower temperature
means lower cost, less distortion and less surface roughening. Perhaps more importantly,
ccrtain alloys suffer degradation of their properties at the temperatures normally associated
with conventional processes. For example. Plasma nitriding at temperatures above 480 °C,
while giving significant improvement in wear resistance, tends to affcct adversely the
corrosion performance of stainless steels owing to the precipitation of CrN, which removes
Cr from solid solution [74-76]. Lowering the process temperature widens the range of
alloys and components that can be treated. Plasma nitriding at low temperature also allows
the development of duplex plasma treatments where the nitridcd surfaces are subsequently
coated by PVD or CVD techniques [77]. Recently, Mandl et al. [78] used plasma-
immersion ion implantation and found a very small fraction of chromium nitride on the
surface. The concentration of the CrN precipitates depends upon the nitriding temperature
and on the concentrations of chromium and carbon in the steel, as well as on the nitriding
potential [79]. The currently used plasma-assisted techniques for low-pressure nitriding
(0.1-10 Pa) can be classified under the following four categories (Figure 2.6): (1)
thermionically assisted d. c. triode (TAT); (2) plasma immersion ion implantation (PHI) or
plasma source ion implantation (PSI1); (3) electron cyclotron resonance (ECR) systems; (4)
thermionic arc discharge (TAD) [34]

(i) Thermionically assisted d. c. triode (TAT)
The triode arrangement is generally composed of a positive electrode and a

thermionic electron source in addition to the conventional diode system. The additional
electrons produced by thermionic source are then attracted by positive electrode and
increase the ionisation of the plasma, which in turn reduces the pressure. One of the earliest

successful applications of this process was reported by Korhoncn ct al. [80,81 ].
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The advantage of the themiionically assisted triodc system relates to the ability to adjust the
current density (2-4 mAcm'2) independently from the substrate potential, by changing the
diode parameters of the electron emitter. This discharge can be operated at low pressures
(1-10 Pa in N2 or Ar-N2gas mixtures), because the supply of electrons is no longer

dependent on the rate of ionic bombardment of the cathode [82,83].

Figure 2.6: Schematic view of a thcrmionically assisted d. c. triode (a), plasma immersion
ion implantation or plasma source implantation (b), electron cyclotron resonance (c) and

thermionic arc discharge (d) for plasma-assisted nitriding (adapted from [34]).
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Owing to the higher current densities triode nitriding can be performed at lower voltage
than those used in diode nitriding [84, 85]. Most of the work on triode nitriding was

performed by two groups: Matthews ct al. [84-88] and Meletis and et al. [89].

(i) Plasma immersion ion implantation (Pill) or plasma source ion implantation (PSII)
Plasma immersion ion implantation (Pill or PI3) or Plasma source ion implantation
(PSII) arc new hybrid technologies combining elements from ion implantation with
elements from conventional ion nitriding for the surfacc modification of materials. Both
designations are currently used in the literature to designate similar processes, PI3is
generally used in Australia [75,90-92] and PSII in the USA [93]. Generally both systems
can be called Plasma Implantation (PI). In PI, the substrate to be nitridcd is immersed in
plasma, and ions arc extracted directly from the plasma and accelerated by applying a series
of negative high-voltage triode pulses (10-50 kV; pulse length, 2-100 s; repetition rate, 100-
200 Hz) [34,94,95] to the substrate, thus eliminating the line-of-sight restrictions of
conventional ion implantation. The accelerated nitrogen ions are implanted into the
samples. The ion bombardment causes significant heating from 200 “C to temperatures
typical of conventional plasma nitriding and this can result in the diffusion of nitrogen well
beyond the implantation range [94-96]. This allows the extremely shallow implanted depth
limitation to be overcome and brings about large increases in surface hardness and
improvements in the wear resistance. Another advantage of the proccss is the formation of
a plasma sheath around the target which causes ions to bombard the target normal to the
surface, thus minimising material sputtering caused by the oblique incidcncc in diode
nitriding. The pulsing of the voltage is essential to achieve spatial uniformity and a uniform
implantation depth. In PSII, the plasma is generated by a conventional filament discharge

whereas it is created by an inductively coupled radio-frequency discharge in PIII.

