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ABSTRACT

Nanocrystalline metal nitrides coatings have been successfully applied on various
industrial components since the 1970’s, for the protection and particularly to enhance the life of
components. The metal nitrides coatings studied for tribological application are mainly based
on transition metal nitrides includes TiN, CrN, TaN, ZrN, W,N and their alloys like TiAIN,
TiCrN, HfON, ZrON, TiAIBN, WSIN, nc-TiN/a-SizN4 and so on. Most of them are commonly
referred to as refractory hard metals. But, the hardness alone may not provide the level of
protection against wear damage. In addition to high hardness, high toughness of a coating also
has equal importance especially for tribological applications where high normal and shear
forces are present. A coating with high toughness has high resistance to propagation and
formation of cracks under stress. Moreover, high energy absorbance capability of tough
coatings prevents catastrophic failure.

Hard nanocrystalline coatings with enhanced toughness exhibit a high elasticity
(resilience), an enhanced resistance to cracking and low plastic deformation. Multicomponent
refractory material systems can provide opportunities for the synthesis of hard and tough
coatings. The development nanocrystalline metal nitride coatings by various physical
deposition techniques is ever growing to achieve their superior performance in the actual
engineering applications. The literature on the optimized process variables using magnetron
sputtering technique for the deposition of hard and tough metal nitride coating with the
desirable microstructural characteristics is very limited. The control of the microstructural
characteristics in terms of grain size, lattice defects, crystallographic orientation (texture) and
surface morphology as well as phase compositions of these coatings are very important in
realizing the aforementioned properties so as to extend the performance and life time of the
coated products.

The main objectives of present research work are to synthesize hard and tough
nanocrystalline transition metal nitride coatings such as Zirconium Tungsten Nitride (Zr-W-
N), and Zirconium Tungsten Boron Nitride (Zr-W-B-N) coatings using DC/RF magnetron
sputtering technique and to investigate the effect of sputtering process parameters on
microstructure, thermal stability and mechanical properties of these coatings for obtaining high

quality films. A chapter-vise summary of the thesis is given below:



Chapter 1 The potential application of present research work is centered on prevention
of wear damages like cavitation and silt erosion in hydro turbine components using hard and
tough nanocrystalline metal nitride coatings. Hence this chapter discusses about hydropower
generation in India, erosion problems facing in electricity generation by hydro turbines and
approaches used to encounter silting problems. This chapter also gives an overview of metal
nitride coatings in which background, synthesis techniques and applications are discussed. A
role of hardness and toughness to control wear damages has been discussed briefly. The
structural, thermal stability and mechanical properties of zirconium nitride, tungsten nitride,
zirconium tungsten nitride and zirconium tungsten boron nitride coatings and their applications
are discussed in this chapter. The motivations, research gaps and objectives for the
development of hard and tough nanocrystalline zirconium tungsten nitride and zirconium
tungsten boron nitride coatings are also discuss in Chapter 1.

Chapter 2 deals with the synthesis and characterization of “thin films” and describes
the process of DC/RF magnetron sputtering used for the fabrication of thin films in the present
work. Process and mechanism of thin films growth have been explained to understand how a
film actually grows on a substrate. Three different modes of thin film growth (layer, island and
layer + island) have been explained in detail. A description of working principles of different
characterization techniques such as X-Ray Diffraction (XRD), Field Emission Scanning
Electron Microscopy (FESEM), Atomic Force Microscopy (AFM), Transmission Electron
Microscopy (TEM), Wavelength dispersive spectroscopy (EDS), Energy dispersive
spectroscopy (EDS), Nanoindentation and Microindentation used for the analyses of elemental
composition, phase, textures, grain size, surface morphology and mechanical performance of
the deposited films have been given in detail.

Chapter 3 describes the effect of nitrogen partial pressure (pN,) (0.07 to 0.67 Pa) on
structural, composition and mechanical properties of Zr,W1.xNy thin films. It has been observed
that the structure and elemental composition of the deposited ZryWi«Ny thin films strongly
depend on pN,. XRD analysis shows that for 0.07 Pa < pN, < 0.17 Pa, Zr,W1xNy films exhibit
single (fcc) phase, for 0.20 Pa < pN,< 0.27 Pa, an amorphous phase is obtained and for 0.33 Pa
< pN, < 0.67 Pa reflections corresponding to fcc phase Zr-W-N and hcp phase ZrN have been
observed. The phase formation has been confirmed by TEM diffraction patterns (SAED). The
diffuse rings in SAED pattern of film deposited at pN, = 0.27 Pa confirm that nanocrystalline

grains were not grown during deposition. The film deposited at pN, = 0.47 Pa exhibit maximum



(6.8 nm) roughness because the XRD peaks of ZrN are relatively prong with the XRD peaks of
Zr-W-N phase which indicate that ZrN phase is well established along with Zr-W-N phase and
hence roughness increases. Results of nano-indentation analysis confirm moderate hardness,
high wear resistance, high resistance to plastic deformation and high adhesiveness of Zr,W1.xNy
films. Among all the phases, maximum hardness (~ 24 GPa) and maximum reduced elastic
modulus (135 GPa) have been obtained for dual phase (fcc+hcp) film while resistance to
fatigue fracture (H*/E,? ~ 0.87 GPa), wear resistance (H/E, ~ 0.2) and ductility for single phase
(fcc) film were found to be maximum. All the films were found to exhibit high adhesion with
the substrate surface.

Chapter 4 discusses about the structure, thermal stability and mechanical properties of
crystalline (fcc) phase and amorphous phase Zr-W-N thin films. This chapter divided into two
sections. Section 4.1 describes the effect of substrate temperatures Ts (100°-600°C) and post
annealing temperature T, (100°-600°C) on thermal stability and mechanical properties of
amorphous phase ZrigWigNes thin films. For 100°C < T< 300°C, XRD patterns show an
amorphous structure of the films and for 400°C < T,< 600°C, a crystalline fcc phase with (111)
and (200) orientation has been observed. The XRD findings are further confirmed by TEM and
SAED patterns. Maximum wear resistance (H/E, ~ 0.22) and maximum resistance to fatigue
fracture (H*/E,> ~ 1.1 GPa) have been obtained for the amorphous films deposited at T =
200°C. Post annealing of films deposited at 200°C have been carried out in air from 100°-
600°C. Oxygen starts to be incorporated in the films at T, = 300°C and its content increases
with increasing T,. No crystalline oxide phases are observed up to T, = 600°C. The hardness of
the annealed films decreases with increasing oxygen incorporation. Indentation and scratch
tests for as deposited and annealed films show that no cracks propagate in the films even at a
high load of 50 mN and all the films exhibit high adhesion with the substrate. Section 4.1
describes the effect of substrate temperatures Ts (100°-600°C) and post annealing temperature
Tn (100°-600°C) on thermal stability and mechanical properties of crystalline fcc phase
Zr2W19Nsg thin films. For 100°C < T < 600°C, X-ray diffraction patterns of the deposited films
show a crystalline fcc phase with (111) and (200) preferred crystallographic orientations of
grains. A close analysis of the diffraction pattern shows that for low Ts (< 400°C) the coating
structure is not simply fcc but probably contains some amorphous parts along with the fcc
phase. It can be clearly seen that the contribution of amorphous part is maximum for T;=100°C,

decreases with increasing T and disappears for Ts > 400°C. The XRD findings are further



confirmed by TEM and SAED patterns. Maximum wear resistance (H/E; ~ 0.22) and maximum
resistance to plastic deformation (H¥/E,? ~1.0 GPa) have been obtained for the film deposited at
Ts = 400°C. Post annealing of the films deposited at 400°C have been carried out in open
atmosphere at 100°-600°C. For the annealed films, no crystalline oxide phase has been detected
for 100°C < T, < 600°C, even though oxygen incorporation in the films starts at T, > 300°C.
The films start peeling off at 500°C and got completely peeled off at 600°C. The crystallite size
increases with increasing T, and reaches a maximum value of ~10 nm at T, = 400°C. Hardness
and elastic modulus of annealed films found to be increasing with increasing strain. For
practical applicability, the film deposited at 400°C is found to be most suitable for application
in the temperature range below 300°C. But the deposition of wear protective coatings at low
substrate temperature (< 200°C) is more feasible for commercial aspects.

Mechanical properties of amorphous phase Zr-W-N coatings are found superior to
crystalline phase Zr-W-N coatings. But Zr-W-N coatings exhibit amorphous phase at low T, <
300°C which restricts the further enhancement of physical and mechanical properties of Zr-W-
N coatings either by varying other sputtering parameter likes negative biasing (chapter 5) or by
changing the architecture of coatings through substitution of amorphous non-metal nitride
phases (chapter 6). Hence, crystalline (fcc) phase Zr-W-N coatings has been selected for
further study in the present research work.

In Chapter 5 effect of negative substrate bias voltage Vs (-20 V to -120 V) on structure
and mechanical properties of fcc phase Zr-W-N coatings deposited at 200°C substrate
temperature has been studied in details. The application of negative bias voltage to the substrate
leads to impingement of energetic ions on the coating surface is an effectual way to grow dense
and void-free microstructure of coating at low deposition temperatures. The deposition rate and
substrate ion current density vary non-monotonically with increasing V. XRD patterns of the
Zr-W-N coatings revealing one group of peaks of fcc structure, indicating that this coating
tends to form a single solid-solution nitride phase rather than the co-existence of separated
nitrides. FESEM analysis shows that the morphology evolves from columnar structure to dense
and then glassy structure with increasing negative bias voltages. Nanoindentation hardness H
and effective elastic modulus E; of the coating increases as the negative substrate bias goes up.
Maximum wear resistance (H/E, ~0.23) and fracture toughness (K,c ~ 2.25 MPa.m"?) have
been obtained for the film deposited at -100 V bias voltage. This indicates that the simultaneous

increment of wear resistance and toughness is achievable if the negative bias voltage is
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properly controlled. Therefore, for the deposition of Zr-W-N system done at low substrate
temperature (200°C) and at -100V bias voltage, pronounced mechanical properties (H~ 34 GPa,
H/E, > 0.1, W, > 60%, H¥/E;> > 0.1, K\c ~ 2.25 MPa.m*?) has been achieved.

Chapter 6 discusses about the effect of microstructure on thermal stability and
mechanical properties of Zr-W-B-N nanocomposite coatings. The Zr-W-B-N nanocomposite
coatings have been co-sputtered deposited on Si (100) substrates by varying power density (0.1
to 7.5 watt/cm?) to boron target to obtain films of various compositions and microstructure. It
has been observed that the Zr-W-B-N films with boron contents < 2.3 at.% exhibited (200)
preferred crystallographic orientation of grains and columnar structure. For the boron content >
7.5 at.%, non-columnar films with the crystal phase grain size less than 7 nm and films of
crystalline (Zr-W-B-N)-amorphous structure (BN) or high amorphous component are produced.
Owing to synergetic contribution of solid solution strengthening and grain boundary hardening,
film with boron content ~7.5 at.% exhibits maximum hardness (~ 37 GPa), wear resistance
(H/E, ~ 0.24) and fracture toughness (2.9 MPa.m¥?). Due to the superior mechanical
performance of Zr-W-B(7.5 at.%)-N film over other deposited films of varying B content, post
annealing of the this films has been carried out at 300°-900°C in vacuum (T,) and in air (Ty).
Zr-W-B(7.5 at.%)-N film retains the fcc structure after vacuum annealing at T, = 900°C.
However, film retains the fcc structure during air annealing at T, < 700°C and at T,, = 900°C,
full degradation of the Zr-W-B(7.5 at.%)-N film in crystalline phases of ZrO, and WO3; was
observed. The oxygen starts to be incorporated in the film at T, = 500°C and its content
increases substantially with increasing T,. The film got completely peeled off at T, = 900°C.
Hardness H and elastic modulus E; of the films remains unaffected by vacuum annealing while
increased with increasing oxygen concentration in to the films.

Chapter 7 summarizes the results and findings of the present work discussed in this
thesis. The future directions in which these studies can be extended have been suggested at the

end.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEWS

1.1 Introduction to Nanocrystalline Coatings

Coatings over material surfaces have attracted considerable attention in recent years
owing to their promising applications in surface engineering. Surface engineering is a
discipline that seeks to control or tailor the properties of a material’s surface due to (i) surface

has different properties than bulk material (ii) surface can be completely reengineered.

Surface engineering is highly interdisciplinary and needs an integrated approach
between designers and surface engineers. The desired properties or characteristics of coatings

include:

(a) Improved wear resistance

(b) Improved corrosion/oxidation resistance

(c) Improved mechanical properties, for example; enhanced toughness, hardness etc.
(d) Improved electronic or electrical properties

(e) Improved thermal insulation

(f) Reduced frictional energy losses

A significant advancement in coatings (surface engineering) technology is the
development of nanocrystalline (grain size < 100 nm) coatings which show improved
performance in aggressive environment as compare to microcrystalline (grain size ~ 0.1 to 0.3
pum) coatings. The unique properties of nanocrystalline coatings/materials are derived from
their large number of grain boundaries compared to coarse-grained polycrystalline
counterparts. As the grain size reduces to nanoscale (< 100 nm), a large amount of atoms (up to
50%) of solid reside in the grain boundaries. These grain boundary atoms behave in a different

way from atoms residing in grains and the properties of material starts to govern by their
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behavior. In nanocrystalline region (< 100 nm), ceramics become more ductile (malleable)
while metal get stronger and harder (more brittle).

Nanocrystalline coatings generally exhibit considerably higher strength and high
hardness relative to their microcrystalline counterparts. The hardness and yield strength tend to
increase with decreasing grain size down to a critical value (~ 10 nm). The obstruction in the
movement of dislocations by grain boundaries increases the hardness and strength of nano
grain size material (Hall-Petch relationship: strength increase is inversely proportion to square
root of grain size). When the grain size is reduces to critical value, hardness appears to decrease
with further grain refinement. At this stage, grain size is smaller than the length of dislocation
and hence the dislocations do not exist in the grains. The dislocation pile-ups cannot form at the
grain boundaries and the Hall-Petch relationship is no longer valid. In combination to this,
grain boundary sliding also reduces the hardness of material. Among ceramics, coatings in
nanocrystalline form (Al,Os3, ZrO,, TiO; etc.), causes an increase in ductility through grain
boundary sliding enhanced the toughness or reduced brittleness and improved ability to bond to
a metal component. This increase in toughness increases the wear resistance (2-4 times) of
nanocrystalline ceramics coatings than the microcrystalline counterpart. The appearance of
ductility in nanocrystalline ceramic coating improves their strength that is most sought after,
since ductility is useful not just in manufacturing but also in terms of behavior on impact, an
important consideration in automobile, mining and tool industries (Tjong et al. 2004, Gao et al.
2001, Nayar et al. 2014, Singh et al. 2006, Dwivedi et al. 2001, Gupta el al. 2014).

A coating composed of two nanocrystalline phases, or a combination of both a
nanocrystalline and an amorphous phase is called nanocomposite coating. Nanocomposite
coatings (TIAIN, TiBN, TiSiN, WBN, ZrBN, WSIN, ZrWBN etc.) represent a new generation
of materials, exhibiting superior structural and functional properties (high mechanical strength,
high thermal stability, high oxidation resistance, high wear and erosion resistance). The
properties of nanocomposite coatings can be tune by proper selection of the elements to form
various phases of a nanocomposite, and the modification in microstructure of coating, in order

to synthesize novel nanocomposite coating systems (Voevodin et al. 2004). Nanocomposite
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coating is the way to achieve the best blend of the wear resistance, self-lubrication, toughness,

and a low friction performance across multiple environments.

Among nanocrystalline coatings, nitride coatings have attracted considerable attention
in recent years owing to their remarkable physical and mechanical properties. Nanocrystalline
transition metal nitride coatings find wide applications in many industries, such as process,
marine, power plant, offshore, aeronautical and mining. In these industries, there is a regular
requirement for components such as valves, pumps, pipe work, extrusion dyes, powder mixers,
turbine (hydro turbines and gas turbines) and helicopter blades to perform in exotic
environments. Depending on the type of application, different nanocrystalline coatings have
been developed by various deposition techniques including chemical vapor deposition (CVD),
physical vapor deposition (PVD), thermal spray, electro-chemical deposition, sol-gel methods,
and electro-spark deposition (Gao et al. 2001, Tjong et al. 2004, Periasamy et al. 2010,
Selvakumar et al. 2012).

Other properties of nanocrystalline coatings/materials, apart from increased strength and
hardness, include higher electrical resistance, increased specific heat, improved thermal
expansion properties, lower thermal conductivity and improved magnetic and optical
properties. For example, in nanocrystalline silicon electroluminescence, thermal-induced
acoustic emission, photoluminescence and refractive index can be tuned easily as compare to
microcrystalline silicon (Edelberg et al. 1996). Nanoparticles of various oxides like tungsten
oxide, titanium oxide, zinc oxide, copper oxides etc have been act as effective catalytic for
sulfur reduction, waste water treatment, reduction of toxic metal ions and degradation of
hazardous organic as well as waste plastic than traditional micro and macro crystalline oxides.
They have also shown greater resistance to poisoning (Gupta et al. 2014A, Purwanto et al.
2011, Banerjee et al. 2000). The nanocrystalline materials behave in a strongly different
manner compared to the conventional materials composed of larger (> 100 nm) grains and
show completely new and enhance properties than bulk. These facts motivate researcher for the

synthesis and development of nanocrystalline materials/coatings.
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1.2 Background

Hydropower is a highly efficient and competitive electricity generation technology that
lies at the heart of the renewable energy family. In India, Himalayan rivers are the main source
of hydropower potential and the estimate potential is about 325000 MW. Ganga river in the
region itself has a estimated power potential of 10,000 MW up to foot hills. The Himalayas are
geologically young and weak sedimentary rocks and the rivers originated from Himalayas bring
excessive sediment during monsoon >10,000 ppm (Asthana et al. 2007). So, the underwater
components like guide vanes, bushes, runners etc. of hydro turbine operating in silt laden water
suffer from extensive abrasion damage. These parts get eroded so rapidly that it becomes
impossible to run the generating units more than one session. There are two main source of

erosion on the underwater components as:

(a) Cavitation Erosion: when liquids flow over a surface with high velocity, the
momentum difference of the liquid produces a lower pressure down to the vapor
pressure of liquid at the solid/liquid interface than in general vicinity of the system. At
this stage, bubbles or cavities of vapor will form locally and collapse very quickly near
the surface. The collapse of the bubbles may be seen as a flow of liquid with a spherical
front toward the solid surface with a very high momentum and produce the high
pressure at the centre about 7,000 atm to strain the target material. In most region the
strain is much less than the yield strain, but when elastic strain imposed millions of
times in small region over surface, local failure of material occur by elastic fatigue. The
affected area get spongy and bee hive like pits occur on the surface of material.

(b) Silt Erosion: The silt has, mainly, quartz contain approx 95 weight % which is hard
particle have the harness of 7 moh’s scale. The hard silt particles impinging on the
ductile material surface causes substantial removal of material by forming grooves on
the surface. These grooves/lips are formed by ploughing/extrusion of material through
silt particles. Continuous impingent of hard silt particles on the lips which is already
formed leads to the strain hardening of the lips and their subsequent fracture. On the
other hand brittle material shows losses by fragmentation and removal of flakes from
surface of material. Wear rate enhanced for ductile material up to low angle (< 30°- 40°)

and at high angle (80°-90°) for brittle material. Silt erosive wear is depend up on many
4
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factors like particle hardness, angle of impingement, shape and size of particle, density
of silt in water, relative velocity of water and wear resistance of base material.

Experimentally erosion rate through silt calculated as

Total weight loss of material

Erosion rate = (1.1)

Total weight of silt material impacted

Due to the combine effect of both types of erosion damages is accelerate which lead to thinning
of blades and then fractures in to two pieces.

1.2.1 Approach to encounter silting problems

A three dimensional approach is desirable to encounter erosion in hydro power plants as stated

below

()  Effective De-silting Arrangements: In this type of approach, the modification is done
on the design of the dam according to water head and concentration of sediments.
Make the hopper type desilting chamber with adequate flushing discharge for
excluding heavy particles up to 200 micron size to reduce the erosion damages.
Dumping of filtered silt is not a problem now a day. There are arrangement of bypass
of heavy silt water and join with main stream far from the dam which is economical
and environmental friendly method. Detailed petro-graphic analysis including shape,
size and concentration of sediment shall consider along with head and discharge
decided the size of the particles to be excluded and size of desilting basin (Asthana et
al. 2007).

(i)  Silt resistance equipment design; hydraulic design/Mechanical design: A few
instance have been noticed where under identical condition of silt as shape, size,
concentration, the intensity of damages at different power station were not identical
while components at a particular station eroded very fast, damages to components at
other power station were insignificant. This lead one to believe that equipment design
has a role to play in influencing the intensity of erosion. A criterion for selecting most

suitable type of machine is easy of replacing or repairing worn out components, speed
5
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of rotation should be selected one or two steps lower than the synchronous speed
selected for machine to be used in clean water. The blade curvature is relatively as low
as feasible to reduce the resulting centrifugal force on the particles to minimize the
intensity of abrasion. It has been found that the peak velocity can be moderated by
increasing the blade length and the wearing life can be increasing by increasing the
thickness of the blades, especially towards the tip section. It has been was estimated
that the cavitation problem can be avoided by setting the reaction turbine deep inside

because of clean water operation.