(iii) Electron cyclotron resonance (ECR) systems

In this system, the workpiece is placed in electron cyclotron resonance (ECR)
microwave plasma and biased to a low-pulsed negative potential of - 0.4 to - 3 kV [96],
which is much lower than the potential used for the Pl process. The process temperature is
150 - 480 °C [96] and this is regulated by an auxiliary heater. Efficient nitriding can be
achieved at a low pressure (0.1-1 Pa) using this process. This new low-temperature, low-
pressure nitriding approach is called “plasma source ion nitriding” [96,97]. ECR nitriding

has several advantageous over other processes [98,99]. This included (i) high plasma
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reactivity induced by effective production of active species at elevated electron
temperatures and densities, (ii) a high degree of plasma uniformity over large areas, (iii) no
contamination of substrate surfaces from additional electrodes and (iv) effective plasma
nitriding can be achieved even outside the discharge (the substrate to ECR plasma distance
can be up to 750 mm, whereas the standard distance is 250 mm) [98]. Plasma source ion
nitriding has been demonstrated as a new low-temperature, low-pressure nitriding
approach, which provides great experimental flexibility, low unit cost, and technologically

simple apparatus design. The latter enables easy scaling to industrial applications.

(iv) Thermionic arc discharge (TAD)

D’Haen et al. [100] developed an arc-assisted nitriding process, where they have
used a thermionic arc of the type widely used in activated reactive ion plating processes
(ARIP). A high-current (100-300 A), low-voltage (25-40 V) TAD is generated in argon in
an ionization chamber mounted on the top of the nitriding reactor itself. Unlike the ARIP
process, where the arc plasma is more or less confined to an anodic crucible, the PAN
reactor attempts to spread the plasma emanating from the ionisation chamber uniformly
over the nitriding chamber. This is achieved by suitable magnetic field configurations and
segmented anodes lining the reactor wall. Substrates are loaded freely between anodes and
the ionisation chambers). These segmented anodes and the hot filaments in the ionisation
chamber create uniform low-pressure plasma in the reactor (0.4-0.8 Pa) [34]. In the PAN
reactor, an additional resistive heater produces a uniform temperature over a large payload.
This technique has been called the arc-assisted nitriding’ process. The fact that nitriding in
this process is caused by nitrogen atoms, rather than nitrogen ions, is confirmed by the
observation that the substrate bias potential has either an insignificant influence or no
influence at all on the nitriding rate. Therefore the substrates can be left floating. The low
plasma potential of this discharge (-5 to 15 V) ensures that sputtering is negligible on the
substrate surface [34]. This feature allows, for the first time, nitriding without degradation

of the surface finish and is the key to integrated duplex processes.
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2.3.3.2. MODEL FOR PLASMA NITRIDING

Czerwiec et al. [32,34] proposed a plasma nitriding model identifying four different
nitriding routes for plasma assisted nitriding as shown in figure 2.7: (1) physisorption route;
(2) direct chemisorption route; (3) bulk phase dissociation route; (4) ion implantation route.

Nitrogen molecules will be adsorbed by the surface to form a physisorbed layer.

Figure 2.7: Schematic representation of the model proposed for plasma-assisted nitriding
(adapted from [34]).

29



Nitrogen molecule diffusion in the metal can be neglected. Different reaction paths
link this physisorbcd nitrogen to a layer of chemisorbed nitrogen: unimolccular
decomposition, catalytic decomposition, and plasma-induced dissociation. Direct
chemisorption and atomic adsorption produce chemisorbed nitrogen directly. lon
implantation produces absorbed nitrogen directly. It was assumed that the absorbed
nitrogen was the starting point for the nitrogen diffusion. In view of the material published
on the different processes, the following conclusions were proposed: gas nitriding proceeds
exclusively via the physisorption route. Diode nitriding may combine contributions from all
four routes. TAD, ECR and post-discharge nitriding proceed probably mainly via the bulk
phase dissociation route. Pl has certainly a large contribution from the implantation route.
The following ranking with respect to the rate for the different routes was also proposed:

implantation > bulk phase dissociation > chemisorption > physisorption [34].

2.3.3.3. ROLE OF PROCESS GAS DURING PLASMA NITRIDING

There is lot of controversy over the addition of adding gases other than nitrogen
during the plasma nitriding process. The addition of argon in diode nitriding is reported to
give no improvement in nitriding effects [101]. But the presence of argon in low-pressure
nitriding has, however, been reported to increase hardness and it may be beneficial (either
alone or in combination with hydrogen) in controlling white layer effects and/or modifying
surface layer morphology [70]. The addition of neon in a low-pressure plasma nitriding
effectively increased the nitrogen ion flux with maximum energy to the substrate due to the
penning ionization of nitrogen by neon [87]. It is known that nitriding of steels is greatly
affected by the presence of hydrogen [69]. It was related to the fact that H+ions, which
have lower mass and higher kinetic energy than N+ ions under the same conditions of
pressures, voltage, and temperature, can dissociate N2 molecules into NH* species through
collision at lower energy [102]. NH* species seem to dissociate prior to reaching the surface
of the cathode to produce active nitrogen atoms [101,103]. Recently, it was observed that
the introduction of highly energetic hydrogen specics during the plasma nitriding process
would remove the chromium on the surface by chemical reactions. An increase of the
hydrogen concentration decreased the CrN concentration on the surface. This suggests that

hydrogen should play an important role during the nitriding process [79].
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2.33.4. FUTURE DIRECTION

In most surface-hardening applications, cnhanccd plasma nitriding is expected
ultimately to replace conventional nitriding. It is more economical because it introduces
faster nitrogen diffusion, which in turn allows for lower nitriding temperatures or shorter
treatment times. It has other advantages, such as, it result in improved corrosion resistance,
it is an environmentally friendly process, and almost no distortion of the treated parts
results. Although the companies are increasingly inclined towards the use of this process, it
still hasn't reached full industrial market maturity due to the more costly and time-
consuming vacuum environment required.

Plasma nitriding is a “surface hardening heat treatment that introduces nitrogen into
the surface” of a material. As such it docs not affect the properties of the rest of the
material. This relatively new process has many advantages over traditional nitriding
process, such as Salt Bath Nitriding and Gas Nitriding, including cost, consistency of
hardness, increased environment protection and it docs not cause roughening of the surface.
The hardness is increased due to the formation of nitrides combined with other elements in
the material such as chromium nitrides, iron nitrides and carbon nitrides the amount, type
and distribution of which determines the hardness level. Compressive residual stresses are
set up in the nitridcd layers of the material and are beneficial as regards wear. This process
does not add extra weight to the material and so can be used for orthopaedic applications.
At its optimal this process provides a surface which has an improved wear resistance,

fatigue strength and corrosion resistance.
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2.4. SURFACE COATING

The modification of the surface properties of a material by using a surface
engineering process to apply a thin hard coating has long been proven to be a hugely
successful way of improving tribological properties. As nitrided layers produced by
different nitriding process may not be sufficient enough to combat severe wear and
corrosion conditions, a significant number of hard coatings such as TiN, TiCN, and TiAIN
and so on, have been used to improve the performance and extend the life of a component.
But yet, all these coating face a number of problems such as insufficient load bearing
capacity, poor adhesion strength, stress development, poor tribological properties
(hardness, friction and wear properties) and so on. Among all this properties, load-bearing
capacity and adhesion strength of deposit arc very important as they largely control the

final performance of the deposited coating.