The mechanical design of hydraulic turbine for silty water is different from the
design of the same for clear water, so there is a need of modifications and incorporation
of special features besides enhanced erosion resistance. From analysis and understand
the factors influencing the mechanical erosion of turbine component, following

modification have been suggested:

(a) Runner of lower speed should be selected, in order to have lower relative
velocity at the runner periphery.

(b) The thickness of the runner blade in areas prone to erosion should be
increased e.g. runner of outlet edges in case of Francis turbine and near the
peripheral section and outlet edges in case Kaplan turbine.

(c) Whenever generating units in power station are more than one, each unit
should have separate inlet valve to facilitate stoppage of the unit for quick
maintenance in the unit itself or its cooling water system.

(d) Use rubber ring in place carbon ring in the shaft gland of turbines for
handling silt laden flows.

(e) Use a closed circuit cooling system, consisting of a water tank of adequate
capacity, heat exchanger and circulating pump to avoid the problem in
flowing of silt laden water. This method is more economical as compared to

conventional method of cooling (Naidu 1996).

(i)  Material Technology: This section deals with materials either used for preparation of
different components of hydro turbine or surface protection coatings against wear

damages viz. corrosion, erosion, and cavitations processes. Various steels with different

6



Chapter 1 Introduction and Literature Reviews

composition have been developed so far for the fabrication of underwater part
(Gadhikar et al. 2014). The most popular steels are of soft martensitic type, which also
termed as 13/4 (Cr/Ni) stainless steel and equivalent martensites with a chromium
content of 13-21% and nickel content of 46 % have been used for hydro turbine
components. Among them, 13/4 steel provide maximum resistance to erosions due to its
optimum hardness (300-400 VVHN) and fracture toughness (64 Jm*?) combination, but
repair welding technology of these steels has not yet been developed. Development of
different type of steel like matrensitic steel, duplex steel and nitronic steel with different
heat treatment processes and corresponding change in microstructures are still in course
of action to get high hardness, high fracture toughness and high percentage elongation
of material to fight with erosion problem in a better controlled and advanced ways.

From surface protection point of view different types of wear resistive coatings have
been deposited and still wear resistant coatings on different substrates are being deposited with
different approach, material and methods (Hedenqvist et al. 1990, Gray et al. 2008). Many
works have been done regarding surface protection through different conventional coating like
high velocity oxy fuel (HVOF), detonation gun spray, hard chrome plating and plasma
nitriding, but still relation between erosion and coating properties are not define properly, need
to more modification. Erosion resistant coatings are frequently used on hydro-electric turbine
components, and in particular, the runner and the guide vanes for Francis-type turbine and the
runner, needles and seats for Pelton-type turbines as well as various other components that are

prone to silt erosion.
1.3 Overview of the Work

In perspective of recent research interest in these coatings, brief overview of the

development of these coatings is given below:

Early reports date back to the early eighties, the deposition of coatings has been started
with tungsten carbide and chromium carbide-based coatings through conventional way (thermal
spray, high velocity oxy fuel and detonation gun spray). These coatings were used for many
applications in gas turbine, steam turbine, aero engine as well as hydro turbines to improve the
resistance to sliding, abrasive and erosive wear (Sue et al. 1987, De et al. 1994, Rhys-Jones

1990). As wear (sliding and abrasive) resistant coatings, carbide coatings are considered to be a
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viable alternative to hard chrome plating due to the harsh environmental conditions and cost
concerns with respect to the electroplating process. These cermets coatings are deposited by
plasma spray and high velocity processes namely high velocity oxy-fuel (HVOF) and
detonation gun spray processes (Karimi et al. 1993, Murthy et al. 2006). These types of
cermets coating have been reasonably successful against abrasion erosion in components like
guide vanes, nozzles etc. at the lower angle but due to their high hardness shows fragment type
of failure at high angle of impingement and ineffective for cavitation erosion. Further, these
coating are highly porous and have roughness in micron size which intern enhance the wear
rate of coating (Tucker et al. 1994). Thus, the development of erosive resistance coatings with
new and improved materials became vital. Several methods as physical vapor deposition, ion
plating, and chemical vapor deposition methods have also been exploited to overcome the
drawbacks associated with the conventional coating methods. The enhancement in properties
of earlier developed material or development of new materials with specific properties plays a
key role with respect to the introduction of new technologies. The surface properties of
conventional materials can be improved by applying an appropriate coating. A number of
coatings have been deposited using different materials and deposition techniques. Important

developments are tabulated in table 1.1.

Table 1.1 A number of overlay and surface modification processes that can be used for

deposition of thin films

Surface coating | Coating Primary property Limitations Thickness | Ref.
type materials benefits (um)
Organic coatings | Epoxy, Improved corrosion Rapid chalking on | 800-2000 | (Gossner
(paints, Polyurethane, | resistance, wear exterior and Tator
polymeric or Vinyls resistance, and exposure, poor 1994)
elastomeric aesthetic appearance | resistance to
coatings and oxidizing acids,
linings) low service

temperature
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Ceramic porcelain Improved corrosion Low acid- (Carpenter
coatings and enamels, TiC, | and wear resistance resistance, low 1994)
lining (glass SiC, Al,O4 resistance to
linings, cement | TiN, WC, impact
linings, Cr,03, TICN,
and porcelain MoSi,
enamels)
Electroplating hard wear resistance Non-uniform 12.5- 500 |(Browning
and Electroless | chromium deposition, 1994,
plating elctroplating, Resistance Baudrand
(metal or Electroplated to impact, 1994)
composite nickel evolution of
coatings) + chromium hydrogen at the

nickel- electrodes and

phosphorus metal particle

and nickel- inclusion

boron

electroless

plating
Thermal WC/Ni-Cr-B- | Wear, oxidation and | fragment type of | 100-2500 | (Tucker
spraying Si-C, Ni-Cr- corrosion resistance | failure at high 1994)
(metal, plastic, B-SiC-Al-Mo, angle of
ceramic, or Ni-Al/Ni-Cr- impingement,
composite B-SiC, Co- ineffective for
coatings) Mo-Cr-Si, Ni- cavitation erosion

Cr-B-SiC , Restoring

strength

Chemical vapor | TiN, Al,Os, Improved wear (e.g., | High temperature, | 1-1300 (Pierson
deposition TiC, B,C, tools and dies), complex process, 1994)
(CVD) diamond like | erosion, and toxics and
(metals, Carbon corrosion resistance; | corrosive gases
graphite, also used for
diamond, epitaxial growth of

and ceramics)

semiconductors
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Physical vapor | TiN, TiAlIN, Improved wear (e.g., | Low deposition 0.002-15 | (Rhode
deposition TiZrN, WSIN, | tools and dies) and rate, line of site 1994)
(PVD) TiSiN, nc- corrosion resistance, | coatings, process

(metals, TiAIN/a-SisN, | improved optical an required high

ceramics, electronic properties, | vacuum

or solid and decorative

lubricants) applications

1.4 Metal Nitride Coatings

Metal nitride coatings have been developed as an effective approach to encounter silt
erosion problem (material technology). Studies of the metal nitrides coatings have both
scientific and technological significance. These compounds exhibit notable physical properties
like excellent hardness, good chemical inertness, mechanical strength, high melting point and
high electrical conductivity and hence, have wide applications in various fields including
engineering, aeronautics and microelectronics. As a result, they are extensively studied in
recent years and have become technologically important for applications such as diffusion
barriers in microelectronics, wear-resistant coatings in engineering, optical coatings in industry,
and electrodes in semiconductor devices (Shen et al. 2000A, Khanna . et al. 2012). The metal
nitrides coatings studied for tribological application are mainly based on transition metal
nitrides includes TiN, CrN, TaN, ZrN, W-N and their alloys like TiAIN, TiCrN, HfON, ZrON,
TIAIBN, WSIN, nc-TiN/a-SisN4 and so on (Voevodin et al. 2004, Barshilia et al. 2004). These
are usually referred to as refractory hard metals exhibiting remarkable physical and chemical
properties. Therefore, transition metal nitrides coatings are attractive from both fundamental
and technological points of view. In transition metal nitrides, nitrogen occupies the octahedral
sites in lattice and change the electronic structure. When nitrogen makes bond with transition
metal, one additional electron is found inside the non-metal sphere while the charge inside the
transition metal sphere remains about constant as expected from simple chemical arguments
which increases the p-electron concentration as compare in metal matrix and this lead to filling
of non-bonding and anti-bonding electronic states. The high valence electron density enables
resistance to elastic and plastic deformation (Le vy et al. 1999). The year vise development of

important transition metal nitride coatings is summaries in table 1.2.
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Table 1.2 Year wise development of transition metal nitride coatings

Year

Research works

1980-1990

Titanium Nitride (TiN) deposited by magnetron sputtering has been developed
as the most popular hard coating material to prevent tribological breakdown and
mechanical failures of interacting mechanical component. The performances of other
nitrides like ZrN, W;N, CrN, AIN, BN and SizN, has also been studied as wear resistant
coatings. Hard metal nitrides belonging to IV group (TiN, ZrN, HfN, Ti-TiN-TiC, Zr-
ZrN-ZrC) were also studied as decorative coatings. Colour of the coatings may change
by varying the nitrogen concentration in the films (Spalvins 1978, Zega 1989).

In respect of material selection for wear resistant coatings, Hollock (1986)
stated that the borides and carbides of transition metals are harder and less brittle than
their nitrides; they have higher melting points but lower stability. They have a lower
thermal expansion coefficient; they show better adherence to metallic substrates but
also higher interaction tendency with other materials. This latter point together with
favorable fabrication conditions, a splendid color and a relatively high thermal

expansion coefficient were the reasons for the commonly used TiN layers.

1991-2000

In this decade the main attention given to development of PVD based ternary
nitride coatings for new applications in the field of tool technology. Different industrial
case studies demonstrated the effectiveness of PVD coating. Numerous ternary coating
systems (Ti-Cr-N, Ti-C-N, Ti-Al-N, Ti-Zr-N, Ti-Hf-N, Zr-Cr-N, Zr-Y-N, Zr-Cu-N, Cr-
W-N, Ti-W-N, Al-Si-N, Ti-B-N) were deposited in widely differing compositions with
varying properties (Styazhkin et al. 2000, Zeman et al. 2000, Moser et al. 1994, Mollart
et al. 1995, Grimberg et al. 1998, Hones et al. 2000, Otani et al. 1996, Musil et al.
2000). The ternary nitride systems have shown performance advantages over their
binary systems. It is soon evident that coatings developed for one application could not
be transfer to others. Industrial coating of drills and milling cutters with (Ti,Al)N
provided a useful example (Hultman 2000A, Han et al. 2005).

One representative group is formed by the titanium-based films like TiN, TiAIN
on high speed steel (HSS) or cemented carbide tools for drilling, milling and turning.
This group was at the most advance stage of the development and has been promoted
chiefly for the machining of steel. It can be extended in three directions: firstly, by
developing chromium-based, ceramic, diamond or diamond-like coating materials
together with other metallic carbide and carbon nitride compounds; secondly, by

extending the range of substrate materials, where coatings have been deposited on steel,
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1991-2000

glass, silicon wafer, quartz, elastomer plastic etc (Erkens et al. 1992). The nitride
coatings exhibiting spinodal miscibility gap (a metastable state of two neighbouring
phases) have enhanced mechanical properties such as extreme hardness and retaining
these properties even at higher operating temperatures (e.g. Zr-Ti-N) (Knotek et al.
1989).

Four types of titanium based PVD coatings: TiN, Ti(C,N) and (Ti,A1)N and
CrN have been frequently used to mitigate wear damages. These coatings exhibit high
resistance against adhesive wear, but not for all workpiece materials. For applications
where abrasion is predominant or where tough materials have to be machined Ti(C,N)
coatings possess better properties. On the other hand, (Ti,Al)N can be used where better
oxidation resistance is required. For corrosion protection point of view, a thick CrN

coating has been used (Stappen et al. 1995).

2001-2010

To meet the challenges of application conditions of future tribo-systems,
research in this decade mainly focused on the development of more exotic coatings with
various design architectures that can further enhance performance and stability and at
the same time self-adapt to the increasingly harsh and rapidly changing application
conditions of future tribological systems. Some of the innovative design architectures
considered for multifunctional nanostructured coatings were nanograde, self-lubricating
nanocomposite and superlattice, or multilayer (Tsotsos et al. 2010A, Mitterer et al.
2001, Hauert et al. 1999, Chung et al. 2003, Miinz 2000, Khanna et al. 2007, Mayrhofer
et al. 2009, Lee et al. 2009, Tsotsos et al. 2010).

In these years, many researchers have concentrated to modify the design of
novel nanocomposite coatings in order to achieve hardness near to hardness of diamond
(~ 100 GPa) A number of composite coating systems that consist of more than two
phases were explored to achieve such level of hardness . It was observed that refractory
nitride with little or no miscibility gap between constitute phases could be a potential
candidate for such purpose. The use of nanocomposite or nanostructured ceramic
coatings has become very popular in this decade for various applications like
microelectronics, biomedical field and transportation (Ajayanet al. 2003, Verlag et al.
2003, Miinz 2000).

Veprek et al. (2000, 2002 and 2005) developed the new architecture
(nanograins of metal nitride phase separated to each other by ~ 1 nm thick layer of
amorphous hard non-metal nitride phase) of nanocomposite coating and proposed that
the coating of such architecture exhibit ultra high hardness. Based on his architecture,

synthesis nc-TiN/a-SisN, nanocomposite coatings in which nanocrystalline TiN phase
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2001-2010

imbedded into an amorphous SisN, phase. The hardness value of this coating was
observed more than 100 GPa. Other coating systems like Zr-Si-N, W-Si-N, Ti-Al-N and
VN that exhibit super-hardness were synthesis and produced in several PVD systems by
similar approach.

In these years, several attempts have also been made to incorporate lubricious
oxides and oxide-forming elements into hard coating system under the novel design
concepts for self-lubricating nanocomposite films for high-temperature applications.
Experimental studies have demonstrated that the oxides of Re, Ti, Ni, W, Mo, Zn, V, B,
etc. are very lubricious and hence the incorporation of these oxides in to hard coatings
systems can provide fairly low friction at elevated temperatures. Potential applications
for lubricious oxides include high-temperature seals, bearings, and gears, valves and
valve seats, variable stator vanes, and foil bearings (Kanakia et al. 1984, Kanakia et al.
1987, Lugscheider et al. 2001, Gulbinski et al. 2003). Some of the most common
design strategies for nanostructured coatings include the production of multilayer
architectures. In this case; the layer thickness may vary from a few atoms to several
angstroms or nanometers. Such coatings may offer superhardness and toughness as well
as high thermal stability. Amoung several superhard material systems, only “Ti—Si-N”
and “Ti—B-N” systems have been observed to possess high thermal stability (Raveh et
al. 2007, Zhou et al. 2004, Barnett et al. 2004, Hultman et al. 2000).

It has been observed that the high density of interfaces makes nanolaminates
susceptible to thermodynamically driven microstructural changes upon annealing, out
of which four different types can be distinguished: (i) interdiffusion, (ii) coarsening of
the layering, (iii) reactions between the layers to produce a new phase, and (iv)
transformation within one or both layer types (Pinheiro et al. 2009, Mayrhofer et al.
2004, Mitterer et al. 2001). Enhanced hardness of up to 300% compared to single-
layered (monolithic) material has since been observed for nitrides with a periodicity of
5-10 nm, both for single and polycrystalline nanolaminates of the type TiN/(Ti,AI)N,
TiN/SisNg, TiN/TIBN, TiN/Ti, and TiN/NbN (Chen et al. 2007, An et al. 2009, Chu et
al. 2008, Cheng et al. 2010, Hultman et al. 2000). Elastic-moduli differences of the
constituting layer materials are considered to be a critical factor for the strengthening by
virtue of dislocation hindering across interfaces. The use of nanolaminates or
nanolayered thin films as hard protective coatings on cutting tools, however, exposes
the structure to elevated temperatures during the cutting process which may subject the
tool to temperatures as high as 1000-1200°C (Martin 2010, Veprek et al. 2002).
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2011-till
date

In these years, main focus of research is the development of new advanced hard
nanocomposite coatings with enhanced toughness. It has been observed that the
hardness H is not sufficient condition to reach low friction p and the friction p
decreases with decreasing value of effective Young's modulus E,. Besides a friction
phase which is always the most important part of every tribological coating its
mechanical properties (H, E;, We) can also strongly contribute to reduced the friction of
coatings. The hard coatings with a high ratio H/E, > 0.1 are highly elastic coatings with
the elastic recovery (We). W, > 70% is of a key importance for the development of hard
coatings with enhanced toughness. These coatings should exhibit (i) low values of the
effective Young's modulus (E;) satisfying the condition H/E, > 0.1, (ii) high elastic
recovery W, > 60%, (iii) strongly improved tribological properties, and (iv) enhanced
resistance to cracking (Voevodin et al., Musil 2012A, Kataria et al. 2012, Kim et al.
2011, Polaki et al. 2013, Ramadoss et al. 2013).

The development of advanced hard nanocomposite coatings with enhanced
toughness is a difficult task because the hardness H and the effective Young's modulus
E; are two mutually coupled quantities The coatings fulfilling these requirements can be
prepared if the element added into a base material is correctly selected. The magnitudes
of H and E; of the coating depend on the deposition parameters used in its preparation
and are controlled not only by the elemental composition of coating but also by its
structure, phase composition and microstructure, i.e. by the energy delivered to the
growing coating particularly by bombarding ions and condensing atoms. In this regard,
many transition metal nitride coatings have been developed so far, however, at present;
there are very few information on the formation of metal nitride coatings (CrNiN,
ZrNiN) that meet with tribological demands. Musil et al. (2001) have investigated that
the mechanical properties (H/E; > 0.1, W, > 70%) of nanocomposites composed of nc-
MeN/soft phase (ZrCuN, CrNiN, ZrNiN nanocomposite coatings) and concluded that
they are superior in comparision to mechanical properties (H/E; < 0.1, W, < 70%) of
nanocomposite composed of nc-MeN/hard phase (TiSiN, TiZrN, TiAIN). At present,
there are no general rules which allow to predict how to prepare the coatings with H/E,
>0.1.
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Among the developed coatings, Titanium Nitride (TiN) and its alloy like TiSiN, TiAIN
in composite form and nc-TiN/a-SisN4 in multi layer form have been used widely used as wear
protective coatings for wide scale applications. Titanium nitride hard coating deposited by PVD
has been used on an industrial scale for many years. The (TiNx) compounds are found to
exhibit both covalent (Ti-N) and metallic (Ti-Ti) and bonding features. High melting point,
extreme hardness and brittleness are the properties exhibited due to covalent bonding and the
properties like electrical conductivity and metallic reflectance show metallic contribution. (111)
orientation is the preferred for TiN thin films deposited by PVD. It has been observed that the
TiN film which possess the highest hardness are those exhibiting (111) orientation (Ljungerantz
et al. 1996, Banerjee et al. 2002). However, by controlling the ion/metal flux (Ji/Jyi) ratios, the
TiN preferred orientation may be changed from (111) to completely (200) (Chun 2010). The
hardness of TiN is ~ 2500 kg/mm? Knoop or Vicker Hardness (~ 85 Rockwell C Hardness or
24.5 GPa). Due to the formation of a metallurgical bond, the adhesion of TiN is good with the
substrate that will not chip, blister, flake, or peel. In fact, the surface layer of the substrate is
actually implanted slightly by the coating. It exhibits rocksalt structure (FCC bravais lattice) or
NaCl-type crystal structure with a roughly 1:1 stoichiometry; however TiN, compounds with x
ranging from 0.6 to 1.2 are thermodynamically unstable. Due to the steady oxidization of TiN
at temperatures ~ 500°C, poorly adherent TiO; rutile phase oxide layer forms on top of the TiN.
This leads to the deterioration of the wear protection of TiN coatings (Michalski et al. 1995,
Wuhrer et al. 1996). Due to the limited temperature stability of TiN there is a need for the
improvement which leds to the development of TiAIN and further addition of silicon nitride

during TiN deposition.

Hirai et al. (1982) observed that the partial solution of TiN in SizNg4 is obtained by the
co-deposition of SisN4 and TiN carried out at high deposition temperatures (1050-1450°C). It
was observed that sharp phase boundaries do not at these temperatures. This is an important
requirement for increased hardness. Later Shizhi and coworkers used PACVD to deposit
silicon-containing TiN at temperatures around 550°C which was identified as nanocrystalline
TiN in a silicon nitride matrix with hardness values of 6000 Vickers (Shizhi et al. 1992).
Veprek et al. studied isotropic nanocomposites, especially nc-TiN/a-SizN4 where “a” ans “nc”
stand for “amorphous” and “nanocrystalline” respectively (Veprek et al. 1995A, Argon et al.
2001). It has been observed from Ti-Si-N phase diagram at 700-1000°C that Ti-Si-N exhibit
TiN, TioN, SisNg, TisSis, TiSi, and TiSi, compounds. This was shown by calculations (Barin et
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al. 1973 and 1977) and confirmed by experiments. (Beyers et al. (1984)). This condition makes
the Ti-Si-N system very interesting for use as nanocrystalline composite coatings, such as
nanocrystalline (nc) TiN embedded in an amorphous (a) matrix of SizN4. Extremely high
hardness values of nc-TiN/a-SisN4 exceeding 100 GPa have been reported by Veprek et al.
(1995A).They could show that in conjunction with a-SizN4, hardness enhancement may also
occur for other transition metal nitrides such as W>N (Argon 2001). But the properties of nc-
TiN/a-SizNy starts to degrade above 500°C working temperature.