24.1. LOAD BEARING CAPACITY AND ADHESION

The ability of coatcd component to withstand loads and stresses without large
deformation or coating failure is called the load-bearing capacity [104]. Failure of thin hard
coatings may occur due to the plastic deformation of a substrate with insufficient strength
(that means, low load bearing capacity) [105]. Whereas, the word adhesion is frequently
used in a broad sense to describe the sticking together of two materials with or without an
intermediate layer, and terms autohcsion (or homohesion) and heterohcsion have been
introduced to describe situations where the two materials are either identical or dissimilar,
respectively. These words arc used rather loosely to describe complex situations since the
average adhesive joint has two interfaces at which adhesive failure can occur and three
regions of possible cohesive failure. The term adhesion should be strictly reserved for the
bonding at an interface between two different materials and carries the implication of
intimate contact at the interface. The closest approach to perfect contact is obtained by
condensing vapor atoms directly on a solid surface to form a thin film, as in the various
methods of vacuum deposition [106]. Load bearing capacity and or adhesion can be
increased in the following way.

(i) By using a high hardness, high stiffness substrate, that means, tool steel,

cementite carbide and so on.
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(i) In ease a of low hardness substrate a) adding a layer of a new material or (b)
modification of the existing surface by case hardening, nitriding or ion
implanting

(a) Adding a layer of a new material

The purpose of the intermediate layer is to increase the adhesion and in some cases
also to protect the substrate from plastic deformation. In order to protect the substrate from
plastic deformation, the layer must provide good load-carrying support to the brittle
ceramic coatings, that means hinder cracking and premature coating failure. In order to
meet these demands, the load-carrying layer has to be considerably thicker and tougher than
the thin brittle coating but at the same time harder and stiffer than the base material. In
generally, a ceramic interlayer is used to improve the load-bearing capacity of the substrate
[107]. Again, in hard coating applications, adhesion of coating materials to substrate
materials is one of the most important. Generally, nitrides of transition metals, such as TiN,
WN and ZrN deposited by a PVD process exhibit a poor adhesion to substrate materials
[108]. In spite of few disadvantages, PVD processes arc convenient and extremely
industrialized coating technique for refractory materials [108]. The use of an interface layer
with the correct materials combination has been found to enhance the adhesion of coatings
deposited by a PVD process [I], This techniques shows promise for future development.
For example, a pure Ti or a sub-stoichiomctric TiN interface interlayer has been used to
improve the adhesion of TiN coatings [108-110]. The increase in adhesion brought about
by the interface layer is thought to be due to mixing of the transition layer which results in
improved bonding at the TiN- substrate interface [109-110]. The interdiffusion zone
broadens with the Ti interlayer, to some extent, overlaps the Ti interlayer; it helps to
increase the adhesion of TiN. On the basis of this hypothesis, by making a composition
change in the interface transition region gradient, both chcmical and mcchanical bondings
are expected to be improved. In addition interface layers are thought to prevent the growth
of a fatigue crack during loading of the surface, possibly resulting in an increase in micro
hardness. It is also believed that the improvement of adhesion with precoating is closely
related to a plastic deformation of the interlayer, which could reduce the stress
concentration which causes the failure of the compound film.

One of the major factors causing film failure during deposition processes or
application of coatings is the stress discontinuity at the interface between the deposited film
and substrate [111]. This stress discontinuity at the interface is generated by the differences
between their elastic modulii and thermal expansion coefficient and results in either

compressive or tensile residual stresses in the coating. Therefore it is of critical importance
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to reduce these residual stresses as small as possible in hard coatings Traditionally, a metal
interlayer is used to improve adhesion as described above. However, it has recently been
reported that a graded interlayer formation with a gradual change of composition between
the top hard coating and the soft substrate can be achieved by depositing an intermediate
layer [112-114]. This reduces the abrupt discontinuity and improves the mechanical and
tribological properties considerably [112,113,115-117]. For example, a greater
improvement in adhesion, can be attained using a gradient Ti-TiNx interlayer than using a
single Ti intermediate layer. The deposition of this Ti-TiNx intermediate layer reduces the
hardness gradient and residual stress gradient between the substrate and the stoichiometnc
TiN [118].
(b) Modification of existing surface

Thin hard coatings can provide a surface with dramatically improved properties in
terms of low friction and high resistance to wear and corrosion, but catastrophic premature
failure will occur if the substrate plastically deforms under a high load [107,119-121]. An
innovative approach to solve this problem is to design and develop duplex diffusion/coating
treatments [122,123]. A details description of duplex and graded coatings/interlayers have

is presented in the next section.