Ti-Al-N ternary system has attracted considerable research and industrial interest. Ti-
Al-N is commonly applied in many industrial applications. Normally, the solid solubility of
TiN and AIN is extremely limited with less than 2 at.% Al in TiN at 1000°C (Schuster et al.
1984, Oliveira et al. 2006). However, Al-content up to x=0.4 was obtained in cubic Ti;.xAlxN
(alloy) films by sputter deposition at 500°C substrate temperature (WahlstroKm et al. 1993).
The hardness of Ti-Al-N is higher than TiN and is therefore is an important candidate for
machining of abrasive materials, e.g. grey cast iron or cast Al-Si alloys. Moreover, new
interesting possibilities have been offered by Ti-Al-N system for the development of coating
such as low N contents may be added to Ti-Al films in order to reach a good compromise
between a low friction coefficient and high hardness. A higher strength of Ti-Al-N has also
been observed at elevated temperatures (over 800°C), better thermal barrier properties and a
higher oxidation resistance compared with TiN and Ti(C, N) and is therefore ideally qualified
for abrasive cuts with high cutting temperatures (L6ffler 1994, Coil et al. 1992, Leyendecker et

al. 1991) (Ti,Al)N exhibits application in the case of more thermally influenced processes.

As discussed earlier, if a given application is to be affect positively by a tribological
coating, several important requirements must be satisfied, including high mechanical hardness
and toughness, strong adhesion, uniform and adequate thickness, high thermal/chemical
stability, low friction, smooth surface finish etc. Dense morphology must also be exhibited by
the coatings (i.e. no open columnar grain boundaries or porosities). During tribological use, the
coatings which with wear out rather quickly are those which exhibit porous columnar
structures. Due to the repeated bending or tilting of columnar grains exhibiting poor inter-
column cohesion, there occurs microfracture-dominated wear during machining or sliding
operations. Therefore, it becomes extremely important that a strong cohesive bonding occurs

among grains of a coating. For improved performance, another important parameter is
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uniformity and adequacy of coating thickness. The tribological coatings in which all of these
requirements are fulfilled, can increase performance and durability of those components and
parts that are being used in an application.

1.5 Role of Hardness and Toughness in Wear Damages
1.5.1 Role of hardness

The hardness of a material, being defined as the resistance of a material to plastic
deformation, is directly linked to its ability to deform under applied pressure by crack initiation,
by dislocation movement, or by similar mechanisms. Hindering of dislocation movements can
be achieved through: (i) grain boundary hardening, (ii) solid solution hardening. Hard coatings
have been successfully used for protection of materials and particularly to enhance the life of
cutting tools since the 1970’s and it increases with decrease in grain size by Hall-Petch

relationship as

o,=0,+ K (1.2)

’ Jd

where, o, is the yield stress of the material, o, is the intrinsic yield stress of the bulk material,

K is the material constant and d is the grain diameter.

Nano-materials

Hardness

Conventional grain
size materials
Amorphous
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Figure 1.1 Hardness vs grain size
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It is evident from figure 1.1 that for conventional materials in which grain size is more
than 100 nm, the hardness is very less due to the reason that free movement of dislocation is
unaffected by less number of grain boundaries. However, when the grain size decreases and
below 100 nm, the grain boundary volume fraction increases which obstruct the movement of
the dislocations and therefore hardness increases. Again, when the grain size reduces to less
than 10 nm, hardness of the material decreases due to the grain boundary sliding and this is
known as inverse Hall- Petch effect. Hard coatings can be divided into three groups according
to their hardness (Musil 2000, Shtansky et al. 2004).

a) The hard coatings with hardness H < 40 GPa
b) The superhard coatings with 40 <H < 80 GPa
c) The ultrahard coating with H > 80 GPa

The hard coatings are extensively used for tribological applications and their
development by various physical and chemical routes are competing with each other to achieve
their superior performance in the actual engineering applications such as coatings for cutting
tools under dry and high speed machining conditions and protective coatings for turbine blades
and engine parts to improve their durability (Chandra et al. 2006A). Many binary and ternary
metal nitrides coatings belong to hard material but relatively less number of nitrides coatings
are superhard such as amorphous diamond-like carbon (DLC), cubic boron nitride (c-BN),
polycrystalline diamond coatings and amorphous carbon nitride (a-CN). Moreover, these
superhard coatings are thermodynamically unstable, which limits their utilization in some
applications (Sankaran et al. 2013, Mannling et al. 2001). For instance, applicability of
diamond coated cutting tools is limited by the high chemical affinity of carbon to iron. Owing
to the chemical dissolution of boron in iron, similar issues may be expected when the c-BN
coating is used in cutting of steels. Due to these problems, intensive research has been done in
this area, and recently nanocomposites based new superhard materials are being developed
(Musil 2000).

The ability of the coatings to protect base material from erosive wear is related to their
composition and processing; and especially to the structure of the coatings. Hindering of
dislocation movements can be achieved by: (i) grain boundary hardening (ii) solid solution
hardening (iii) age hardening and (iv) compressive stress hardening. Among the properties of

the coating materials responding for wear damages (such are chemical stability, elasticity and
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surface roughness, etc.), the hardness and fracture toughness highly influence the impact
dynamics of the sand particle-to-coating surface interactions and thus the erosion rate. The hard
silt particles, mainly quartz, are transported by the incoming water jet from dam site and cause
damage by cutting of the surfaces of underwater parts. Erosion of ductile material by hard silt
particles occurs by formation of deep and wide grooves, known as ploughs containing lips on
the target surface as shown in figure 1.2. As the grooves become deeper, they may appear as
through cracks or deep cavities. A coating material exhibiting fine ploughs possesses good
erosion resistance. Erosion by silt particles depends on the angle at which the silt particles
impinge on the coating surface. At low angles (20°-45°) erosion occurs by formation of surface
ploughs and lips. The impinging silt particles provide tangential forces on surface ligaments
and extrude the material causing ploughs in the direction of the particle flow. On the edges of
the ploughs the extruded target material forms the lips which are in a highly work hardened
state. The amount of work hardening continuously increases and causes embrittlement and
subsequent removal as debris. Various studies (Hutchings 1981) have shown that hardness is
perhaps the most important property as it provides resistance to ploughing and scratching by
hard particles. The general trend in the variation of erosion rate with hardness can be divided
into two stages. In the first stage the material develops increasing erosion resistance with
increasing hardness. After reaching the maximum, however, in the second stage any further
increase in hardness leads to the tendency of embrittlement, which results in a decrease in
erosion resistance. So the hardness of coatings material in the range of 25-35 GPa may be
sufficient to encounter abrasive wear damages (Musil 2012A). On the other hand, for brittle
material; the plastic shear is very limited and the sand particle impinging at higher angle (90°)
do the removal of chunks of material by a mechanism involving brittle fracture as shown in
figure 1.3. The eroded surface shows in this case no ploughs. Only surface pits and cavities are
formed by hard hitting silt particles. To mitigate fragment type of failure, coatings should have
high toughness or ductility, which facilitates plastic flow of the target material by the impact of
silt laden water. Poor ductility leads to a tendency for localization of strains and development

of cracks.
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‘ Hard particle, i.e., sand /

Metallic (ductile coating)

Metallic (ductile coating)

Figure 1.2 Erosion of ductile material/coating by hard silt particle bombarded at low angle

‘ Hard particle, i.e., sand

Figure 1.3 Erosion of brittle material/coating by hard silt particle bombarded at high angle

1.5.2 Role of toughness

Toughness describes the resistance against the formation of cracks resulting from stress
accumulation in the vicinity of structure imperfections. In an energetic context, toughness is the

ability of a material to absorb energy during deformation up to fracture. (Zhang et al. 2005).
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Toughness encompasses the energy required to create a crack and to enable the crack to
propagate until fracture. Therefore, a high toughness coating has high resistance to formation of
cracks under stress, and in the mean time, high energy absorbance to deter crack propagation,
whereby preventing chipping, flaking or catastrophic failure. In general those materials are hard
to cut at last has high toughness. In addition to superhardness, high toughness of a coating also
has equal importance especially for tribological applications where high shear and normal
forces are present. The level of protection needed in a sliding contact or machining application
may not be provided by Hardness alone. Sometimes, superhardness may be due to high levels
of internal stresses within the films, and such a condition may be detrimental to wear resistance
and fatigue and of such coatings. The various methods for toughening the coatings are (i)
ductile phase toughening (ii) compressive stress toughening and (iii) phase transformation
toughening. In principle, all toughening mechanisms can be applied to the toughening of thin
films or coatings, the real challenge lies in the implementation. Recent experimental studies
have confirmed that most nanostructured and composite coatings possess relatively high
fracture toughness and for industrial applications such as high-speed cutting and forming
processes have increasing severe mechanical contact conditions that drive the development of
materials with a combination of hardness and toughness. From a practical viewpoint, ‘super-
tough’ can be preferable to ‘super-hard’ in highly loaded mechanical contact (Zhang et al.
2003, Breake et al. 2011). It is proposed that their nano-size grain morphology can also provide
an ideal condition for resisting crack initiation. Even if a crack has initiated within a grain,
strong grain boundaries can arrest or deflect it back to the grain and hence prevent or retard
crack growth. Overall, superhardness and toughness are quite achievable in nanostructured or
composite coatings by producing high-strength grain boundaries and by controlling the surface
and interface energy of nanograins and the extent of texture, residual stress, and strain

throughout the films.

Industrial applications such as high-speed cutting and forming processes exhibit severe
mechanical contact that drive the development of materials with a combination of hardness and
toughness. Coatings which exhibit both hard and tough behavior are the hard nanocomposite
coatings with enhanced toughness. Such coatings should exhibit a low plastic deformation,
should be very elastic, exhibit resilient properties when the plastic deformation is zero and an

enhanced resistance to cracking.
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For engineering applications, only super-hardness does not serve the purpose while a
combination of hardness and toughness is more favored by academics due to the industrial
needs. In this direction, a sensible approach is to toughen superhard coatings so as to achieve
what is called as ‘‘hard yet tough’’ coatings.

1.5.3 Hard and tough coatings

Ductility and hardness have a roughly inverse relationship, increasing one invariably
reduces the other.

Many research in the field of PVD set as their goal the pursuit of high hardness,
apparently believing that this will provide the ultimate level of wear resistance. However, it has
been observed that only high hardness can not mitigate the wear damages. Oberle and
Hutchings have investigated (Oberle 1951, Hutchings 1981) for a range of material, that the
wear resistance actually decrease with increasing hardness, if that increase in hardness was
associated with an increase in the elastic modulus. In case of erosion damages, coating material
of high hardness with some definite amount of ductility is perhaps the best choice. This has
also been theoretically predicted by Hutchings (1981). Naim et al. (1986) observed that erosion
rate increases with increasing hardness at constant ductility and also noted a decrease in erosion

rate as the ductility increases at about constant hardness.

Hooke's law ¢ = Esg; (¢ is the strain and o is the stress) provides the way to produce
tough, hard, and resilient coatings. This shows that for a material to exhibits a higher value of €
or a higher value of elastic deformation at a given value o, it is required to reduce the Young's
modulus E. It means that there is a need to develop those materials which for a given hardness
H (o = const) exhibit lowest value of the Young's modulus E. The solution seems to be very

simple but is actually a very difficult task (Musil 2012A).
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Figure 1.4 Schematic display of stress ¢ vs strain € dependences for brittle, tough and resilient

hard coatings

The stress ¢ vs strain € dependences for brittle, tough and resilient hard coatings are
schematically displayed in figure 1.4. The brittleness of superhard materials is very large, they
exhibit very low strain € = g; to a rupture and almost no plastic deformation. Both elastic and
plastic deformation is exhibited by hard and tough materials exhibit. Higher toughness is
exhibited by materials which withstand a higher strain &; < & < gmax Without cracking. When
€max 1S achieved at higher values of omax, the hardness of tough materials is higher. On the
contrary, in comparison to hard and tough materials, fully resilient hard coatings exhibit higher
elastic recovery W,, lower hardness H, and no plastic deformation (line OA). Enhanced
resistance to cracking is the main advantage of hard and tough coatings. These are reasons why
hard and tough and fully resilient hard coatings should be developed in a very near future. A

new generation of advanced hard nanocomposite has been represented by these coatings.
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1.6. Overview of ZrWN and ZrWBN

1.6.1 Reason behind combining group IV (Zr-N) and group VI (W-N) transition metal
nitride and expected results

The protection of materials by hard coatings is one of the most important and versatile
means of improving components performance. Multicomponent refractory material systems can
provide opportunities for specific materials for wear resistant coatings. We know of a
tremendous number of refractory materials have been used for triboligical applications. A
system or a substrate-coatings combination is selected depending upon the application. Because
substrate and coating material exhibit vastly differing properties, depending on the required
level of system integrity, only a few combinations have been successful. Therefore it is
important to have criteria for the selection of most suitable coating material for specific needs.
The search for new or alternative materials, whether through experiment or simulation, has
been a slow and arduous task.

Surface

Interaction with workpiece
/ (adhesive/abrasive wear) or

_ environment
Film (corrosion/oxidation)
Interface <—

Adherence, Substrate Layer
Thermal expansion misfit, Hardness,
Substarte/layer interaction Fracture toughness
depend up on types of material Internal stress, Stability,
like steel, ceramic, Chemical inertness

semiconductor etc. are used

Figure 1.5 Different zones of a coating

Figure 1.5 provides some important criteria for the selection of coating system. It can
be clearly seen that a coating system has three different zones (layer, surface and interface),
having different properties requirements and role for the development of coatings material for
specific application.

First, is the layer material where composition and microstructure determine properties

such as strength, hardness, fracture toughness, internal stress, thermal conductivity and thermal
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stability. Second, is the substrate interface where adherence, strains by thermal expansion
misfit and interaction (reaction) of the substrate with the layer are critical points. Finally, the
layer surfaces where the interaction tendency of the layer material with a work piece or with the
environment has to be considered. Problems with the material selection arise mainly because
many desired properties such as good adherence at the substrate-layer interface and no surface
interactions, or high hardness and high toughness of the layer cannot be obtained
simultaneously. Increasing hardness and strength are concomitant with decreasing toughness
and adherence.

The main factors which determine coating material (layer) properties is shown in figure
1.6. The relationship between constitutes of coatings and fabrication process/parameters
determines the microstructure and finally properties of the coating and consequently pointing
out the selection of materials for specific application (Holleck 1986, Subramanian and Strafford
1993, Zhao et al. 2005)

Constitutes Fabrication Process
e.g. eg.
Substrate system, Coating process (PVD,
Layer System CVD, HVOF, LVOF,
Detonation Gun,
Thermal Spray etc)
Microstructure e.g.
Density,
Grain size,

Grain boundary,
Grain orientation,
Thickness

Coated Material Properties Hardness, Fracture
toughness, Internal stress,

Stability, Chemical inertness

Figure 1.6 Factors fixing coated materials

For constitute point of view, many hard materials have been studied so far and they
divided in to three groups on the behalf of bonding (metallic, ionic and covalent) between
elements as shown in schematic manner in figure 1.7. Each of the different group of hard

materials shows advantages and disadvantages in respect of an application as hard coating. The
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type of bonding between constitutes highly affect the physical and chemical properties of

compound. A comparison of coatings relevant properties of the hard material groups is shown

in table 1.3.

Indicate the change
in properties with
the change of
chemical bond

Covalent Covalent hard

materials

Metallic hard
materials

Brittle
Hard

TiC, TiN,
TiAIN, ZrN,
CrN, TiB,,
NbN, ZrC,
ZrB, etc.

Tough Inert
Adhesive Stable

Metallic
bond

Figure 1.7 Different group of hard material

Table 1.3 Properties and behavior of the different group of hard materials

TIonic hard
materials

Order Brittleness | Hardness | Elastic Stability | Thermal Melting | Adherence to
modulus | - AG expansion | point metallic
Coefficient substrate
High I C M I I M M
Medium | C M C M M C I
Low M I I C C I C

M: metallic, C: covalent, I: ionic

Because of complex requirements for wear resistant coatings such as high hardness,

high toughness, good adherence at the substrate-layer boundary and high stability, a alloying of

different group hard material seem to be the best negotiation. This alloying can be achieved
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either in the form of multicomponent (solid solutions, binary, ternary etc.) or multiphase (solid
solution/intermetallic compound) or multilayer coatings. It can also see from table 1.3 that a
blend of metallic hard material and ionic hard material may be the best combination for the
development of novel coating material to mitigate erosive damages (Chauhan et al. 2013,
Holleck 1986, Jehn 2000, Zhao et al. 2005, Subramanian et al. 1993).

In ternary metal nitrides, according to Holleck (1986) blend of ionic bonding and
metallic bonding can be obtained if we combine group IV and group VI binary transition metal
nitrides. It has been observed in above literature survey, that by proceeding from group 1V to
group VI transition metal nitrides one gets an increase in amount of metallic bonding, a
decrease in room temperature hardness, an increase in hot hardness, an increase in fracture
toughness and small interaction tendency with other materials. Moreover, IV group nitride has
higher ionic character percentage as compare to VI group nitride.

Group IV binary transition metal nitrides (TiN, HfN, ZrN) are brittle in nature, exhibit
high stability and high hardness, while group VI binary transition metal nitrides (CrN, MoN,
W;N) are less reactive in nature, exhibit high toughness and high adhesion. In literature,
systems containing the combination of group IV and group VI binary nitrides have been
studied. These include Ti-W-N, Zr-Cr-N, Ti-Cr-N, Ti-Mo-N, Zr-Mo-N, Ti-Zr-N and Cr-Mo-N.
It has been observed that the mechanical properties of these ternary nitrides is better than their
binary nitrides (Song et al. 2007, Hsu et al. 2013, Moser et al. 1994, Yang et al. 2005, Regent
et al. 2001, Kim et al. 2009, Purushotham et al. 2007, Ryan 1964, Schwarz et al. 1985).

In the present research work, zirconium nitride (group IV binary nitride) and tungsten
nitride (group VI binary nitride) have been selected for the development of super hard and

tough nanostructure Zr-W-N coating material.
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1.6.2 Zirconium Nitride Coatings

Since 1960, there has been intense research on ZrN centered around the study of defect
properties and diffusion phenomenon. They are sometimes called "refractory hard metals”
because of their metallic properties, “interstitial compounds” because the small non-metal
nitrogen atom appears to fill the octahedral void between the metal atom and "defect
compounds™ because both the metal and non-metal lattices can tolerate atom vacancies in rather
large concentration. From a chemist's viewpoint zirconium nitride (ZrN) like most of the
mononitrides of transition elements, offers a unique collection of properties to be reconciled,
namely (Liu et al. 2003, Vetter et al. 1990).

(i)  Metallic bonding indicated by electrical conductivity, Hall effect measurements,
magnetic properties, appearance (luster), and presence of homogeneity regions.

(i)  Covalent or ionic bonding suggested by high melting points, hardness and

brittleness.

(iii)  lonic bonding inferred from chemical behavior, X-ray emission bands and

Mossbauer spectroscopy.

Due to its metallic band structure, the only stable phase is stoichiometric ZrN
compound which exhibits a gold-like colour. Other non-stoichiometric metastable phases exist
like Zr,N (Liu et al. 2003), ZrsN4 (Pichon et al. 1999), ZrN, (Dauchot et al. 1995) and ZrsN3
(Ivanovskii et al. 2001). Recently, ZrsN4 was synthesized using a high temperature (700°C) and
high pressure (~15 GPa) technique. These materials are corrosion resistant and extremely hard
(40 GPa) and also exhibit interesting electrical and optical properties. For example, they exhibit
semiconducting nature with an energy band gap around 1.4 eV. These properties make them

useful in electronic devices such as photovoltaics.

Among group IV and group VI transition metal nitrides, the transition metal nitrides
which are based on titanium nitride (TiN) and chromium nitride (CrN) have stimulated
commercial interest due to their wear and corrosion resistance, extreme hardness, and thermal
and electrical properties. Recently, ZrN coatings attracting much attention over TiN and CrN
(Chou et al. 2002), due to their characteristics such as high hardness (Brugnoni et al. 1998),

excellent wear resistance (Vetter et al. 1990, Sue et al. 1995) and gold like color in the visible
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wavelength region (Niyomsoan et al. 2002) and have been used for protective coatings in
decorative coating and cutting tools (Ramana et al. 2000, Sue et al. 1989).

In addition, the zirconium nitride film can be used as a diffusion barrier in
microelectronic devices (Takeyama et al. 2002) and emitter coating for field emission devices
(Nagao et al. 1998). Since its optical properties are highly dependent on the nitrogen
composition, zirconium nitride coating can also be used as optical filters, (Benia et al. 2003).
The oxidation resistance of ZrN is generally concidered to be poor. It is the main reason why
this material received so little application as a refratory compound despite its relatively high
thermal stability. Heated in air at atmospheric pressure powdered ZrN begins to oxidize
between 400 and 600°C (Panjan et al. 1996).

Larijani et al. (2009) have investigated the effects of post annealing treatment (at 700°C
under Ar ambient) on the microstructure and hardness of as deposited ZrN films. They reported
that the ZrN films retain their fcc phase but with reduced thickness after annelaing. The
formation of zirconium oxides and decrease in residual compressive stress reduces the hardness
of ZrN films.