2.4.2. COATING WITH ADVANCED DESIGN

Several new generation coatings have recently drawn the attention of the
tribologists with the intention of achieving further improvement of properties over the

traditional single layer homogeneous coating [11,12] (Figure 2.8).

Figure 2.8: Advanced coating for future application
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Possible structures of some of these coatings are shown in the figure 2.9. In the following

sections the potential of these coatings will be discussed briefly.

Gradient

Multilayer Superlattice Duplex
treatment

Figure 2.9: Possible architecture of some selected advanced coating [124],

2.4.2.1. GRADIENT COATING

(a) Compositional!)' graded coating

Multicomponent coatings can readily improve the coating hardness via alloying.
However, coating alloyed nitrides directly on substrate surfaces usually reduces the
adhesion strength due to higher brittleness and residual stress. Gradient coatings are a type
of multicomponent coating in which the compositions continuously change when moving
from the substrate to the coating surface. This allows the properties of the coating at
different depths from the surface to be varied with no visible interface [13]. One advantage
of such coatings is that problems associated with interfaces in conventional multi-layered

coatings are eliminated [125]. A graded coating composition or structure improves the load
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carrying capacity by offering smoother transitions in mechanical properties from those of
the hard and stiff coating to those of the softer and more flexible substrate.

Compositionally graded films arc mainly applied for thermal barrier coatings and
wear resistance coatings [126]. Instead of homogeneous multicomponent coatings with
discontinuous phases, graded coatings are expected to be more effective in terms of
adhesion, wear, thermal shock and corrosion resistance [126,127]. The most frequently
reported compositionally gradient coating is TIAIN [112,127-129]. Composition of the film
is controlled in such a way that the Ti-rich composition is formed near the substrate layer
and the Al-rich composition near the surface layer, which would improve the adhesive
strength while maintaining the hardness, oxidation and wear resistance properties.
Experimental results have shown that the adhesion strength and thermal shock resistance is
better than that of (Ti, Al) N homogeneous coatings and increases with decreasing
composition gradient [127]. With decreasing composition gradient, the zone of gradient
between the substrate and (Ti, Al) N coating increases and the stress cannot concentrate any
longer in the boundary but distributes in a gradient zone during deformation, which causes
the increase in adhesive strength [127]. Raveh et al. [130] mentioned several advantages of
graded and multi component films such as (TiAl) (N, C) over uniform TiC, AIN, and TiN
coatings. The main advantages are better adhesion due to the absence of a discrete
intcrphase, lower internal stresses, and a higher corrosion resistance. Under optimised
deposition conditions, graded Cr-Ti-N coatings showed very high elasticity, (an elastic
recovery of 80% was observed) hardness and adhesive strength. It was believed that the
hardness enhancement results from the alloy-hardening mechanism. The adhesion
improvement is attributed to the grading effect through an intermediate compound [112].
Ti-Al-N gradient coatings are similar to multilayers in which the composition,
microstructure and property, especially the coefficient of linear thermal expansion of each
layer, is approximate to that of the nearby layer. Therefore, the difference in thermal strain
and thermal stress between any two conterminous layers is smaller than that of
homogeneous (Ti, Al) N coatings. However, there is soft phase (metal) in gradient coatings,
which can deform easily to relax part of the thermal stress and to prevent the crack
formation and propagation. All those factors are beneficial to the thermal shock resistance
of Ti-Al-N functional gradient coating [112]. Inouc et al. [131] suggested that aluminium
nitride coatings made of a compositional gradient (from Al to AIN) may have a greater
thermal conductivity and resistivity compared with those of a uniform layer and are

subjected to lower thermal stresses.
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(b) Functionally gradient (FG) coatings

Instead of using alternating layers of two different coatings, recently, a functionally
gradient multilayer approach has been introduced, where each layer is designed to meet
specific purposes. The layers arc deposited in such a way that there must be a smooth
transition of microstructural, mechanical and chemical properties among each successive
layer. Different layer properties are required in different tribological systems. Among the
most important are adhesion layers, load support layers, hard and wear resistant layers, low
friction layers and corrosion resistant layers. Depending on the specific requirement in a
tribological system, layers are arranged accordingly. Voevodin et al. [132] designed a wear
resistant Ti/TiC/DLC functional gradient multilayer coating with an adhesion layer-load
supporting laycr-superhard self-lubricating layer structure. In this design there is a smooth
transition of hardness and clastic modulus from the substrate to coating surface. This results
in a superhard (60-70 GPa) coating with low friction surface, improved adhesion to the
substrate, and no brittle failure with high contact load. Similar Ti-TiN-TiCN-[TiC-(TixX%6-
DLC)] multilayer coatings have been reported, where the metal-ceramic Ti-TiN-TiCN
formed the supporting intcrlayer. Several coatings have been prepared with the same
supporting interlayer and variations in the preparation of the Tix6-DLC layer. Low friction
coefficients (below 0.2 at an air humidity of 50% RH) in combination with low normalized
wear rates were found for multilayer coatings with upper Ti20%-DLC and Ti35%-DLC layers
[133].

2.4.2.2. DUPLEX SURFACE ENGINEERING

Surface engineering, either by surface treatment or surface coating, has become a
well-established technology and is extremely versatile means of improving component
performance in mechanical and tribological applications. Thermochemical diffusion
processes, such as plasma nitriding, produce an enhanced surface layer, which improves
fatigue and corrosion resistance as well as load-bearing capacity of workpiece. But this
layer may not be sufficient in severe wear conditions. On the contrary, thin hard coatings

have been widely used due to their high hardness and wear resistance.
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However, failure of thin hard coatings occurs due to excessive plastic deformation of the
substrate having insufficient strength [105]. A thin coating alone cannot provide
improvements over uncoated parts in the following cases [134]:
> The corrosion properties required cannot be met by any material with appropriate
mechanical properties,
> The fatigue strength of the steels that have suitable core stiffness is not sufficient
and
> The occurrence of three body abrasion with grain sizes exceeding several microns in

a closed tribological system [120,135].

Thus, the complex requirements for surface engineering cannot be realized in a
single homogeneous coating or a single surface treatment. Combining successful single
processes into one treatment can result in the increased resistance of metals to complex
loads. The wear, fatigue and corrosion properties are improved by combing the advantages
from various processes and eliminating the disadvantages single process [136]. Processes
combined in this way, sometimes called duplex, hybrid, or combined process, offer a novel
approach in surface engineering. Duplex coating systems (that means, coating deposition
on plasma nitrided substrate) therefore seem to be the best compromise [105,121,137-138].
This type of duplex coating system was proposed in the early 1990’s by Bell and co-
workers [139] and independently by Zlatanovic and Munz [140]. Duplex surface
engineering, as the name implies, involves the sequential application of two (or more)
established surface technologies to engineer the surface of the components in order to
produce a surface composite with combined mechanical, metallurgical, and chcmical
properties, which are unobtainable through any individual surface technology (Figure 2.10)
[121]. Better adhesion can be expected due to the interdiffusion of the coating material with
the substrate material in the reverse duplex coating (nitriding and/ or vacuum heat treatment
of the coating/substrate couple) [141].

In addition, plasma nitriding followed by in situ coating deposition in the same
process chamber (continuous process) is considered to be advantageous over the
discontinuous process have been reported by others researchers [135,142-145]. This area is
still under investigation and no industrial applications of the duplex process have yet been

established and extensive research still needs to be carried out in this area.
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Figure 2.10. Properties of composite components produced by duplex surface engineering

(adapted from [146]).