In silicon semiconductor technology, owing to the good diffusion barrier in Cu
metallization, ZrN is one of the excellent materials for the use in ultra large-scale integration
technology, due to its low electrical resistivity, chemical and metallurgical stability similar to
TiN. Takeyama (2002) et al. reported ZrN thin film as a good diffusion barrier in Cu/ ZrN/Si

contact systems up to 750°C for 1 h without any Cu penetration through it into the silicon.

ZrN coating also has been attracting interest in biomedical engineering. ZrN has a good
compatibility with human tissue and might thus be considered as a biomaterial for use in
surgical implants. ZrN coatings have been reported to exhibit better corrosion protection ability
compared to TiN and have been used to improve the corrosion resistance of some biomaterials
as stainless steels and NiTi alloys (Xin et al. 2009, Cheng et al. 2006).

However, since zirconium has a higher melting point, a lower vapor pressure, and
higher contamination susceptibility by oxygen and carbon, it is more difficult to deposit ZrN
film than TiIN or CrN films. So far, many techniques such as vacuum arc deposition

(Zhitomirsky et al. 1997), direct current (dc) reactive magnetron (Wu et al. 1997), pulse laser
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deposition (Spillmann et al. 2001), and ion beam assisted deposition (Ensinger et al. 2000)
have been used to prepare zirconium nitride films. Although many investigations have revealed
that the preferred orientation in other transition metal nitrides is determined by the growth
process (Farkas et al. 2004, Tung et al. 2009A), there are few reports on the mechanism of

texture evolution of the texture for zirconium nitride films grown by magnetron sputtering.

1.6.3 Tungsten Nitride Coatings

Tungsten nitride (WNy) belongs to a class of refractory metal nitrides that have the
unique properties of excellent hardness, chemical inertness, high melting point, good chemical
stability and high conductivity (Toth 1971). The combination of these properties makes
tungsten nitride a suitable material for diffusion barriers in microelectronic devices (Shar 1979,
So et al. 1988), schottky contacts to GaAs (Lee et al. 1995), gate electrodes in metal-oxide-
semiconductor field effect transistors (Moriwaki et al. 2000, Claflin et al. 1998), and hard wear
resistant coatings for cutting tools (Yamamoto et al. 2005, Polcar et al. 2007, Polcar et al.
2008) tribological properties of nitrides of transition metal thin films deposited by reactive
magnetron sputtering have been thoroughly studied for three decades. Nevertheless, there are
still several gaps in knowledge. The majority of studies are focused on a limited number of
metals, namely Ti, Al and Cr, while other potentially attractive compounds are aside the main
attention. Coatings of transition metals nitrides are known for their high hardness (40 GPa) and
excellent wear resistance, being titanium nitride the best known member of this family.
However, its tribological properties are significantly diminished when the coating is exposed to
elevated temperatures, particularly due to rapid oxidation. In this respect, chromium nitride
possesses significant advantages compared to TiN, mainly higher oxidation resistance, thermal
stability and, particularly, corrosion resistance. On the other hand, as main drawback CrN
exhibits a significantly higher friction coefficient, this is not desired in many applications
(Polcar et al. 2005). Other nitrides, such as MoN, VN or AIN, could outperform TiN or CrN in
many parameters; however, their commercial use is very limited. Tungsten nitride stays still
aside of attention despite some significant advantages, such as extremely high hardness and
excellent adhesion on typical steel substrates. Yamamoto et al. (2005) and Hones et al. (2003)
have observed a change in the structure for WNy films in the region of N/W < 1, from W to

tungsten mononitride WN, which exists in two structural modifications (low temperature
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hexagonal h-WN and high temperature cubic c-WN) through fcc tungsten subnitride W-N with
increasing N concentration in the films. However it was not clear when stoichiometric

hexagonal WN appeared.

Suetin et al. (2010) studied the electronic structure, density, cohesion energies,
coefficients of low temperature heat capacity (y) and Pauli paramagnetic susceptibility (y) of
cubic tungsten subnitride W;N by using a full potential linear augmented plane wave (FLAPW)
method with the generalized gradient approximation (GGA) of the exchange correlation
potential. They reported that among tungsten nitrides, W;N subnitride has the maximum
density (17.110 g/cm®), the minimum values of DOS at the Fermi level N*' (Ef) (0.800
state/eV-cell) and y (1.89 mJ.K2mol™), ¥ (0.25+10* em/mol) coefficients, and also the

maximum energy (-10.94 eV/atom) of cohesion.

Polcar et al. (2007 and 2008) have studied the tribological behavior of tungsten nitride
(WNy, x = 30, 47, 50 at.%) coatings at room temperature up to 600°C. They reported that all
coatings exhibited the cubic -W,N phase; however, the hexagonal 5-WN phase also appeared
and became dominant when the nitrogen content was 58 at.%. The increasing temperature did
not affect significantly the structure up to 400°C. At 500°C, the presence of weak oxide peaks
revealed a surface oxidation and a further increase of the temperature led to the entire oxidation
of the tungsten nitride coating. At room temperature, W7oN3o was the hardest coating (~ 41
GPa), while the coatings with higher nitrogen content, Ws3N4; and W,,Nsg, exhibited similar
hardness values close to 30 GPa. The hardness measured after annealing slightly decreased
with temperature and dropped to 6 GPa for 600°C, a value typical for tungsten trioxide. The
tribological performance of the coatings is excellent up to 300°C with no measurable wear.
Further increase in the temperature dramatically changed the wear mechanisms causing a
severe coating damage in the centre of the wear track. The entire oxidation of the coating at

600°C is detrimental for the wear resistance.

Furthermore, many investigations (Jiang et al. 2006, Boukhris et al. 1997, Yamamoto et
al. 2005) have revealed that the phase structure and composition in WNy films have a
significant effect on the performance of the layer in certain applications, such as diffusion in

microelectronic devices, electrical resistivity, work function, and hardness. However, due to the
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complex relationship between processing parameters and physical properties of the layers, an
understanding of these relationships is crucial for designing layers with the desired properties
and exceptional performances. So far, many techniques have been used to achieve tungsten
nitride such as metal organic chemical vapor deposition (Kim et al. 1991), DC/RF reactive
sputtering (Shen et al. 2000, Polcar et al. 2007, Migita et al. 2001, Hones et al. 2003), ion beam
sputtering (Abadias et al. 2006), reactive laser ablation (Soto et al. 2003) and cathodic arc
(Yamamoto et al. 2005). Among these techniques, reactive sputtering is of special interest
because it is an industrial process applicable to large area deposition, and high quality films can
be obtained even at a low substrate temperature.

1.6.4 Zirconium Tungsten Nitride (Zr-W-N) Coatings

As the demand for performance exceeds the capabilities of existing materials, new
materials with superior properties must be developed. Zr-W-N is a newly developed novel

coating material and very few studies have been published on this material.

An another advantage to select zirconium (among group IV transition metals) and
tungsten (among group VI transition metals) for making ternary nitride is that Zr-W-N coating
has the solid solution of low and high elastic modulus elements which may intern help to retard
the growth or generation of cracks inside the grains. Zirconium has the lowest elastic modulus
(~ 103 GPa), bulk modulus (~ 128 GPa) and hardness (~ 5.7 GPa) among group IV transition
elements. On the other hand tungsten has the highest elastic modulus (~ 280 GPa), bulk
modulus (~ 268 GPa) and hardness (~ 16 GPa) among group VI transition elements (Zhou et al.
2014, Zhao et al. 2005).

Wang et al. (2007A) investigate the influence of nanoscale modulation periods (~ 3 to
50 nm at 0.8 Pa sputtering pressure) and working pressures (0.6 to 1.4 Pa at 30 nm modulation
period) on structural and mechanical properties of the ZrN/W,N multilayered coatings
deposited by RF magnetron sputtering in an ultra-high vacuum chamber. The results show that
the maximum hardness is up to 34 GPa at A = 30 nm and at 0.8 Pa sputtering pressure. The
sharp ZrN(111) and W,N(111) preferred orientations are found in all multilayered structures. In
higher working pressure, strong W>N (200) and weak W;N (311) texture are identified. With
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decreasing working pressure, the peak intensity of W;N (200) decrease and peak intensities of
ZrN (111), W2N (111), and W2N (311) increase.

Yamamoto et al. (2010) have been found that by incorporating appropriate amount of
W into Zr containing nitride films, the resulting films can have sufficient lubricity at higher
temperature and can exhibit excellent wear resistance even at high temperature. Tungsten forms
oxides like WO, (melting point ~ 1500°C) and WO3 (melting point ~ 1470°C) when a cutting
tool and a workpiece undergo sliding at high speed upon cutting. These oxides formed at
sliding faces have melting point near to the “sliding face temperature” upon cutting and they
are flexible and exhibit lubricity at these temperatures. To exhibit such lubricity, W should be <
3 atomic percentage in the ZrWN films.

Perevislov et al. (Perevislov et al. 2005) have studied the optimum process parameters
like temperature, composition and environment for the synthesis of W1.4ZryCi.yNy, compound
by pure grade WC, ZrC, and ZrN powders. The powders were grinded in a titanium mortar
with ethanol, and the mixture was dried and pressed. The heat treatment was done within 1300-
1900°C. The samples were kept at constant temperature for different times under a pressure of
1.2 atm in ultrapure argon. The homogeneous W1.,Zr,Ci.yNy free from the impurities of starting
components and W,C is formed only for two compositions having a low concentration of
tungsten and high concentration of nitrogen. They observed that to prepare complex
carbonitrides Wi.xZr«C1yNy, a temperature of 1700°C, nitrogen atmosphere, and isothermal

annealing for 1 h at the final temperature are the optimal parameters.

1.6.5 Zirconium Tungsten Boron Nitride (Zr-W-B-N) Coatings

Nanocrystalline transition metal nitrides coatings are attractive materials for industrial
applications due to their high hardness, high melting point and chemical inertness. However,
there are some drawbacks such as poor thermal stability, defects in columnar structure, low
oxidation resistance and limited hardness enhancement. Hence such coatings may not mitigate
physical and chemical damages of various components used in many industrial sectors, such as
material processing, power generation, chemical engineering and aerospace, where need an
ability of coating to operate in exotic environment. For these applications, nanocomposite

coatings can make a huge positive impact (Zhang et al. 2003, Holubar et al. 2000, Baker et al.
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2010). Nanocomposite coatings represent a new generation of materials (Voevod et al. 1999,
Zhang et al. 2003, Holubar et al. 2000). They are composed of at least two separated phases
with nanocrystalline (nc) and/or amorphous (a) structure or their combination. The
nanocomposite materials, due to very small (< 10 nm) grains and a significant role of boundary
regions surrounding individual grains, exhibit enhanced or even completely new properties and
behave in a strongly different manner compared to the conventional materials composed of
larger (> 100 nm) grains. Nanocomposite coatings exhibiting superior mechanical properties,
self-lubricating properties and high thermal stability are extremely well suited for demanding
tribological applications. Such coatings can also provide greater resistance to contact
deformation and damage during heavily loaded rolling or rotating contacts (Musil 2005,
Veprek 2004). Musil (2012A) and Veprek et al. (2005) have reported that the nanocomposite
coatings composed of nanograins dispersed in amorphous matrix and grain boundaries of
nanograins about one-monolayer-thin of nonmetallic, covalent nitride such as SizsN4, BN (nc-
nitride/a-nitride) are highly elastic and exhibit enhanced resistance to cracking at high applied
load. Nanocomposite materials consist of materials formed by light elements (B, C, and N)
nitrides and heavy transition metals (Zr, W, Ti, Cr) nitrides that could introduce a high valence
electron density into the corresponding compounds. The high valence electron density enables
resistance to elastic and plastic deformation. (Tian et al. 2012, Gu et al. 2008A, Kaner et al.
2005, Gonzales et al. 2010). Moreover, hard nc-nitride/a-nitride nanocomposite coatings
prevent to a direct connection between the external atmosphere and the substrate and thereby
they should ensure a good protection of the substrate against oxidation even at temperatures
when the amorphous phase start to nanocrystalline. For further increase the thermal stability of
nanocomposite coatings, the amorphous phase should have the higher (> 1000°C)
crystallization temperature. Therefore light elements such as boron, and silicon were
incorporated for enhancement thermal stability and corrosive resistance of nanocomposite

coatings.

Recently role of boron in enhancing mechanical performance and thermal stability of
nanocomposite coatings has been also demonstrated. Boron nitride (BN) thin films are of
interest because of their excellent physical, chemical and mechanical properties (Shtansky et al.
2000, Liu et al. 2012, Eichler et al. 2008). Due to high crystallization temperature of boron
nitride (> 800°C) exhibited high oxidation resistance. Boride-based multicomponent
nanocomposite coatings (Mitterer et al. 2004) can dramatically increase hardness and thermal
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stability and hence reduce wear under harsh sliding or machining conditions. There are many
papers reporting on boron based nanocomposite coatings, e.g. W-B-N (Louro et al. 2005, Reid
et al. (1995), Ti-B-N (Mayrhofer et al. 2006, Rupa et al. 2014, Lee et al. 2007), Zr-B-N
(Mitterer et al. 1991, Urgen et al. 1995), Cr-B-N (Mallia et al. 2013) and Hf-B-N (Herr a et al.
1997) etc. These coatings show high thermal stability, high hardness, and high oxidation
resistance. It has been also noticed that by varying the boron concentration in the film, the
physical and chemical properties of these nanocomposite can be tuned as per application

requirement.
1.7 Objective and scope of the present research work

In many industries, such as offshore, marine, power plant, process, aeronautical and
mining, numerous components like pipe work, valves, pumps, extrusion dyes, powder mixers,
turbine and helicopter blades are performed in erosive and exotic environments. Such
environments cause severe wear damages to these components. The extent of damage and
intensity of wear are mainly subjected to surface properties of components, which make surface
engineering an effective approach to control wear damages by means of modifying surface
properties. Nanocrystalline transition metal nitride coatings over material surfaces have
attracted considerable attention in recent years owing to their promising applications in surface
engineering. As overlay coatings, transition metal nitrides offer effective way of addressing
these issues by taking advantage of the distinctive physical and chemical properties including
high hardness, high melting point, chemical inertness, and good thermodynamic stability. Their
novel properties originate from the microstructural characteristics in terms of grain size,
crystallographic orientation, lattice defects, texture and surface morphology as well as phase
composition. Among various PVD techniques, DC/RF magnetron sputtering technique is an
effective technique to deposit transition metal nitride coatings because of good control on
processing parameters involved. Each parameter has its own role to play and microstructure as
well as composition of transition metal nitride thin films can be tuned just by tuning the values
of various deposition parameters involved. Moreover magnetron sputtering is of special interest
because it is an industrial process applicable to large area deposition, and high quality films can
be obtained even at a low substrate temperature. The coatings deposited by this technique are
much cheaper to produce than the bulk nanocomposite materials. They can be applied on most

ceramic and metallic substrates with strong bonding.
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The aim of the present research work is to develop hard and tough advance
nanocrystalline transition metal coatings using magnetron sputtering technique to mitigate wear
damages like cavitation erosion and silt erosion in hydro turbine components. The transition
metal nitride coating exhibiting high hardness (H ~ 20-25 GPa), low effective elastic modulus
(Er < 200 GPa), high wear resistance (H/E; > 0.1), high elastic recovery (W, > 60%),
compressive macrostress (< 0), high toughness, high thermal stability, dense and voids-free
microstructure (non-columnar microstructure) is more demanding for tribological applications.
The review of available literature depicts that the transition metal nitrides coatings exhibit
above mention properties are rarely reported in literature. Transition metal nitride coating
exhibit high hardness with low elastic modulus satisfying H/Er > 0.2 is not reported in the

literature so far. Moreover, there are no general rules which allow to predicting how to prepare
the coatings with H/Er > 0.1. Only the tuning of elemental composition, microstructure and

phase composition of coating is the way to develop advance wear resistant transition metal
nitride coatings for tribological applications.

In the present work, transition metal nitrides composed of zirconium, tungsten and
boron are selected after a thorough literature survey with respect to tribological applications.

The main objectives of the present research work are,
e Design a hard and tough advance ternary nitride system.

e Synthesis and development of transition metal nitride coating of zirconium, tungsten
and boron on silicon substrate by DC/RF reactive magnetron sputtering technique using

N, and Ar gases.

e To examine the microstructure, thermal stability and mechanical properties of deposited

coatings.

e To investigate the effect of different deposition parameters such as nitrogen flow rate,
substrate temperature, post annealing temperature, negative bias voltage and sputtering

power on physical and mechanical properties of ZrWN and ZrWBN coatings.

¢ Identification of different phases, preferred crystallographic orientation, determination

of average crystalline size and stress measurement by XRD.

¢ Identification of crystallographic structure and phase analysis by TEM/SAED.
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e To characterize the morphological and cross-sectional features of coatings by FESEM.
e To elucidate the elemental composition by EDS and WDS.
e To characterize the topographic features and surface roughness of coatings by AFM.

e To elucidate mechanical properties (hardness, elastic modulus, elastic recovery, wear
resistance, resistance to plastic deformation and adhesion) by Nanoindentation.

e To characterize fracture toughness of coatings by Macroindentation.

The technical objectives of the present work can be enumerated as:

Chapter 3 (Zirconium Tungsten Nitride coating: Study on Nitrogen Partial Pressure)
discusses the effect of nitrogen partial pressure (pN2) (0.07 to 0.67 Pa) on structural,
composition and mechanical properties of Zr,Wi«Ny thin films. It has been observed that the
structure and elemental composition of the deposited Zr,W,.xNy thin films strongly depend on
pN2. XRD analysis shows that for 0.07 Pa < pN,<0.17 Pa, ZryW1xNy films exhibit single (fcc)
phase, for 0.20 Pa < pN, < 0.27 Pa, an amorphous phase is obtained and for 0.33 Pa < pN, <
0.67 Pa reflections corresponding to fcc phase Zr-W-N and hcp phase ZrN have been observed.
The phase formation has been confirmed by TEM diffraction patterns (SAED). The diffuse
rings in SAED pattern of film deposited at pN, = 0.27 Pa confirm that nanocrystalline grains
were not grown during deposition. The film deposited at pN, = 0.47 Pa exhibit maximum (6.8
nm) roughness because the XRD peaks of ZrN are relatively prong with the XRD peaks of Zr-
W-N phase which indicate that ZrN phase is well established along with Zr-W-N phase and
hence roughness increases. Results of nano-indentation analysis confirm moderate hardness,
high wear resistance, high resistance to plastic deformation and high adhesiveness of Zr,WixNy
films. Among all the phases, maximum hardness (~ 24 GPa) and maximum reduced elastic
modulus (135 GPa) have been obtained for dual phase (fcc+hcp) film while resistance to
fatigue fracture (H*/E,%~ 0.87 GPa), wear resistance (H/E; ~ 0.2) and ductility for single phase
(fcc) film were found to be maximum. All the films were found to exhibit high adhesion with

the substrate surface.
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Chapter 4 (Zirconium Tungsten Nitride coating: Effect of Insitu and Exsitu Annealing
Temperatures) discusses about the structure, thermal stability and mechanical properties of
crystalline (fcc) phase and amorphous phase Zr-W-N thin films. This chapter divided into two
sections. Section 4.1 describes the effect of substrate temperatures Ts (100°-600°C) and post
annealing temperature T, (100°-600°C) on thermal stability and mechanical properties of
amorphous phase Zri9WigNes thin films. For 100°C < Ts < 300°C, XRD patterns show an
amorphous structure of the films and for 400°C < T< 600°C, a crystalline fcc phase with (111)
and (200) orientation has been observed. The XRD findings are further confirmed by TEM and
SAED patterns. Maximum wear resistance (H/E; ~ 0.22) and maximum resistance to fatigue
fracture (H*/E® ~ 1.1 GPa) have been obtained for the amorphous films deposited at Ts =
200°C. Post annealing of films deposited at 200°C have been carried out in air from 100°-
600°C. Oxygen starts to be incorporated in the films at T,, = 300°C and its content increases
with increasing T,. No crystalline oxide phases are observed up to T, = 600°C. The hardness of
the annealed films decreases with increasing oxygen incorporation. Indentation and scratch
tests for as deposited and annealed films show that no cracks propagate in the films even at a
high load of 50mN and all the films exhibit high adhesion with the substrate. Section 4.2
describes the effect of substrate temperatures T, (100°-600°C) and post annealing temperature
Tn (100°-600°C) on thermal stability and mechanical properties of crystalline fcc phase
ZrW19Nsg thin films. For 100°C < Ts< 600°C, X-ray diffraction patterns of the deposited films
show a crystalline fcc phase with (111) and (200) preferred crystallographic orientations of
grains. A close analysis of the diffraction pattern shows that for low T (Ts < 400°C) the coating
structure is not simply fcc but probably contains some amorphous parts along with the fcc
phase. It can be clearly seen that the contribution of amorphous part is maximum for Ts=100°C,
decreases with increasing Ts and disappears for Ts > 400°C. The XRD findings are further
confirmed by TEM and SAED patterns. Maximum wear resistance (H/E,~ 0.22) and maximum
resistance to plastic deformation (H*/E,?~1.0 GPa) have been obtained for the film deposited at
Ts = 400°C. Post annealing of the films deposited at 400°C have been carried out in open
atmosphere at 100°-600°C. For the annealed films, no crystalline oxide phase has been detected
for 100°C < T, < 600°C, even though oxygen incorporation in the films starts at T, > 300°C.
The films start peeling off at 500°C and got completely peeled off at 600°C. The crystallite size
increases with increasing T, and reaches a maximum value of ~10 nm at T, = 400°C. Hardness

and elastic modulus of annealed films found to be increasing with increasing strain. For
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practical applicability, the film deposited at 400°C is found to be most suitable for application
in the temperature range below 300°C. But the deposition of wear protective coatings at low

substrate temperature (< 200°C) is more feasible for commercial aspects.

In Chapter 5 (Zirconium Tungsten Nitride Coating: Study on Energetic lon
Bombardment) discusses the effect of negative substrate bias voltage Vs (-20 V to -120 V) on
structure and mechanical properties of fcc phase Zr-W-N coatings deposited at 200°C substrate
temperature has been studied in details. The application of negative bias voltage to the substrate
leads to impingement of energetic ions on the coating surface is an effectual way to grow dense
and void-free microstructure of coating at low deposition temperatures. The deposition rate and
substrate ion current density vary non-monotonically with increasing Vs. XRD patterns of the
Zr-W-N coatings revealing one group of peaks of fcc structure, indicating that this coating
tends to form a single solid-solution nitride phase rather than the co-existence of separated
nitrides. FESEM analysis shows that the morphology evolves from columnar structure to dense
and then glassy structure with increasing negative bias voltages. Nanoindentation hardness H
and effective elastic modulus E, of the coating increases as the negative substrate bias goes up.
Maximum wear resistance (H/E, ~0.23) and fracture toughness (Kic ~ 2.25 MPa.m*?) have
been obtained for the film deposited at -100 V bias voltage. This indicates that the simultaneous
increment of wear resistance and toughness is achievable if the negative bias voltage is
properly controlled. Therefore, for the deposition of Zr-W-N system done at low substrate
temperature (200°C) and at -100V bias voltage, pronounced mechanical properties (H~ 34 GPa,
H/E, > 0.1, We > 60%, H¥/E.* > 0.1, Kic ~ 2.25 MPa.m"?) has been achieved.

Chapter 6 (Zirconium Tungsten Boron Nitride Coatings) discusses about the effect of
microstructure on thermal stability and mechanical properties of Zr-W-B-N nanocomposite
coatings. The Zr-W-B-N nanocomposite coatings have been co-sputtered deposited on Si (100)
substrates by varying power density (0.1 to 7.5 watt/cm?) to boron target to obtain films of
various compositions and microstructure. It has been observed that the Zr-W-B-N films with
boron contents < 2.3 at.% exhibited (200) preferred crystallographic orientation of grains and
columnar structure. For the boron content > 7.5 at.%, non-columnar films with the crystal phase
grain size less than 7 nm and films of crystalline (Zr-W-B-N)-amorphous structure (BN) or
high amorphous component are produced. Owing to synergetic contribution of solid solution

strengthening and grain boundary hardening, film with boron content ~7.5 at.% exhibits
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maximum hardness (~ 37 GPa), wear resistance (H/E; ~ 0.24) and fracture toughness (2.9
MPa.m"?). Due to the superior mechanical performance of Zr-W-B(7.5 at.%)-N film over other
deposited films of varying B content, post annealing of the this films has been carried out at
300°-900°C in vacuum (T,) and in air (T,). Zr-W-B(7.5 at.%)-N film retains the fcc structure
after vacuum annealing at T, = 900°C. However, film retains the fcc structure during air
annealing at T, < 700°C and at T,, = 900°C, full degradation of the Zr-W-B(7.5 at.%)-N film in
crystalline phases of ZrO, and WO3 was observed. The oxygen starts to be incorporated in the
film at T, = 500°C and its content increases substantially with increasing T,. The film got
completely peeled off at T, = 900°C. Hardness H and elastic modulus E, of the films remains
unaffected by vacuum annealing while increased with increasing oxygen concentration in to the

films.
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CHAPTER 2

Synthesis and Characterization Processes

2.1 Introduction

A synthesis of thin films is a top down approach includes the deposition of individual
atoms on a substrate. A thin film is not defined only due to its lower thickness (less than several
micrometers), but also due to the process, by which it nucleated i.e. one-by-one condensing of
molecules / ions / atoms of matter, coalesces and grows to form low dimension structure on a
substrate. That’s why, thin films differ from thick films which are created by thinning a three
dimensional material or assembling large cluster/aggregates/grain of atomic/molecular/ionic

species to form low-dimensional material.

Historically, thin films have been widely used since last four decades in making optical
coatings, instrument hard coatings, electronic devices and decorative parts. The thin filmis a
traditionally well established material technology. However, thin film technology is still being
developed on a daily basis since it is a key in the 21% century development of new materials
such as nanometer materials and/or a man made superlattices. Thin film materials and devices
are also available for minimization of toxic material since the quantity used is limited only to
thesurface. Thin film processing also serves on energy consumption in production and is
considered an environmentally being material technology for the next century (Wasa and
Hayakawa 1992).

2.2 Thin Film Growth Process

Formation of thin film takes place via nucleation and growth process. The general
picture of the step-by-step growth process emerging from the various experimental and
theoretical studies can be presented as follows:
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(1) The unit species, on impacting the substrate lose their velocity component normal to the
substrate (provided the incident energy is not too high) and are physically adsorbed on
the substrate surface.

(2) The adsorbed species are not in thermal equilibrium with the substrate initially and
move over the substrate surface. In this process they interact among themselves,
forming crystals of very small size called nuclei.

(3) The nuclei are thermodynamically unstable and may tend to desorbs in time, depending
on the deposition parameters. If the deposition parameters are such that a cluster
collides with other adsorbed species before getting desorbed, it starts growing in size.
After reaching a certain critical size, the cluster becomes thermodynamically stable and
the nucleation barrier is said to have been overcome. This step involving the formation
of stable, chemisorbed, critical-sized nuclei is called the nucleation stage.

(4) The critical nuclei grow in number as well as in size until a saturation nucleation
density is reached. The nucleation density and the average nucleus size depend on a
number of parameters such as the energy of the impinging species, the rate of
impingement, the activation energies of adsorption, deposition, thermal diffusion,
temperature, topography and chemical nature of the substrate. A nucleus can grow both
parallel to the substrate by surface diffusion of the adsorbed species and perpendicular
to it by direct impingement of the incident species. In general, however, the rate of
lateral growth at this stage is much higher than the perpendicular growth. The grown
nuclei are called island.

(5) The next stage in the process of film formation is the coalescence stage, in which the
small islands start coalescing with each other in an attempt to reduce substrate surface
area. This tendency to form bigger islands is termed agglomeration and is enhanced by
increasing the surface mobility (by increasing substrate temperature) of the adsorbed
species. In some cases, formation of new nuclei occurs on area freshly exposed as a
consequence of coalescence.

(6) Larger islands grow together, leaving channels and holes of uncovered substrate. The
structure of the films at this stage changes from discontinuous island type to porous

network type. Filling of the channels and holes forms a completely continuous film.
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Depending on the thermodynamic parameters of the deposited and the substrate surface
the initial nucleation and growth stages may be described as follows:
(a) Layer by layer mode:

If the deposition occur layer-by-layer, then it is called Frank VVan der Merwe growth. In
the layer or Frank-Van der Merwe mode (figure 2.1) (Venables et al. 1984) the atoms are more
strongly bound to the substrate than to each other, the first atoms to condense form a complete
monolayer on the surface, which becomes coveredwith a somewhat less tightly bound second
layer. This growth mode is observed in the case ofadsorbed gases, such as several rare gases on
graphite and on several metals,in some metal-metal systems, and in semiconductor growth on
semiconductors (Frank et al. 1949). This is also referred as epitaxial growth. The term epitaxy
originates from the Greek words, “epi” which means “equal” and “taxis” meaning “in ordered

manner”. It describes the ordered crystalline growth on a substrate.
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Figure 2.1 Frank-Vander Merwe: Layer growth (ideal epitaxy)

(b) Island growth mode:

In this mode the depositing material grow initially (first few atomic layers) as islands
centered about nucleation sites. These nucleation sites can remain separated during the
deposition in a process known as VVolmer-Weber growth (figure 2.2).This happens when the
atoms (or molecules) of the deposit are more strongly bound to each other than to the substrate.
This mode is displayed by many systems of metals growing on insulators, including many

metals on alkali halides, graphite and other layer compounds such as mica.

Figure 2.2 Volmer-Weber: Island growth
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(c) Layer-plus-island growth mode:

The mixed layer-island or Stranski-Krastanov growth (figure 2.3) (Stranski et al. 1938)
mode is an interesting intermediate case. After forming the first monolayer (ML), or a few ML,
subsequent layer growth is unfavourable and islands are formed on top of this ‘intermediate’
layer.These islands can grow until they touch each other. This point is known as the percolation
threshold. Depending on the material,this percolation threshold can typically be between a few
nanometres to submicron ranges (Zadeh and Fry 2008).There are many possible reasons for
this mode to occur, and almost any factor which disturbs the monotonic decrease in binding
energy, characteristic of layer growth, may be the cause.For example, molecular orientation or
symmetry or the lattice parameter in the intermediate layer may not be able to continue into the
bulk crystal of the deposit. These results in a high free energy of the deposit intermediate layer
interface, which favours subsequent island formation. This growth mode is much more
common than was thought just a few years ago. There are now many examples of its

occurrence in metal-metal, metal-semiconductor, gas-metal and gas-layer compound systems.

Figure 2.3 Stranski-Krastanov: Layer + Island growth

Growth modes can be systematically classified in terms of surface energies (figure 2.4)

using Young’s equation as given below:

7B:7*+7ACOS¢ (2.1)

where ¢ is the wetting angle of a liquid nucleus on a substrate, y, is the surface energy of
substrate, », is the surface energy of thin film material, and y is the interface energy of film-
substrate. Layer growth (¢ = 0) requiresy, >y +7,, Whereas island growth (¢ > 0) requires

thaty, <y +y,. Layer-plus-island growth occurs because the interface energy increases with

film thickness; typically the layer on top of the substrate is strained to fit the substrate (Chopra
1969).
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Figure 2.4 Schematic diagram of surface energy of substrate (), thin film

material ( ,) and interface energy of film-substrate (r")

2.3 Thin Film Deposition Process

The basic properties of thin films, such as crystal phase, microstructure, orientation,
film composition and film thickness are governed by the deposition method and the deposition
parameters. The unique properties of thin films that cannot observe in bulk materials are
resulting from the atomic growth process and Size effects, including quantum size effects,

characterize by the thickness, crystalline orientation and multilayer aspects

Typically two types of deposition processes, physical process and chemical process are
use for the deposition of nanocrystalline thin films and both types of processes involve three

main steps:

e Production of appropriate atomic, molecular or ionic species.
e Transport of these species to the substrate through a medium.
e Condensing on the substrate, either directly or via a chemical and/or electrochemical

reaction, to form a solid deposit.

The physical process is composed of the physical vapor deposition (PVD) processes
like thermal evaporation (Wei 2010), electron beam evaporation (Reinhold and Faber 2011),
magnetron sputtering (Som et al. 2006, Chandra et al 2006, Chawla et al. 2008, Hadian et al.
2012), molecular beam epitaxy (MBE) (Wang et al. 2007), pulse laser deposition (PLD)
(Craciun et al. 2014, Chawla et al. 2011) and the chemical process is composed of chemical
vapor deposition (CVD) processes like metal- organic chemical vapor deposition (MOCVD)

(Chioncel et al. 2006), Plasma enhanced chemical vapor deposition (PACVD) (Jung et al.
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2012) and the chemical solvent deposition process like spray pyrolysis (Manivannan et al.
2003, Sharma and Rajaram 2010), sol-gel (Pyper et al.1998, Mohallem et al. 2010).Various
CVD and PVD processes used for synthesis nanocrystalline thin films having their own
specific advantages and disadvantages. The choice of a particular process usually depends on
the specific characteristics of thin films required for a study or application of interest. If the
primary requirement is to get highly uniform composite thin films with a moderate size
distribution, then physical vapor deposition (PVD) processes such as evaporation, magnetron
sputtering and laser ablation are found to be very efficient whereas for large area deposition,

PACVD, spin coating and spray pyrolysis processes are found to be more effective.

The selection of a deposition process for thin films usually depends on the specific
characteristics of films required for a study or application of interest. The basic requirement of
good quality thin films are: i) good uniformity of the films throughout exposed area, ii) the
films with good physical and chemical properties such as low stress, good adhesion to the
substrates, high density, low films defects (pinhole density), controlled grain size and its
distribution, boundary property and orientation and iii) equipment initial cost and running cost.
To get highly uniform, nanocrystalline thin films with a moderate size distribution, Physical
vapor deposition processes such thermal evaporation, laser ablation, E-beam evaporation and
magnetron sputtering are found to be very effective for depositing thin films with the
aforementioned microstructural characteristics. In PVD, the deposition of thin films is usually
carried out from the same material whose nanoparticles are to be synthesized and its purity is
decided by purity of the starting materials, base vacuum and purity of the ambient gas
atmosphere. In contrast, in chemical vapor deposition (CVD) technique, some un-reacted
chemicals and oxidizing products other than the desired one are often left behind with the
nanoparticles and the deposition done at higher substrate temperature.

A comparative study of some most commonly used vapor deposition techniques for thin

films is given in table 2.1

In the present work, sputtering process has been used to synthesize nanocrystalline
transition metal nitride thin films. The detailed description of sputtering technique and process

has been given below.

46



Chapter 2 Synthesis and characterization processes

Table 2.1 Comparative evaluation of thin film deposition processes

Process Material Uniformity Impurity Grain Film Deposition Substrate Directional Cost
Size Density Rate temperature
Thermal Metal or low Poor High 10- Poor 1-20 A/s 50-100°C Yes Very
Evaporation melting pint 100nm low
material
E-beam Both metals and  Poor Low 10- Poor 10-100A/s 50-100°C Yes High
Evaporation dielectrics 100nm
Sputtering Metals, Very Good Low 1- Good Metal: RT-850°C Some High
Semiconductors, 100nm 100A/s Degree
Insulators and Dielectric:
dielectrics 10A/s
PECVD Mainly Dielectric Good Very low 10- Good 10-100A/s 300-400°C Some Very
100nm degree high
LPCVD Mainly Dielectric Very Good Very Low 1- Good 10-100A/s 600-1200°C isotropic Very
10nm high
2.4 Sputtering

The deposition process using the irradiation of energetic species is known as sputtering.
Sputter deposition is widely used technique for the erosion of surfaces and the deposition of
films. Bunsen and groves first observed sputtering in a gas discharge tube over 50 years ago.
The sputtering process is a momentum transfer process in which momentum is transfer by
bombarding energetic ions/atomic to the target atoms resulting physical vaporization of atoms
from the target surface. The bombarding ions are usually neutral gaseous ions (Ar", He")
accelerated by an applied electric field. The removed species or sputtered species from the
target surface are compromise of highly energetic atoms and reached at the substrate with
energy ranges from 1 to 10 eV which is higher than those of the other deposition processes
such as chemical decomposition and thermal evaporation. The disintegration of target or
cathode during sputtering is also used for other purposes like cleaning surfaces, depth profiling,
for patterning semiconductor wafers, for micromachining and a number of applications which
require careful, microscopic erosion of a surface. Sputter deposition is widely used for coating
tools and cutting surfaces for wear resistance, for coating the insides of plastic bags and the
surfaces of automobile parts, for coating on semiconductor wafers for electronic devices, for
reflective coatings on window glass, and a number of other wide ranging applications. The
most common approach for growing thin films by sputtering is the use of a unbalanced

magnetron source in which positive ions present in the plasma of a magnetically enhanced glow
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discharge bombard the target. The target can be powered in different ways, ranging from direct
current (DC) for conductive targets to radio frequency (RF) for non-conductive targets, to a
variety of different ways of applying current and/or voltage pulses to the target. Among the
different physical vapor deposition (PVD) techniques, DC and RF magnetron sputtering is used
extensively in the scientific community. The role of magnets in sputtering is discussed in
section 2.4.2. The schematic diagram of a simple DC magnetron sputtering system is shown in
figure 2.5 which consists of a vacuum chamber, target, power supply and a substrate holder.
Target and substrate face each other and serve as electrodes in this case and target kept at

negative potential.

Target material
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Sputtered | o
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Figure 2.5 A schematic diagram of a simple DC sputtering system and voltage distribution

But, the DC magnetron sputtering suffers from arching problem at the target surface
during deposition. Arcs often occur during reactive sputter deposition if oxygen/nitrogen as
reactive gases is used that may build-up oxide/nitirde on the edges of the erosion groove where
the sputter rate is low.Arcs can be characterized as a low voltage and high current discharge.
Arcing can seriously damage a target by local melting, but it also degrades quality of the
deposited film owing to the presence of particulates and/or pinholes while eventually

destroying the power supply.
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An effective way to prevent arcing during reactive magnetron sputtering is to use RF at
the target end (Sproul et al. 2005). When a RF potential is capacitively coupled to an electrode
with a large peak to peak voltage, an alternating positive/negative potential appears on the
surface. The discharge voltage generally cycles between a high (3/4 of total voltage) negative
voltage and a low (1/4 of total voltage) positive voltage. The negative voltage part of the cycle
is used to perform the sputtering, as the ions bombard the cathode. The low positive voltage
part of the cycle is used to attract electrons to prevent charge build-up. Because of the higher
mobility of the electrons, this part of the cycle can be relatively short compared to the total
cycle time.At frequencies above 50 kHz, the ions do not have enough mobility to allow
establishing a DC diode-like discharge and the applied potential is felt throughout the space
between the electrodes. The electrons acquire sufficient energy to cause ionizing collisions in
the space between the electrodes and thus the plasma generation takes place throughout the
space between the electrodes.Typical RF frequencies employed range from 5 to 30 MHz
however; 13.56 MHz has been reserved for plasma processing by the Federal Communications

Commission and is widely used (Cao 2004).

The self biasing of target to a negative potential and behaves like a DC target are the
key points in RF sputtering. This is because of the fact that electrons are considerably more
mobile than ions and easily following the periodic change in the applied electric field. It is also
important to note that since RF power supplies are designed to look into circuits with a purely
resistive 50Q load, a tunable matching network is required to damp out the complex reactance
(both capacitance and inductance) of the discharge. RF sputtering can be performed at low gas
pressures (< 1 mtorr) and can be used to sputter electrically insulating and semiconductor
materials. The primary disadvantage in the use of RF power supplies for magnetron sputtering

in addition of being expensive is the inherently low deposition rate.
Sputtering offers the following advantages over other PVD methods:

(a) The deposited films have high uniformity at large area as well as on complex
geometry shape, high flexibility of large-scale production, better reproducibility
of deposited films, easy deposition of materials with high melting points and
good adhesion of film with substrate.

(b) Large-size targets can easily sputtered by sputtering process which simplifies the

deposition of films with uniform thickness over large substrates.
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(c) The thickness if deposited film can easily controlled by adjusting the deposition
rate.

(d) The step coverage, grain structure and control of alloy composition are more
easily accomplished than by deposition through evaporation.

(e) Device damage from X-rays generated by electron beam evaporation is avoided.

(F) Sputter-cleaning of the substrate in vacuum prior to film deposition can be done.

2.4.1 Description of sputtering process

The first step in the sputtering process is the pumping of the vacuum chamber to a
typical base pressure of 10° torr or more by vaccum pumps like rotary and turbo molecular
pumps etc. An inert gas, usually argon or helium with a pressure ranging from a few to
100mtorr depending upon the requirement, is introduced into the system as the medium to
initiate the discharge and maintain the plasma once initiated. When an electric field of several
kilovolts per centimeter is applied between cathode and anode, a glow discharge is initiated and
maintained between these two electrodes. A very little current flows at first due to the small
number of charge carriers in the system after the initial application of the voltage. Once
sufficient number of charge carriers builds up, the free electrons strike the neutral Ar atoms to
create Ar’ jons and more free electrons. The newly created free electrons can now ionize
additional Ar neutrals thus multiplying the number of Ar” ions. In this visible glow maintained
between the electrodes, the Ar* ions in the plasma gets accelerated towards direction of the
cathode and strike the target. Free electrons are accelerated by the electric field and gain
sufficient energy to ionize argon atoms. So, the positive ions (Ar®) in the discharge strike the
cathode (the source target) and this bombardment creates a cascade of collisions in the target
material’s surface. These multiple collisions results in the ejection of neutral target (or sputter)
atoms through momentum transfer from the surface into the gas phase. These atoms are then

directed towards the substrate to form a thin film.
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Since sputtering is the result of momentum and energy transfer, the incoming argon ions
should have high enough energy to break the bonds holding the target atom in place. The
typical surface binding energy is ~20-40 eV. With high enough energy of argon ions, the
collision cascade can be 5-10 nm below the target’s surface. However, the particles ejected are
usually within 1nm of the surface. Only a small fraction of collisions produce sputtering. The
process of sputtering has been shown schematically in figure 2.6. To measure the efficiency of
sputtering, the sputter yield (S) is defined as the number of sputtered atoms per incident
particle. In a practical sputtering process, the yield is from 0.1 to 10 %. During the collision
with the target surface, secondary electrons are emitted. They are accelerated away from the
cathode. These electrons then travel back into the argon plasma and collide with the argon

atoms, ionizing some of them and sustaining the plasma.
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Figure 2.6 Schematic of physical sputtering process. The thinner lines the ballistic movement

paths of the atoms from beginning until they stop in the material

Sputtering yield depends on the chemical bonding of the target atoms and the energy

transferred by collision. Generally, the average energy of sputtered atom is 10-40 eV.