Of all the possible duplex coating systems, thermochemical treatment (nitriding,
carburizing, nitrocarburizing and so on) and coating processes (PVD, CVD) arc the
promising. Numerous researchers have reported the use of nitriding (gas nitriding, plasma
nitriding) plus PVD (ion plating [118,139], electron beam evaporation [147,148], cathodic
arc plating [149], magnetron sputtering [150,151], and reactive arc evaporation [152], for
the deposition for common materials like TiN and TiAIN on steel substrates. Other
combinations of duplex coatings that have been reported so far included high temperature-
CVD TiN coating on low-pressure carburised steel [136], DLC (Diamond-Like Carbon)
coating on plasma nitridcd soft substrate Ti-6A1-4V [153], TiC coating on plasma nitrided,
carburised and nitrocarburised TiA16V4 substrate [154], pulsed plasma nitriding and DLC
coating on a high-speed steel substrate [155] and PVD TiN coating on laser nitridcd Ti
alloy [156]. Conventional nitriding causes the formation of two zones: a relatively thick
diffusion zone (~5007im) of hard (900-1000 HV) subsurface and internal compressive stress
(600-1000Mpa [144]) with a fine dispersion of alloy nitrides and a thin compound or white
layer on the component surface. The compound layer consists of a heterogeneous mixture

of two different iron nitride phases: y'-(Fe4N) and E-(Fe2-3N).
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This will sufficiently support the hard coating and reduce the hardness and stress
gradient between the substrate and the hard coating, which improves the adhesion and
avoids any “egg-shell cracking”. The main improvement of the duplex treatment is
dependent on the nitriding process f157], Incorrect process control during nitriding leads to
the formation ofa porous “white layer”, which has lower hardness and cannot support the

hard coating.

Figure 2.11. Microhardness distribution of (a) the coated substrate and (b) the plasma
nitrided and coated substrate, (c) strain distribution of the coated substrate, stress
distribution of (d) the coated substrate, and (e) the plasma nitrided and coated substrate

[157].

During coating deposition on the nitrided samples, high temperature and extended
ion bombardment cause thermo-chemical decomposition of the white layer and lead to the
formation of a soft and porous “black” layer [139,158,159], which severely deteriorates

corrosion resistance and the load bearing capacity of the composite. Adhesion and load



bearing capacity of the coating on nitride substrate depend on type of nitride layer formed
[157]. Recently more attention has been given to low temperature plasma nitriding (below
500 °C) of substrate to acquirc more enhanced surface properties and to control nitride
layer formation in comparison to conventional high temperature nitriding/plasma nitriding
[32,35,160]. With respect to non-nitrided substrates, plasma nitrided steels are, in theory,
more suitable substrates for hard coating deposition, as shown in figure 2.11. The resistance
to plastic deformation of the surface layer is enhanced as a result of the improved load
support provided by the plasma nitrided layer [157]. The hardness of the composite
(coating-substrate system) is influenced by the hardness of the nitrided substrate and by the
hard coating structure. Usually, the structure of the coating is denser on nitrided samples
provided that the porous outer zone is removed and the hardness is increased. Results from
the current researchers [139,148,161,162] indicate that the tribological performances of the
coating produced by the duplex treatment method are much better than when the individual
processes in the duplex treatment are used separately. Compared with coated hardened
substrates, the nitrided and coated specimens show a much lower level of wear mainly
because of their superior load-carrying capacity, which is due to the higher substrate
hardness [163,164].

Duplex treatment has been shown to result in improved adhesion in several studies
[118,146]. Nitriding lessens the differences between the stress environments in the coating
and substrate by promoting the development of compressive stress in the surface of the
substrate, provided that the porous compound layer is removed. Adhesion can be further
improved by inserting an interlayer before depositing the coating [142,162]. Duplex
treatment also improves the fatigue resistance due to the compressive stress induced in the
substrate [147,151]. Several researchers [120,149,165,166] have reported that
thermochemical treatment (plasma nitriding) followed by a hard coating could effectively
solve the corrosion problem. The better corrosion resistance in the duplex coating is related
to the passivation power of the iron nitride compound layer formed during the plasma
nitriding process. The performance of the duplex coating is further improved by the
deposition of a multilayer coating instead of single layer on the plasma nitrided substrate
[147,167]. Navinck ct al. reported that the duplex coating consisted of a multilayer
TiN/TiAIN coating and low pressure plasma nitriding would improve the tool life of hot
forging dies and result in reproducible quality of forged parts, in comparison to the use of

dies with a traditional coating only [167].
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24.23. MULTICOMPONENT COATINGS

Multicomponent coatings are composed of two or more constituents in the form of
grains, particles or fibres. Depending on the non-mctallic components, multicomponent
coatings found arc nitride, carbide, boride and oxide coatings. The multicomponent
coatings can be classified into the following three categories: binary, ternary, and quartnary
and higher component coatings. Multicomponent coatings are mainly deposited as a
compound of metal(s) (Ti, Cr) and non-metal (N, O, C, B) or non-metal and non-metal
(SiC, SiN, CN). Most of the developed coatings are Ti-bascd and to some extent Cr-based.
There arc very few reports of Al and C based coatings. The most common binary coatings,
TiN [168], TiC [169,170], and CrN [171,172], deposited by PVD and CVD methods, have
gained increasing importance in several industrial sectors, including cutting tool industries,
bccausc of their outstanding tribological properties. Research on improving the
performance of binary coating by adding another element or elements to form ternary,
quartnary or higher constituent elements is increasingly reported. These higher constituent
compounds change the properties of the coatings in such a way that they can possess better
performance than the binary coatings in terms of wear, corrosion and oxidation resistance.
This superiority is due to several effects that may bccomc dominant in multicomponent
systems. These effects included the formation of multi-phase structures (causing a better
mechanical and thermal stability) [173], solid solution strengthening, and formation of an
external layer as a result of a partial reaction (the latter two effects promoting wear
resistance) [174]. The alloying in multicomponent coatings imparts higher chemical
stability and improved oxidation resistance. The increase in the number of elements of the
coating renders a finer microstructurc and a small grain size, leading to an increase in
strength and elasticity in thin hard films. Metallic and non-mctallic element/elements are
added to the binary coating to form ternary quartnary and higher component coatings. At
present (TiAl) N and (TiC) N are accepted as standard ternary coatings in industry. There is
also much interest recently in supcrlattice, nanostructure and adaptive and so on coatings,

for different applications.
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2.43. NEW GENERATION COATINGS WITH SELF-LUBRICATION

Several new generation coatings, that are attempting to achieve further
improvements in properties over the traditional single layer homogeneous coatings, have
recently drawn the attention of the tribologists [11,12]. But many of these coatings arc very
hard and they can form hard particles which act like grit when the coatings are worn and
have a higher co-efficient of friction.

Solid lubricants are often used in industrial applications to reduce friction between
two metallic surfaces in contact [175]. Solid lubricants are also an appealing choice in
promoting dry machining to avoid environmentally harmful liquid lubricants either fully or
partially. There has been considerable interest in identifying and developing solid lubricant
system, which offers higher operation temperatures and greater load bearing capacities than
liquid lubricants. Solid lubricants films, however, wear away rapidly and thus require some
mechanical means for replenishment. This is impractical for many hard-to-rcach surfaces in
motion and has prompted reccnt attempts at extending the sliding life of solid lubricant
films [176]. Ideal solid lubricant should have the properties of a hard surface while
providing lubrication. In most cases, solid lubricant has provided good lubrication but they
are not very effective during sliding as the surface hardness is not high. Another problem
with the solid lubricant is that some solid lubricants, such as M0S2, can provide good
lubrication in a vacuum or inert gas environment but they loose their lubrication property in
humid weather. Several approaches have been tried to improve their sliding characteristics
in normal or humid environment. Soft metal coatings [177] have been used as solid
lubricants for space and other specialised applications but, these have poor wear properties
and cannot be considered for general wear protection. Diamond-like carbon (DLC) coatings
[178] are hard and have lower friction than the hard nitride coatings and are starting to be
used to protect some relatively lightly loaded mechanical components, but the true DLC
coatings are very hard with high internal stresses, tend to be brittle, and have poor adhesion

and therefore are unsuitable for highly loaded applications.
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2.4.3.1. MoS2BASED SOLID LUBRICANT COATING

Soft coatings like M0OS2 c