Sputter yield (S) is define as

S ejected atoms or molecules

incident ion
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S values are typically in the range of 0.01 and 4 and increase with the mass of metals and
energy of the sputtering gas. The sputter yield depends on: (i) the energy of the incident ions;
(i) the masses of the ions and target atoms; (iii) the binding energy of atoms in the solid and
(iv) the incident angle of ions.

Using Sigmund’s theory, the sputter yield is given as For E < 1 KeV,

_3a 4AMM, E
47?2 (M, +M,)? E,

(2.2)

where, E; is the surface binding energy of the target atom being sputtered, E is the ion

bombardment energy, « is a measure of the efficiency of momentum transfer in collisions, and

M, and M, are the masses of the positive ion of the gas and target material, respectively.

But for E > 1 KeV,

S =3.56c
2B 472 M, +M,” E,

where, zZ, and Z,are the atomic numbers of the incident ion and sputtered target atom
respectively and S, (E)is a measure of the energy loss per unit length due to nuclear collisions,

and also it is a function of the energy as well as masses and atomic numbers of the atoms
involved (Ohring 1992). The sputtering yields of various materials bombarded by a variety of
ion masses and energies have been determined experimentally (Laegried and Wehner 1961,
Wehner and Rosenberg 1961, Rosenberg and Wehner 1962) and have been calculated from
first principles using Monte Carlo techniques (Yamamura et al. 1983). It may be mentioned
that the sputtering yields are generally less than one at bombarding energies of several hundred

electron volts, indicating the large amount of energy input is necessary to eject one atom.

2.4.2 Magnetron sputtering

In magnetron sputtering, a glow discharge (plasma) is created in the presence of

magnetic field (magnetron) in order to improve the sputtering performance. A magnetron uses a
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static magnetic field configured at the cathode location. The magnetic field is located parallel to
the cathode (target) surface. Secondary electrons which are emitted from the cathode due to ion
bombardment are constrained by this magnetic field to move in a direction perpendicular (ExB
called drift) to both the electric field (normal to the surface) and the magnetic field. This drift
causeselectrons to move parallel to the cathode surface in a direction 90 degrees away from the
magnetic field. If the magnetic field is set up correctly, this ExB drift can be arranged to close

on itself, forming a current loop of drifting secondary electrons (figure 2.7).

In this arrangement, secondary electrons are essentially trapped in a region close to the
cathode. They lose their kinetic energy due to collisions with gas atoms (ionization) or with
other electrons (electron heating).This is quite easily visible in a magnetron sputtering
system.The location of this ring is also known as the etch track because the erosion of the
cathode is highest here and deep groves can be eroded onto the cathode (target). Dense plasma
near the target increases the deposition rate as it enhances the ionization of sputtering
gas.However, this plasma does not affect the ejected atoms, as they have no charge and remain
unaffected by the magnetic field. The energetic collisions near the target surface generate ample
amount of heat which can damage the magnets and also melt the low melting point target, so to
avoid this problem an actively cooling of the magnets and sputtering target is required.
Moreover, cold surface minimizes the amount of radiant heat in a sputtering system and is an
advantage over thermal evaporation.Cooling also prevents diffusion in the target which could

lead to changes in the elemental composition in the surface region when alloy targets are used.

(b) ExB Drift Path
(a)
Magnetic Field
ExB Drift Path o R 4
\ 3 ) - T Magnetic
T <R . N . ' Field
m Lines

-
Pole Piece Assembly

Figure2.7 (a) Side and (b) top view of magnetic field configuration for a circular planar
magnetron cathode
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2.4.3 Reactive magnetron sputtering

Reactive sputtering is the sputtering of an elemental target in the presence of a gas that
will react with the target material to form a compound. In one sense, all sputtering is reactive
because there are always residual gases in the chamber that will react with the sputtered
species. However in reality, reactive sputtering occurs when a gas is purposely added to the
sputtering chamber to react with the sputtered material (Rossnagel et al. 1990, Sproul et al.
2005).Examples are when nitrogen is added with the sputtering of titanium to form titanium
nitride or when oxygen is injected into the chamber with the sputtering of aluminum to form
aluminum oxide. The reactive gases in magnetron sputtering are in the molecular state (e.g., Ny,
0,). It has been observed that with reactive gases, heavier inert gas such as argon is required in
sputtering because reactive gases have a low atomic masses (N=14, O=16) and can not transfer
sufficient momentum to the target material for dislodging of atoms. Another advantage of
mixing inert gases with the reactive gas is help in activation of reactive gas by the excitation
processes. The nature of the sputtering gas influences the rate of sputtering from the target. The
use of inert and reactive gas mixtures probably results in a metallic mode of sputtering, while
the use of only reactive gas for example (N,) is likely to result in a nitride mode of sputtering
with a significantly lower sputtering rate (Sumi et al. 1997, Chandra et al. 2005).

The basic issue faced during reactive sputtering is that the reactive gas combines with
target material to form a compound. Ideally this reaction takes place on the surface of the
substrate, but in reality it occurs not only at the substrate but also on the fixture and chamber
walls and on the target. It is the reaction on the target surface that leads to the classic reactive
sputtering problem known as “poisoning” of the sputtering target. The sputtering rate for the
compound material that forms on the target is usually significantly less than the rate for the
elemental target material thus reducing the deposition rate and sputtering efficiency. This
problem is controlled by having a high sputtering rate (magnetron sputtering) and controlling
the availability of the reactive gas by mass flow controller such that there will be enough
reactive species to react with the film surface to deposit the desired compound but not so much

that it will unduly poison the target surface.
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Figure 2.8 (a) Custom designed DC/RF magnetron sputtering unit set-up in Nano Science Lab
(b) sputtering gun (c) new & used sputtering target and inset shows the co-sputtering view with

tree targets

In our lab, we use DC/RF magnetron sputtering system. Figure 2.8(a) shows the turbo
based magnetron sputtering system assembled in our laboratory (Nanoscience Laboratory,
Institute Instrumentation Centre, 1IT Roorkee). The pumps and gauges fitted in to the chamber
are from Pfeiffer Vacuum. For DC sputtering, ‘Aplab’ high voltage DC power supply (50-1000
V, 0-1 A) was used. The RF power supply from AE advance energy (Cesar 136) has been used
for the deposition. In the chamber shown in figure 2.8a, co-deposition with three different
targets can be done at the same time by mounting the targets in the sputtering guns and using
them in oblique angle (45° to substrate normal) ports given in the chamber. The substrate is put
on the heater cum substrate holder which can be rotated by a DC motor during deposition to
insure the uniformity in the deposited films. The sputtering pressure measurement inside the
chamber was done by compact full range gauge (pirani and cold cathode in single case)
(Pfeiffer PKR 251). Flow of gases is carefully monitored by mass flow controllers (MKS
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Instruments USA).The sputtering gun used for mounting the target is shown in figure 2.8b.

The unused and eroded targets are shown in figure 2.8c.

2.5 Characterization Techniques

After deposition of nanocrystalline transition metal nitride thin films using DC/RF
magnetron sputtering technique with different process conditions, the structural and mechanical
properties were investigated by XRD, FESEM, EDS, EPMA (WDS), TEM, AFM and Nano &
micro indentation techniques. The brief descriptions of all these techniques used for
characterization of zirconium tungsten nitride and zirconium tungsten boron nitride are

discussed in the following sections.

2.5.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) is most widely used technique for phase identification of a
crystalline material and can provide information on unit cell dimensions. It is most widely used
for the identification of unknown crystalline materials and also information related to the
crystal structure of the films, including lattice constants, crystallite size, phase analysis, crystal
defects, stress, etc. The XRD methods are generally applied to films thicker than several

angstroms on account of the strong penetrating power of the X-rays.

2.5.1.1 Fundamental principles of X-ray diffraction (XRD)

X-ray diffraction is based on constructive interference of monochromatic X-rays from a
crystalline sample. These X-rays are generated by a cathode ray tube, filtered to produce
monochromatic radiation, collimated to concentrate, and directed toward the sample. Figure
2.9 shows the basic principles of X-ray diffraction. In this figure, a parallel beam of X-rays
strikes the crystal where the atoms are placed on two parallel planes, which are separated by a
distance of d (inter atomic space). The parallel X-ray beams on the left impinge onto the planes
at an angle of 0 and the atoms scatter the X-ray beams in all directions. If the detector is placed
at an angle of 0 on the right, then only the path difference between the two reflected beams is

an integral number of wavelengths. The interaction of the incident rays with the sample
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produces constructive interference (and a diffracted ray) and mathematically this is expressed
by Bragg's Law
2dsind=nA (2.4)

Where d, is the spacing between two adjacent atomic planes, 0, is the angle between the atomic
plane and the incident X-rays, n, is the order of diffraction maximum, and A is the wavelength
of the X-rays (Cullity and Stock 2001).

The resulting diffraction pattern comprising both the positions and intensities of the
diffraction effects is a fundamental physical property of the substance.Analysis of the positions
of the diffraction effect leads immediately to a knowledge of the size, shape and orientation of

the unit cell.

crystal

Figure 2.9 Diffraction of X-ray by a single crystal material

2.5.1.2 X-ray diffraction (XRD) instrumentation

X-ray diffractometer consist of three basic elements: an X-ray tube, a sample holder,
and an X-ray detector as shown in figure 2.10. X-rays are generated in a cathode ray tube by
heating a filament to produce electrons, accelerating the electrons toward a target by applying a
voltage, and bombarding the target material with electrons. When electrons have sufficient
energy to dislodge inner shell electrons of the target material, characteristic X-ray spectra are
produced. Filtering, by foils or crystal monochromators, is required to produce monochromatic
X-rays needed for diffraction. Ky and K, is sufficiently close in wavelength such that a
weighted average of the two is used. Copper is the most common target material for single-
crystal diffraction, with CuK, radiation 1.5418A. These X-rays are collimated and directed

onto the sample. As detector is rotated, the intensity of the reflected X-rays is recorded. When
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the geometry of the incident X-rays impinging the sample satisfies the Bragg’s Equation,
constructive interference occurs with a peak in intensity. A detector records and processes this
X-ray signal and converts it into a count rate. A graph between 2 versus counts per second is

plotted and the output data is monitored in a device such as a printer or computer.
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Figure 2.10 Schematic diagram of X-ray Diffractometer (Bruker AXS, D8 Advance, Gremany)

in 1T roorkee

2.5.1.3 Applications

X-ray diffraction is most widely used for the identification of unknown crystalline
materials (e.g. minerals, inorganic compounds). Determination of unknown solids is critical to
studies in geology, environmental science, material science, engineering and biology. Other
applications include:
. characterization of crystalline materials:

. identification of fine-grained minerals such as clays and mixed layer clays that

are difficult to determine optically

. determination of unit cell dimensions
. measurement of sample purity
. With specialized techniques, XRD can be used to:
. determine crystal structures using Rietveld refinement
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. determine modal amounts of minerals (quantitative analysis)
. characterize thin films samples by:
. determining lattice mismatch between film and substrate and inferring strain
. determining dislocation density and quality of the film by rocking curve
measurements
. measuring superlattices in multilayered epitaxial structures
. determining the roughness, density and thickness of the film using glancing

incidence X- ray reflectivity measurements

2.5.1.4 Micro strain measurement by XRD

Stresses and strains are always present in thin films deposited on substrates. In the
majority of cases, these stresses are residual stresses, introduced into the system during
deposition or subsequent processing (Segrnuller et al.1989). The residual stress consist of an
intrinsic component resulted from the growth process and an extrinsic component (thermal
stress) due to the presence of different thermal expansion coefficients between the coating and
the substrate (Chang et al. 2005). These stresses are induce in the film either by energetic ion
bombardment or the thermal expansion coefficients of each phase present or phase composition
(Polychronopoulou et al. 2008). It has been observed that the films deposited by PVD
processes typically exhibit compressive stress resulting high hardness of the material
(Mayrhofer et al. 2006). However, that stress is not measured directly, it is always strain that is

measured; the stress is determined indirectly, by calculation or  crysraL LatTice  prrrRACTION
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diffraction line shifts to lower angles but does not otherwise change, as shown in figure 2.11b.
This line shift is the basis of the x-ray method for the measurement of macro stress. In figure
2.11c the grain is bent and the strain is non-uniform; on the top (tension) side the plane spacing
exceeds dp, on the bottom (compression) side it is less than do, and somewhere in between it

equals do.
2.5.1.4.1 Uniform strain

When a polycrystalline thin film are deformed elastically in such a manner that the
strain is uniform over relatively large distances, the lattice plane spacing in the constituent
grains change from their stress-free value to some new value corresponding to the magnitude of
the accumulated stress in the film, this new spacing being essentially constant from one grain to
another for any particular set of planes. This uniform macro-strain as shown in figure 2.11b,
causes a shift of the diffraction peaks to new 26 positions. The shift in X-rd peaks of deformed
sample depend upon the nature of residual stress. Compressive residual stress shifts the X-rd
peaks toward higher angle and tensile residual stress toward lower angle. From this shift the
strain may be calculated and, knowing the strain, we can determine the stress present, either by
a calculation involving the mechanically measured elastic constants of the material, or by a
calibration procedure involving measurement of the strains produced by known stresses.
However, that stress is not measured directly, it is always strain that is measured; the stress is
determined indirectly, by calculation or calibration.

On should note that, residual stresses are not only the cause of shifting, change in

chemical composition and growth of phases may shift the X-rd peaks.

The accumulate macro strain in the thin films can be calculated as follows:

a-a
micro strain (a) = a—o * 100 (2.5)
0

where, a (a or c¢) is the lattice parameter of the strained film calculated from XRD data and a,

(ag or cy) is the unstrained lattice parameter of film (Cullity and Stock 2001).
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2.5.1.4.2 Non-uniform strain
INTENSITY 1 Structural

If the thin film is deformed plastically, broadening (f3,)

. . . Crystallite Size + Strai
the lattice planes usually become distorted in (CrystalliteSize + Strain)

such a way that the spacing of any particular /\ Instrumental

broadening (f,)

Measured
broadening (B,)

causes a broadening of the corresponding 0 >29

(hkl) set varies from one grain to another or

from one part of a grain to another. This non-

uniform microstrain as shown in figure 2.11(c),

diffraction peaks. Figure 2.12 XRD peak broadening

The microstrain not solely does the broadening of the peaks but the crystallite size and
instrument also lead the broadening of the X-rd peaks as shown in figure 2.12. In order to
calculate microstrain through peak broadening by eliminating the effect of instrumental and

crystallize size broadening, Williamson-Hall method is used (equation 2.6).
kA :
Bs cosO = o + 2¢ sin® (2.6)

where D is the coherent scattering length (crystalline size); k is a constant whose value is
approximately 0.9 for spherical shape particle, . is Cu-Ka radiation (1.54 A), ¢ is the
inhomogeneous internal strain (in %), 0 is the Bragg reflection angle and B is the measured full
width at half maximum (FWHM) of the peak.

The analysis includes two steps:

First step: the width (Bs) of every peak was measured as the integral breadth. The instrumental
broadening (p;) was determined from polycrystalline silicon standard and found to be 0.01 in
our case. The peak breadth due to sample (strain + size), B was calculated according to
Gaussian profile:

pé = pé — B} (2.7)
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Second case: the crystalline size and internal strain were obtained by fitting the Williamson-

Hall equation (equ. 2xxx) in a straight line equation:

Y=mX+C (2.8)

Where Bs cos® and sinb values of different peaks of same phase are treat as Y and X
coordinates of the line. Hence the slope (m) and intercept of straight line give the value of

crystallite size and microstrain.
2.5.2 Field emission scanning electron microscopy (FESEM)

The scanning electron microscope (SEM) is a rapid analytical technique primarily used
in materials research laboratories and is common in various forms in fabrication plants. The
SEM provides information relating to phase distribution, morphology, topographical features,
crystal structure, crystal orientation, and compositional differences. The strength of the SEM
lies in its inherent versatility due to the multiple signals generated, simple image formation
process, wide magnification range and excellent depth of field. To understand the working
principle of field emission scanning electron microscopy (FESEM), first we need to know the
kind of interaction of an energetic electron beam has with samples and the phenomena which

take place after this interaction.

The electron beam is a focused probe of electrons of similar energy and trajectory,
accelerated toward the sample by electromagnetic fields. When an incident electron beam
strikes the specimen, it undergoes a series of complex interactions with the nuclei and electrons
of the atoms of the sample. These interactions can be divided into two major categories: elastic

interactions and inelastic interactions.

(a) Elastic interactions: Elastic scattering results from the deflection of the incident electron
by the specimen of similar energy. This kind of interaction is characterized by negligible
energy loss during the collision. Incident electrons that are elastically scattered through an
angle of more than 90° are called backscattered electrons (BSE) and yield a useful signal
for imaging the sample.

(b) Inelastic interactions: Inelastic scattering occurs through a variety of interactions between

the incident electrons and the electrons and atoms of the sample, and results in the primary
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beam electron transferring substantial energy to that atom. As a result, the excitation of the
specimen electrons during the ionization of specimen atoms leads to the generation of
secondary electrons (SE), which are conventionally defined as possessing energies of less
than 50 eV and can be used to image or analyze the sample. In addition SE and BSE
signals, a number of other signals are produced like emission of characteristic X-rays, auger

electrons and cathodoluminescence.

Primary Electrons
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Figure 2.13 Schematic view of electron Figure 2.14 Tear drop model for
beam interaction with specimen electron beam interaction with solids

Figure 2.13 schematically shows the interaction of electron beam with the specimen.
Figure 2.14 shows the tear drop model for electron beam interaction with solids and explains
the interaction volume in the specimen and shows different kind of signals coming from the

sample from various depths.

(1) Auger Electrons: Auger electrons are produced following the ionization of an atom by the
incident electron beam and the falling back of an outer shell electron to fill an inner shell
vacancy. The excess energy released by this process may be carried away by an Auger
electron. This electron has a characteristic energy and can therefore be used to provide
chemical information. Because of their low energies, Auger electrons are emitted only from
near the surface. They have escape depths of only a few nanometers and are principally

used in surface analysis.
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(2) Secondary electrons: When the primary beam strikes the sample surface causing the
ionization of specimen atoms, loosely bound electrons may be emitted and these are
referred to as secondary electrons (SE). Secondary are influenced more by surface
properties than by atomic number. The depth from which SE escapes the specimen is
generally between 5 and 50 nm due to their low energy. So, secondary electrons accurately

mark the position of the beam and give topographic information with good resolution.

(3) Backscattered electrons: A backscattered electron (BSE) is defined as one which
undergoes a single or multiple scattering events and which escapes from the surface with
energy greater than 50 eV. The elastic collision between an electron and the atomic nucleus
of specimen causes the electron to bounce back with wide-angle directional change.
Approximately 10-50% of the beam electrons are backscattered toward their source with on
an average 60-80% of their initial energy retained. The depth from which BSE escape the
specimen is dependent upon the beam energy and the specimen composition, but > 90%
generally escape from less than one-fifth the beam penetration depth. Elements with higher
atomic numbers have more positive charges on the nucleus, and as a result, more electrons
are backscattered, causing the resulting backscattered signal to be higher. Thus, the
backscattered yield, defined as the percentage of incident electrons that are reemitted by the
sample, is dependent upon the atomic number of the sample; higher Z phases appear
brighter than lower Z phases in compositional images. Since BSEs have a large energy (that
prevents them from being absorbed by the sample) the region of the specimen from which

BSEs are produced is considerably larger than it is for secondary electrons.

(4) Characteristic X-rays: When an inner shell electron is displaced by collision with a
primary electron, an outer shell electron may fall into the inner shell to reestablish the
proper charge balance in its orbital following an ionization event. Thus, by the emission of
an X-ray photon, the ionized atom returns to ground state. The X-ray obtained is known as
characteristic X-ray. The analysis of these characteristic X-rays is very helpful in providing

chemical composition of the specimen.

64



Chapter 2 Synthesis and characterization processes

(5) Cathodoluminescence: Cathodoluminescence is the emission of light from a material
under the electron beam. By the energy obtained from the incident electron, an electron in
the valence band can be promoted to the conduction band. The result is a so-called electron-
hole pair. This excited state of the semiconductor is energetically instable, and the material
can relax by filling this electron hole by an electron dropping down from the conduction
band. This process, designated as recombination, leads to the emission of a photon carrying
the difference energy E = hv. This energy corresponds to that of the band gap.
Cathodoluminescence is therefore useful in the characterization of semiconductors,
especially in cases where a contactless, high-spatial-resolution method is needed (Yacobi
and Holt 1986).
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Figure 2.15 (a) A Schematic diagram of the Scanning electron microscope, (b) photograph of
FESEM available in IIT Roorkee

Modern SEM systems require that the electron gun produces a stable electron beam
with high current, small spot size, adjustable energy, and small energy dispersion. Several types
of electron guns are used in SEM system and the qualities of electrons beam they produced
vary considerably. The first SEM systems generally used tungsten “hairpin” or lanthanum
hexaboride (LaBg) cathodes, but for the modern SEMs, the trend is to use field emission

sources in place of thermionic sources, which provide enhanced current and lower energy

65



Chapter 2 Synthesis and characterization processes

dispersion. Thermionic sources depend on a high temperature to overcome the work function of
the metal so that the electrons can escape from the cathode. Though they are inexpensive and
the requirement of vacuum is relatively low, the disadvantages, such as short lifetime, low
brightness, and large energy spread, restrict their applications. For modern electron
microscopes, field emission electron guns (FEG) are a good alternative for thermionic electron
guns. FESEM uses field emission electron gun which provides improved spatial resolution
down to 1.5 nm that is 3 to 6 times better than conventional SEM and minimized sample
charging and damage. The basic mechanism of field emission is that a high voltage applied
between a pointed cathode and a plate anode caused a current to flow. The field emission
process itself depends on the work function of the metal, which can be affected by adsorbed
gases. This is the reason a very high vacuum is required. A schematic diagram of the optical
column of the FESEM is shown in figure 2.15 a

The electron beam is energized by the accelerating potential of few hundred eV to 50
keV and the divergent beam is focused by two condenser lenses into a beam with a very fine
focal spot size. The first condenser lens that works in conjunction with the condenser aperture
helps to narrow the beam and also limit its current. The second condenser lens then makes the
electron beam more thin and coherent. The objective lens does the final focusing of the beam
onto the sample. During scanning, electron beam is thus made to deflect over the specimen in
the raster form. At each point the secondary and back-scattered electrons reaching the detector
are counted to be used for determining the relative intensity of the pixel representing that point
in the final image. Limitation associated with the SEM is that the specimen that has to be
analyzed should be conducting. In case of non-metals, it is required to make them conducting
by covering the sample with a thin layer of conductive material like gold or platinum in order

to enhance the imaging.

In the present study, field emission scanning electron microscope (Carl Zeiss, Germany,
ULTRA plus model) with resolution of 0.8 nm and upto 100000X magnification were used to
study the surface morphology of the deposited nanocomposite thin films (figure 2.16b).
Elemental composition analysis can also be performed by using the energy dispersive X-ray
spectrometry (EDS) attached with the FE-SEM system. An EDS spectrum normally displays
peaks corresponding to the energy levels for which the most X-rays had been received. Each of

these peaks is unique to an atom, and therefore corresponds to a single element. The higher a
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peak in a spectrum, the more concentrated the element is in the specimen. The working

principle of EDS is explained below.

2.5.3 Energy dispersive X-ray spectrometry (EDS)

EDS makes use of the X-ray spectrum emitted by a solid sample bombarded with a focused
beam of electrons to obtain a localized chemical analysis. All elements from atomic number 4
(Be) to 92 (U) can be detected in principle, though not all instruments are equipped for 'light'
elements (Z < 10). An EDS system comprises three basic components that must be designed to
work together to achieve optimum results: the X-ray detector or spectrometer, the pulse
processor, and the analyzer. The ED spectrometer converts the energy of each individual X-ray
into a voltage signal of proportional size. This is achieved through a three stage process. Firstly
the X-ray is converted into a charge by the ionization of atoms in a semiconductor crystal.
Secondly this charge is converted into the voltage signal by the FET (Field Effect Transistor)
preamplifier. Finally the voltage signal is input into the pulse processor for measurement. The
output from the preamplifier is a voltage ‘ramp’ where each X-ray appears as a voltage step on
the ramp. EDS detectors are designed to convert the X-ray energy into the voltage signal as
accurately as possible. At the same time electronic noise must be minimized to allow detection
of the lowest X-ray energies. An ED detector has several components like Collimator
assembly, ‘Be’ window, a semiconductor crystal, Field-effect transistor, Cryostat etc. The
functioning of each component is described below.

(a) Collimator assembly: The collimator provides a limiting aperture through which X-rays
must pass to reach the detector. This ensures that only X-rays from the area being excited
by the electron beam are detected and stray X-rays from other parts of the microscope

chamber are not included in the analysis.

(b) ‘Be’ window: The window provides a barrier to maintain vacuum within the detector
whilst being as transparent as possible to low energy X-rays. Beryllium (Be) is highly
robust, but strongly absorbs low energy X-rays meaning that only elements from sodium

(Na) can be detected accurately. Light element atoms (below carbon) return to fundamental
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state mainly by Auger emission. For that reason, their K-lines are weak. In addition their
low energy makes them easily absorbed.

(c) Semiconductor crystal: The crystal is a semiconductor device that, through the process of
ionization converts an X-ray of particular energy into electric charge of proportional size.
To achieve this, a charge-free region within the device is created. When an incident X-ray
strikes the detector crystal, its energy (~3.8 eV/ electron-hole pair) is absorbed by a series
of ionizations within the semiconductor to create a number of electron-hole pairs (figure
2.16a). A high bias voltage, applied between electrical contacts on the front face and back
of the crystal, then sweeps the electrons and holes to these opposite electrodes, producing a
charge signal, the size of which is directly proportional to the energy of the incident X-ray.
EDS detectors are available with different sizes of crystals. The crystal size is often
measured in area: 5 mm?, 10 mm?, 30 mm?, 50 mm? etc. Normally the larger the crystal, the
worse will be its resolution, particularly at low energy.

(d) Field-effect transistor: The field-effect transistor (FET) (figure 2.16b) is positioned just
behind the detecting crystal. It is the first stage of the amplification process that measures
the charge liberated in the crystal by an incident X-ray and converts it to a voltage output.

(e) Cryostat: The charge signals generated by the detector are small and can only be separated
from the electronic noise of the detector and cooling the crystal and FET reduce the noise.
Most EDS detectors work at close to liquid nitrogen temperatures. The vacuum is
maintained at a low enough level to prevent the condensation of molecules on the crystal.
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Figure 2.16 Conversion of X-ray signals into a voltage ‘ramp’ by the EDS detector (a)
generation and measurement of electron-hole pairs in the crystal, (b) circuit diagram of the
EDS detector
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In the present study, EDS (Model: OXFORD, X-Max, United Kingdom) attached to
FE-SEM with variation of £ 0.3 atomic% for heavy elements (Zr, W) and £ 2 atomic% for light

elements (N, O) have been used for elemental composition analysis of Zr-W-N thin films.

2.5.4 Electron probe micro analyzer (EPMA)

An electron probe micro-analyzer (EPMA) is a microbeam instrument used primarily
for the in-situ non-destructive chemical analysis of minute solid samples. EPMA is also
informally called an electron microprobe, or just probe. It is fundamentally the same as an
SEM, with the added capability of chemical analysis by wavelength-dispersive spectroscopy
(WDS). The electron optics of an EPMA is similar to SEM (section 2.5.2). Our most common
interest of using EPMA is the elemental compositional analysis of thin film materials through

wavelength dispersive spectroscopy.
2.5.4.1 Wavelength-dispersive spectroscopy (WDS)

In principle we can determine two things from the X-ray spectrum emitted by any
specimen. Measurement of the wavelength or energy of each characteristic X-ray that is
emitted per second should tell us how much of the element is present in the specimen, i.e. to
carry out quantitative analysis. The three areas in which the EDS system performs badly i) light
element detection ii) peak separation and iii) peak to background ratio. These are the strong
points of the other major X-ray detection system for electron microscopes, the wavelength

dispersive spectroscopy (WDS).

The principle of the WDS is that the X-radiation coming from the specimen is filtered
so that only X-rays of a chosen wavelength (usually the characteristics wavelength of the
elements of interest) are allowed to fall on a detector. The filtering is achieved by a crystal
spectrometer which employs diffraction to separate the X-rays according to their wave length.
A common arrangement for WDS is shown in figure 2.17a. The X-ray leaving the specimen at
certain angle, the take-off angle (¢), is allowed to fall onto a crystal of lattice spacing ‘d’. If the
angle between the incident X-ray and the crystal lattice plane 0, then the only X-ray which will
diffract by the crystal and thus reach the detector will be those obeying Bragg’s Law at angle

‘0’. The wavelength of the transmitted X-rays is therefore given by
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If the spectrometer is to be used to detect, say ZrK,, then the characteristic wavelength (0.08
nm) is substituted into above equation and the appropriate value of 6 can be calculated for the
particular crystal in use. If the spectrometer is set to this angle them only the ZrK,
characteristic X-ray will reach the detector and be counted. The detector no longer has to
discriminate between X-rays of different energies. A much simpler detector than is found for
EDS is used. This is the gas proportional counter, in which much faster count rate can be
tolerated. One of the disadvantages is that because the X-rays must be reasonably well
collimated before reaching the crystal, two sets of slits (S; and S;) are generally used. In order
that as many as possible of the X-rays leaving the crystal arrive at the detector the geometry of
the spectrometer is chosen so that, as shown in figure 2.17a, all possible X-ray paths are
focused onto detector. In order to achieve this focusing effect the specimen, crystal and detector
must lie on a circle of radius R known as the Rowland circle. Also, the crystal must be bent to a
radius 2R. These requirements place several restrictions on the analysis system: the
spectrometer is necessarily quite large; its mechanism is complicated, since, in order to
discriminate between very close lines, the angle 0 be set to an accuracy of better than one
minute of arc; finally the position of the specimen is absolutely critical, since if it lies off the
Rowland circle by as little as a few micrometers the number of X-rays reaching the
spectrometer will be severely reduced. These restrictions make the design of a crystal
spectrometer difficult and expensive. Despite the difficulties and expenses of a crystal

spectrometer, it remains an essential tool for analysis in the electron microscopy because of:

(a) The peak to background ratio of each line is much higher (often by a factor of ten).

(b) X-ray detector used in crystal spectrometer is capable of high counting (~ 500,000 cps) that
make the instrument to collect data from a single element in a very short counting time.

(c) Its ability to detect X-ray from light elements. With suitable crystal of large lattice spacing

it is possible to detect and count X-rays as soft as boron Ka or even beryllium Ka.

In the present study, electron probe micro analyzer (Cameca, SX-100 model, france)

with beam diameter from 0.6 um to 100 nA and upto 300000X magnification were used to
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study the surface morphology of the deposited nanocomposite thin films (figure 2.17b). EPMA

consists of five major components:

(1) An electron source, commonly a W-filament cathode referred to as a "gun” with 10® to

102 A beam current.

(2) A series of electromagnetic lenses located in the column of the instrument, used to
condense and focus the electron beam emanating from the source; this comprises the
electron optics and operates in an analogous way to light optics.

(3) A sample chamber, with movable sample stage (X-Y-Z) having X axis = 50mm, Y axis
= 80mm and Z axis=1.5mm with a resolution of 0.1um. A light microscope allows for

direct optical observation of the sample.

(4) A variety of detectors arranged around the sample chamber that are used to collect x-

rays and electrons emitted from the sample.

(5) Wave length dispersive spectroscopy (WDS) for elemental composition analysis.

(@)

beam

N
RS < Rowland circle

~
~

Figure 2.17 (a) A crystal spectrometer. X-rays emitted from the specimen are collimated by
two silts S; and S,, diffracted by curved crystal and then focused on to the detector, (b)
photograph of EPMA (Cameca, SX-100 model, France) available in 1IT Roorkee
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2.5.5 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is the premier tool for understanding the
internal microstructure of materials at the nanometer level. TEM is a high magnification
measurement technique that images the transmission of a beam of electrons through a sample.
Amplitude and phase variations in the transmitted beam provide imaging contrast that is a
function of the sample thickness (the amount of material that the electron beam must pass
through) and the sample material (heavier atoms scatter more electrons and therefore have a
smaller electron mean free path than lighter atoms). Although X-ray diffraction techniques
generally provide better quantitative information than electron diffraction techniques, electrons
have an important advantage over X-rays in that they can be focused using electromagnetic
lenses. This allows one to obtain real-space images of materials with resolutions on the order of
a few tenths to a few nanometers, depending on the imaging conditions, and simultaneously
obtain diffraction information from specific regions in the images (e.g., small precipitates) as
small as 1 nm. Transmission electron microscope (TEM) operates on the same basic principle
as the optical (light) microscope but uses electrons instead of visible light (Reimer 1993, Fultz
and Howe 2002). The shorter wavelength of electrons (200 keV electrons have a wavelength of
0.025 A) makes it possible to get a high-resolution (0.2 nm) and high-magnification thousand
times better than the light microscope. The electromagnetic lenses are constructed with
ferromagnets and copper coils. The focal length of electromagnetic lenses could be changed by
varying the current through the coil. TEM is used to characterize the microstructure of
materials such as grain size, morphology, crystal structure and defects, crystal phases and
composition, and in biological sciences, especially in the study of cells at the molecular level.
The microstructure is studied by use of the image mode, while the crystalline structure is
studied by the diffraction mode. In addition, the chemical composition of small volumes, for

example grain boundaries, can be obtained by detection of X-rays emitted from the films.

Figure 2.18a-b show the ray-diagram and photograph of TEM (200kV, FEI, TECNAI
G% USA) at Institute Instrumentation Centre, Indian Institute of Technology Roorkee,
respectively. The system consists of an electron source made of a LaBg (Lanthanum
hexaboride), focusing column and fluorescent screen. The accelerating voltage is variable
between 20-200 kV. The objective lens forms the so-called first intermediate image of the

object, which will be enlarged by a lens lower in the column. Because defects of the objective
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lens are magnified by the total magnification factor, this lens is the most critical lens in the

microscope.

Figure 2.18 (a) Ray diagram for the production of specimen image and diffraction pattern, (b)
photograph of FEI Tecnai-20 TEM at 11T Roorkee

In general, smaller the focal length (1 to 5 mm) and the lens aberration constants better
will be the resolving power of the microscope. The objective aperture is positioned in the back

focal plane of the objective lens for two main reasons:

(a) Limiting the angular aperture to reduce spherical and chromatic errors, which

otherwise would blur the image and reduce the resolving power.

(b) Intercepting unwanted strongly scattered electrons from the specimen to prevent
them from contributing to the image which would otherwise reduce the contrast of

the final image.

Final image magnification in TEM is the result of the magnification of each magnifying lens:

the objective lens, the diffraction lens, the intermediate lens and the projector lens. The
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objective lens, the first magnifying lens in the TEM, is a high power lens. The diffraction lens,
below the objective lens, is a very low power lens. The intermediate lens is a weak lens but
with variable power. The current of this lens is adjusted to control the final magnification of the
image. The last lens is the projector lens, which is a high power lens that projects the final

magnified image on to the viewing screen.
TEM has following modes of operation:

(1) Image Mode: Imaging mode allows the imaging of the crystallographic structure of a
specimen at an atomic scale. In image mode, image contrast comes from the scattering of
the incident electron beam by the specimen. By using electrons accelerated to high
voltages, atomic planes of the crystal can be resolved. In this mode, intermediate aperture is
removed and only objective aperture is used. Intermediate lens is used to focus on the

image plane of the objective lens. In image mode, two imaging systems are used:

(a) Bright field image: When an incident electron beam strikes a sample, some of the
electrons pass directly through, while others may undergo slight inelastic scattering
from the transmitted beam. Contrast in an image appears by differences in scattering.
By inserting an aperture in the back focal plane, an image can be produced with these
transmitted electrons. The resulting image is known as a bright field image. Bright field

images are commonly used to examine micro-structural related features.

(b) Dark field image: If a sample is crystalline, many of the electrons will undergo
elastic scattering from the various planes. This scattering produces many diffracted
beams. If any one of these diffracted beams is allowed to pass through the objective
aperture, an image can be obtained. This image is known as a dark field image. Dark
field images are particularly useful in examining microstructural detail in a single

crystalline phase.

(2) Diffraction mode: The diffraction pattern that is always present in the back focal plane of
the objective is brought into focus by the objective lens. In diffraction mode, objective
aperture is removed and only intermediate aperture is used which passes the diffraction
pattern of a selected region. Individual spots are seen when the specimen is a single crystal,

while for polycrystalline material concentric rings are observed. For a single crystal, the
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diffraction spots from planes which are equivalent by symmetry are placed symmetrically

around the central spot. Interplanar distance, d can be calculated from the expression:
Rd=L.4 (2.10)

where, ) is the wavelength of the electron beam (0.025 A for 200 kV), R is the distance of a
particular spot form the central bright spot and L is the distance between the specimen and the

diffraction plane, known as the lens constant or camera length.

TEM also has various drawbacks. Many materials require extensive sample preparation
to produce a sample thin enough to be electron transparent, which makes TEM analysis a
relatively time consuming process. The structure of the sample may also be changed during the
preparation process. The sample may also be damaged by the electron beam in some cases. In
TEM, a high-energy electron beam (> 200 keV) interacts with an electron transparent (~ 50-100
nm thick) specimen in order to study the microstructure and composition of the material.
Preparation of a sample with such a thickness is not an easy job. It is both an art and a science.
It needs utmost care in preparing and skills as the specimens are extremely thin and hence

prone to bending.

There exist several TEM sample preparation techniques but which technique to be used
it depends on various parameters e.g. the material of the specimen and what has to be observed
in the sample. The adopted method should not create too much artifacts in the sample which
could alter the result of the observation. There are currently three major methods, jet electro-
polishing, ion milling technique, and focused ion beam (FIB) technique (Williams and Carter
2009) are using for sample preparation. Jet electro-polishing is used for the preparation of most
metallic materials and superconductors. lon milling technique consists of the ultrasonic cutting,
initial grinding, dimpling and ion milling. This technology is usually applicable for cross-
sectional and plan-view TEM sample for most of the electronic materials and composites
coatings. FIB technology uses for semiconductor integrated circuits (ICs) to prepare the
specific site cross-sectional sample etc. In the present study lon milling technique was used to

prepare plan view TEM samples for Zr-W-N and Zr-W-B-N nanocomposite thin films.
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2.5.6 Atomic force microscopy (AFM)

Table 2.2 Comparison of various microscopes (Kaufmann 2003)

Resolution (nm)

Technique Probe/ Environment  Sample XY Zz
Principle Requirements
Scanning Tunneling ) Air, vacuum, Flat, conductor 0.1-0.2 107
Microscopy (STM) Electron tunneling liquid
Atomic Force Forces: attractive,  Air, vacuum, Flat, insulator, 0.1-1.0 0.01
Microscopy (AFM) Repulsive, contact, liquid conductor
noncontact
Transmission Electron Electron High vacuum Solid, 10nm 0.2 -
Microscopy (TEM) transmission thin
Scanning Electron Secondary High vacuum Solid, 2 -
Microscopy (SEM) electrons conductive
Scanning Auger o Ultrahigh Conductive 10 -
Microscopy (SAM) Auger emission vacuum
Scanning Secondary lon lon sputtering Ultrahigh Most samples 100 -
Mass Spectroscopy (SIMS) vacuum

Atomic force Microscopy (AFM) provides a number of advantages over different
microscopy techniques as observed from the comparisons of various microscopes given in
table 2.2 (Kaufmann 2003). With these advantages, AFM has significantly impacted the fields
of materials science, chemistry, biology, physics, and the specialized field of semiconductors.
AFM monitors the force between a sharp tip and the sample and utilizes this force to produce
images. There is a piezoelectric actuator to precisely control the sensor above the surface and to
raster the tip across the sample, there is a control system to provide feedback to the
piezoelectric actuators and display the images, and there is an isolation system to dampen
ambient vibrations. A schematic diagram of an atomic force microscope is shown in figure
2.19a and the laboratory set up of the AFM system used in the present studies is shown in
figure 2.19b which is the NTEGRA model from NT-MDT, Russia.

76



Chapter 2 Synthesis and characterization processes

(2) (b)

Position Mirror Diode laser i
sensitive
photodiode
detector Cantilever

Computer
(feedback S

control, display X,Y,2

Piezoelectric
actuator

Figure 2.19 (a) A schematic diagram of an atomic force microscope (AFM), (b) the laboratory
set up of AFM (NT-MDT: NTEGRA)

The probe is a microfabricated, force sensitive and attached with a cantilevered that
deflects as a result of the sample-induced forces placed on the sharp tip that is positioned on or
above the sample surface. Cantilevers typically range from 100 to 200 um in length (1), 10 to
40 um in width (w), and 0.3 to 2um in thickness (t). The cantilever deflects upward in the case
of a net repulsive force or downward in the case of a net attractive force. In the case of an
AFM, this deflection, usually associated with topography, is utilized to generate an image of
the sample surface. The deflection can be measured using an optical lever, in which a laser
diode is focused on the end of the cantilever, which is typically angled downward from
horizontal at around 10°. A laser is focused onto the end of the cantilever, the reflective coating
on the back side of the cantilever permits reflection of the laser light to a position-sensitive
photodiode detector located some distance away from the cantilever. Any forces acting on the
tip result in a bending (vertical forces) or twisting (lateral forces) of the cantilever and therefore
result in a different reflection angle. The difference of the output of the photodiodes is used as
output signal, which is proportional to the deflection of the cantilever. Depending on the mode
of operation, the photodiode signal is used directly or as a feedback signal. A feedback loop
continuously checks the feedback signal, compares it to some user defined set point value and
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adjusts the height of the tip over the sample such that the difference is minimized. Stable
operation is possible if the feedback signal is monotonous in the tip-surface distance. The AFM
can be operated under a wide array of controlled operating environments such as ambient,
condensed phase (aqueous) and vacuum conditions, at elevated temperatures and pressures, and
at cryogenic temperatures. This permits AFM to be utilized in a large number of scientific
disciplines, including biology, materials synthesis and characterization, geochemistry, and

nanomechanics.
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Figure 2.20 Interaction force between tip and the sample surface as function of distance

The interaction force between the scanning tip and sample surface is the essential
parameter to determine the AFM scanning mode. These interactions are often described by
using the Lennard-Jones Potential, which gives the potential energy of two atoms separated by
a distance ‘r’. In the force-distance diagram illustrated in figure 2.20, the contact and non-
contact regime are clearly indicated as the function of the distance between tip and sample
surface. By decreasing the gap between the scanning tip and sample surface, the interaction
forces can change from attractive to repulsive (electrostatic repulsion). As the atoms are
gradually coming closer to each other, they first attract each other by van der Waal forces (1-50
nN, 1 N is little less than 1/4 pound) and cantilever deflections of less than 0.1 nm can be

detected.

This attraction increases until the atoms are so close together that they begin to repel
each other. With further reducing the gap, the repulsive force can dramatically increase due to

the Pauli Exclusion principle and become the dominant interaction with progressive weakening
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of the attractive force. Further reduction in distance than this distance (zero force), the total
Van der Waals force becomes positive (repulsive). This distance will not change, therefore any
more attempt to force the sample and tip closer will result in deformation or damage to the
sample or the tip. With varying interaction force, the cantilever deflects in different ways. It can

be bent upward, downward or twisted. There are two other forces that arise during the scan:

(i) A capillary force that is caused by a build-up of water. In real conditions (in ambient
air), practically always some humidity is present in air and a water layer is adsorbed on

the sample and tip surfaces.

(i) On the tip; the force is caused by the cantilever itself, which is like a force caused by a

compressed spring.

The AFM can operate in a number of imaging modes including contact mode, non-contact
mode and tapping mode (also called semi-contact or intermittent mode).

(1) Contact mode is the most common method of operation of the AFM and is useful for
obtaining 3D topographical information on nanostructures and surfaces. As the name
suggests, the tip and sample remain in close contact as the scanning proceeds. In contact
mode the tip either scans at a constant small height above the surface or under the
conditions of a constant force. In the constant height mode the height of the tip is fixed,
whereas in the constant force mode the deflection of the cantilever is fixed and the motion
of the scanner in z direction is recorded. In contact mode, a relatively soft silicon nitride
cantilever is typically used to probe the surface. Most cantilevers have spring constants < 1
N/m, which is less than effective spring constant holding atoms together. The force on the
tip is repulsive with a mean value of 10° N and around 0.5nm probe-surface separation
distance. This force is set by pushing the cantilever against the sample surface with a
piezoelectric positioning element. In contact mode AFM, the deflection of the cantilever is
sensed and compared in a DC feedback amplifier to some desired value of deflection. If the
measured deflection is different from the desired value the feedback amplifier applies a
voltage to the piezo to raise or lower the sample relative to the cantilever to restore the
desired value of deflection. The voltage that the feedback amplifier applies to the piezo is a

measure of the height of features on the sample surface.
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Advantages: (i) High scan speeds, (ii) Atomic resolution is possible, (iii) Easier scanning of
rough samples and (iv) Lateral forces, can be used to provide information on the friction

(drag resistance)

Disadvantages: (i) Lateral forces can distort the image, (ii) Capillary forces from a fluid
layer can cause large forces normal to the tip-sample interaction, (iii) Combination of these
forces reduces spatial resolution and (iv) Tip may scratch the surface, change its intrinsic
features and can cause damage to soft samples (however imaging in liquids often resolves

this issue)

(2) Non-contact mode is a method where the cantilever is oscillated above the surface of the
sample at distance such that it is no longer in the repulsive regime but in the attractive
regime of the inter-molecular force curve. In non-contact imaging, the tip is oscillated at its
resonant frequency at around 0.1-10nm probe-surface separation distance above the surface.
Changes in the long-range attractive Van der Waals forces exerted on the tip due to
topography cause the resonant frequency of the cantilever to shift. The signal applied to the
piezoelectric actuators needed to keep the resonant frequency constant is then used to
generate a topographic image. So attractive Van der Waals forces acting between the tip
and the sample are detected, and topographic images are constructed by scanning the tip
above the surface. Since the attractive forces from the sample are substantially weaker than
the forces used by contact mode, therefore the tip is given a small oscillation so that AC
detection methods can be used to detect the small forces between the tip and the sample by
measuring the change in amplitude, phase, or frequency of the oscillating cantilever in
response to force gradients from the sample. Non-contact imaging is mostly used in
vacuum systems, where instabilities due to surface adsorbents (i.e. water, contamination)

are minimal.

Advantages: (i) Very low force is exerted on the sample (10™?N) surface, (ii) No damage is

caused to soft samples and (iii) Extended probe lifetime

Disadvantages: (i) Lower lateral resolution limited by tip-sample separation, (ii)
Contaminant layer on surface can interfere with oscillation, (iii) Slower scan speed, (iv)
Usually only applicable in extremely hydrophobic samples with a minimal fluid layer (v)

Need ultra high vacuum to have best imaging
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(3) Tapping mode is another mode of operation for AFM. Unlike the operation of contact
mode, where the tip is in constant contact with the surface, in tapping mode, the tip makes
intermittent contact having around 0.5-2nm probe-surface separation distance. In this mode,
the cantilever is made to oscillate at its natural frequency by using a piezo-electric crystal.
The oscillating tip is moved close to the sample surface till it begins to just tap it and is then
immediately lifted off again, while the sample is continuously scanned below the tip.
Because the contact time is a small fraction of its oscillation period, the lateral forces are
reduced dramatically. The change in oscillation amplitude during the tapping period is used
as a feedback to maintain constant height or force between the tip and the sample. In
constant height mode, the tip is kept at a fixed height at or above the surface and the
cantilever deflection, is used to generate an image. The feedback voltage serves as a
measure of the surface features. As the tip is not dragged over the sample, there is no
damage caused to the sample and also the tip is prevented from sticking to the sample
surface due to adhesion. This method usually gives higher resolution than the previous two
methods. Tapping mode is usually preferred to image samples with structures that are
weakly bound to the surface or samples that are soft (polymers, thin films). There are two
other types of image contrast mechanisms in tapping mode:

(a) Amplitude imaging The feedback loop adjusts the z- axis movement so that the
amplitude of the cantilever oscillation remains (nearly) constant. The voltages needed to
keep the amplitude constant can be compiled into an (error signal) image and this
imaging can often provide high contrast between features on the surface.

(b) Phase imaging The phase difference between the driven oscillations of the cantilever
and the measured oscillations can be attributed to different material properties. For
example, the relative amount of phase lag between the freely oscillating cantilever and
the detected signal can provide qualitative information about the differences in chemical

composition, adhesion, and friction properties.

Advantages: (i) Higher lateral resolution (1nm to 5nm), (ii) Lower forces and less damage
to soft samples in air, (iii) Almost no lateral forces and (iv) Also good for biological

samples

Disadvantages: (i) Slower scan speed than in contact mode and (ii) More challenging to

image in liquids
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2.5.7 Nanoindentation

Indentation testing is a simple method that consists essentially of touching the material
of interest whose mechnical proprties such as elastic modulus and hardness are unknown with
another material whose properties are known. Nanoindentation is simply an indentation test in
which the length scale of the penetration is measured in nanometeres rather than in microns or
millimeters. The present field of nanoindentaion grew from a desire to measure the mechanical
properties of hard thin films and other near surface treatments in the early 1980°s.
Microhardness testing instruments available at the time could not apply low enough forces to
give penetration depth less than the required 10 % or so of the film thickness so as to avoid the
influence of the substrate. Even if they could, the resulting size of the residual impression
cannot be determined with sufficient accuracy to be useful (Pollock 1992). Its attractiveness
stems largely from the fact that mechanical properties can be determined directly from
indentation load and displacement measurements without the need to image the hardness

impression.

Nanoindentation is a technique used to investigate hardness, elastic modulus and other
mechanical properties of materials in which an indenter tip of known geometry is driven into a
specific site of the sample by applying an increased normal load (Hay et al. 2000, Fischer-
Cripps 2001, Han et al. 2005) and then the load is decreased linearly; while it continuously
measures the force-displacement response. The materials with features less than 100 nm across
and thin films less than 5 nm thick can be tested to understand its mechanical behavior. It is
used to study the relationship between microstructure and strength and toughness of materials.
In film-substrate system, a “rule of thumb” for hardness measurements is 1/10-rule that the
indentation depth is smaller than 10-15% of the film thickness, so that there will be no substrate
effect on the measured mechanical properties of the film and this statement is a first
approximation. However, in cases like soft films on hard substrates or hard films on soft
substrates, it tends to be either too strict or too lax. The applications of nanoindentation
technique include: to study the mechanical behavior of thin films (such as hardness, elastic
modulus, adhesion evaluations and wear durability), bone, and biomaterials. Hardness

measurements for submicron-size features, elastic behavior of metals, ceramics, polymers, etc.

The photograph of nanoindenter (NT-MDT prima Nanosclerometry, Russia) used for

measuring mechanical properties of Zr-W-N and Zr-W-B-N films is shown in figure 2.21. In
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this nanoindenter Atomic Force Microscope (AFM) attached with measuring head (performing
indentation with varying loads) for selecting a specific location prior to the indentation and to
image the residual imprint after indentation. The precise positioning (0.5 pum) capability of the
X-Y motorized table combine with the large X-Y ranges (140 x 140 um) of the objective

ensures that the indent will always be in the centre of the field of view in AFM mode.

Figure 2.21 Nanoindenter (NT-MDT prima Nanosclerometry)
Indentations were made on the desired area of the sample whose properties are
unknown by using a three-sided, pyramid-shaped Berkovich diamond indenter with nominal
angle of 65.3° between the tip axis and the faces of the pyramid.
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Figure 2.22: (a) Loading and unloading of the indenter on the sample, (b) load is plotted
against the displacement
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The Nanoindenter works on load control. In load control, the load placed on the
indenter tip is increased gradually as the tip penetrates into the specimen at a selected rate and
soon reaches to a selected maximum load. At this point, the load may be held constant for a
period of time and then unloaded. During loading and unloading cycle, the load is increased
and decreased in a linear fashion, the area of indentation is continually measured and this area
is used to obtain the load-penetration depth characteristics from which the hardness and elastic
modulus values are calculated. Figure 2.22a shows the loading and unloading of the indenter
on the sample. For each loading and unloading cycle, the load is plotted against the
displacement of the indenter as shown in figure 2.22b. The maximum load for thin film is
selected as there is no influence of the substrate material on the mechanical properties of the

film.

The analysis of elastic modulus is based on the Oliver and Pharr Method (Oliver et al.
1992). The modulus of a material was calculated from the load-displacement curves by
modeling the unloading curve with a power law relationship instead of assuming linear
unloading. At any time during loading, the total displacement h is written as
h=h, +h, (2.11)
where, h, is the vertical distance through which contact is made (contact depth) or the contact

depth of the indenter with the sample under load and h. is the displacement of the surface at the

perimeter of the contact or sample deformation when the load is applied.

From Sneddon’s solution for a conical indenter, h, becomes

S

h == g _p ) (2.12)
T

where, h, is the final depth upon unloading the indenter. The quantity (h—h, ) appears rather

than h by itself.

Sneddon's contact solution (Sneddon 1965) predicts that the unloading data for an
elastic contact for many simple indenter geometries (sphere, cone, flat punch and paraboloids
of revolution) follows a power law that can be written as follows:

P=ch" (2.13)

where, P is the indenter load, h is the displacement and « and m are constants.
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Oliver and Pharr apply this formulation (equation 2.13) to determine the contact area at
maximum load as it is valid even if the contact area changes during unloading. To do this, they

derived the following relationship for the contact depth from Sneddon's solutions. The contact

depth h, is expressed as

h =h  —g o (2.14)

C max S
where, S is stiffness constant and equal to dP/dh, i.e derivative of a power law fit to the

unloading curve and evaluated at the maximum load, P, , h ., is the maximum depth, and &

max | Imax
refers to tip shape constant and is equal to 0.72 for a conical indenter, 0.75 for parabolic
indenter and 1 for a flat indenter. The procedure for Oliver and Pharr analysis includes a fitting
of power law function to the unloading segment. This yields the contact stiffness as slope of
this function at maximum load. This slope in addition to the appropriate value of ¢ is used in
order to determine the actual contact depth so that it is finally possible to derive the elastic
modulus and the hardness. To find the hardness, a measure of the indentation area is needed. A
convenient way to do this is to use the projected contact area at maximum load. The area
function for a perfect Berkovich tip is given as
Af (h,) = 24.56h? (2.15)

In the nanoindentation analysis, the hardness is calculated by utilizing the contact area at
maximum load and the equation is given as

Pmax
M= s (2.16)

Both values, elastic modulus as well as hardness, depend strongly on the area function Af (h,)

and the accuracy with which it is determined.

The reduced elastic modulus ( E, ) is calculated from

g _ivr S 2.17)

"B 2 JAf(h)

where £ is a constant or correction factor related to the tip geometry and equals to 1, 1.034 and

1.012 for spherical tip, Berkovich tip and Vickers tip, respectively (Oliver et al. 2004).

The elastic modulus of the sample can be derived from the following equation.
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1 _ (1-v?) N 1-v?)

E E E,

r I

(2.18)

where, E & v are the elastic modulus and Poisson’s ratio, respectively, for sample and E; & v,

are the elastic modulus and Poisson’s ratio, respectively, for the indenter. For a diamond

indenter tip, E; is 1140 GPa and v, is 0.07 (Oliver et al. 2004).

2.5.8 Microindentation

The microindentation was used to calculate the fracture toughness of the deposited coatings.
The microindentation with a Vickers micro hardness tester (UHL VMHT, Germany) as shown
in figure 2.23 was used for this purpose in the present study. The micro indentations were done
at varying loads (100 mN to 5000 mN) for a dwell time of 15 sec. For each load, at least three
readings were taken. The toughness Kc is calculate by equation (2.18) (Lawn 1980).

K =5(EJ (Ej (2.19)
H) (C

Where P is the applied indentation load; E, and H are the effective elastic modulus and
hardness of the coating, respectively. & is an empirical constant which depends on the geometry
of the indenter, for Vickers indenter 6= 0.016. C is the crack length which was measured from
optical microscopy (Olympus DME3) images. In order to reduce the substrate effect on film
toughness, K,c calculated from equation (2.19) was plotted versus indentation depth and then

the curve was extrapolated to one-tenth of the film thickness to obtain the film toughness.

Tt
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Figure 2.23 Photograph of Microindenter (UHL VMHT)
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CHAPTER 3

Zirconium Tungsten Nitride coating: Study on Nitrogen Partial

Pressure

The effect of nitrogen partial pressure (pN,) on structural, composition,
deposition rate and mechanical properties of Zirconium Tungsten Nitride (ZrW,.

«Ny) coatings have been studied in detail.

3.1 Introduction

In recent years, research in the area of wear protection of materials using mechanically
hard, tough and thermally stable coatings has been very fascinating. Ternary nitride coatings
promise manifold applications by improving the life and performance of machining
components. Many ternary nitrides, e.g., Ti-Al-N, Ta-Zr-N, Cr-W-N, Zr-Al-N (Hasegawa et al.
2000, Tang et al. 2012, Gu et al. 2008, Yang et al. 2012, Klostermann et al. 2007) belonging to
metal-metal nitride group and Zr-Si-N, Ti-Si-N, W-Si—N, Ti-B-N (Sun et al. 1997, Soderberg
et al. 2005, Kim et al. 2002A, Chawla et al. 2010, Musil et al. 2005, Marques et al. 2003,
Wiedemann et al. 1999) belonging to metal-metalloids nitride group have been studied to
achieve the best blend of toughness, wear resistance and low friction performance across
multiple environments. Among metal-metal ternary nitrides, it has been observed that those
ternary nitrides which exhibit blend of metallic bonding and ionic bonding exhibit the best
mechanical properties against wear damage (Holleck et al. 1986, Zhao et al. 2005, Yamamoto
et al. 2010). According to Holleck et al. (1986), blend of metallic bonding and ionic bonding in
ternary metal nitrides can be achieved by a combination of group IV and group VI binary
transition metal nitrides. Because of complex requirements for wear resistant coatings such as
high hardness, high toughness, good adherence at the substrate-layer boundary and high
stability, a alloying of different group hard material seem to be the best negotiation. Group 1V
binary transition metal nitrides (TiN, HfN, ZrN) exhibit high hardness, high stability and are
brittle in nature while group VI binary transition metal nitrides (CrN, MoN, W;N) exhibit high
toughness, high adhesion and are less reactive in nature. In literature, the studied ternary metal

nitrides exhibiting the combination of group IV and group VI binary nitrides are Ti-Cr-N, Ti-



Chapter 3 Zr-W-N coating: Study on Nitrogen Partial Pressure

W-N, Ti-Mo-N, Zr-Cr-N, Ti-Zr-N, Zr-Mo-N and Cr-Mo-N. The mechanical properties of these
ternary nitrides have been found better than their binary nitrides (Song et al. 2007, Hsu et al.
2013, Moser et al. 1994, Yang et al. 2005, Regent et al. 2001, Kim et al. 2009A, Purushotham
et al. 2007, Ryan et al. 1964, Schwarz et al. 1985).

Kim et al. (2009A) have studied the tribological and corrosion properties of Cr-Zr-N
coatings deposited on silicon and tool steel by magnetron sputtering. The average friction
coefficient of Cr-Zr-N coating against a steel ball was reported ~ 0.17 which is lower than those
for CrN (0.49). The corrosion resistance of the Cr-Zr-N coating was significantly improved in
comparison with that of CrN and the coroosion current density and corrosion rate decreased

with increasing Zr content.

Lamni et al. (2005) have studied the effect of Al and Cr concentrations on
microstructure and mechanical properties of zirconium based ternary transition metal nitrides
Zr1xMyN with M = Al (0 < x < 0.43), Cr (0 < x < 0.48) deposited on silicon and WC-Co
substrates by reactive magnetron sputtering. All the deposited Zr-M-N coatings exhibited
single-phase fcc NaCl type of structures (B1l) and columnar morphology. The increasing
aluminum and chromium content in the Zr-M-N films did not change the structure and
morphology of the films. The hardness and Young’s modulus values of Zri AlN coatings,
gradually increase from H = 21 GPa up to H = 28 GPa and from E = 250 GPa up to E = 300
GPa as the Al content increase from x = 0 to X = 0.43. In contrast, the hardness and Young’s

modulus in Zr;—Cr«N remains unchanged for selected Cr content in the films.

Gu et al. (2008) have compared the mechanical and tribological properties of Cr—W-N
and Cr—Mo-N multilayer thin films by using a nanoindentor and a ball-on-disk tribometer,
respectively. These films were deposited on high speed steel substrate by unbalanced DC
reactive magnetron sputtering technique. The Cr-W-N multilayer films had much better
mechanical properties (H ~ 29 GPa, E, ~ 375 GPa, H/E,” ~ 0.167 GPa) than the Cr—Mo-N (H ~
24 GPa, E, ~ 325 GPa, H¥/E,? ~ 0.118 GPa) films. The wear resistance of both the Cr—W-N and
Cr—Mo-N multilayer films increased with decreasing the bilayer period. The Cr—W-N
multilayer film with a bilayer period of 12 nm exhibited excellent wear resistance and

mechanical properties.
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Earlier research represents a lot of work being done on single systems of zirconium
nitride (ZrN) (group IV) and tungsten nitride (W,N) (group VI). Individually (ZrN) is very
promising material in various applications because of its attractive properties like high
hardness, good wear resistance, good electrical conductivity, high melting point and stability as
diffusion barriers in microelectronic devices and decorative coatings (Pilloud et al. 2003, Rizzo
et al. 2006, Pelleg et al. 2007, Sue et al. 1995). On the other hand W;N belongs to a class of
refractory metal nitrides that have unique properties like excellent hardness, chemical inertness,
good chemical stability and high conductivity (Toth et al. 1971, Yamamoto et al. 2005, Wen et
al. 2010, Suetin et al. 2010). A blend of ZrN (group V) and W-N (group V1) is thus expected
to show excellent hardness, high toughness, high adhesion, high wear resistance and good
thermal and chemical stability. Zr-W-N thin films can be very interesting with regard of a
combination of ZrN and W;N.

In the present work, tungsten nitride (W,N) and zirconium nitride (ZrN) have been
selected for the development of super hard and tough nanostructure Zr-W-N coating material.
The films have been deposited by DC/RF reactive magnetron sputtering on Si (100) substrates.
The effect of nitrogen partial pressure (pN2) on structural, composition, deposition rate and

mechanical properties of these coatings has been investigated in detail.

3.2 Experimental Details

3.2.1 Deposition of Zr,W1«Ny thin films

Ternary nitride Zry\WixNy films have been deposited on ‘p’ type Si (100) substrates
using DC/RF reactive magnetron co-sputtering. Si substrates were cleaned by first rinsing in
hydrofluoric acid to remove the native SiO, layer followed by ultrasonic bath treatment in
acetone and finally drying under nitrogen gas. Sputtering targets (5 cm diameter and 0.5 cm
thick) of Zr and W with purity 99.98% and 99.95% respectively have been used for deposition.
Targets were fixed at an angle of 45° to the substrate normal. Si substrates were mounted on the
grounded substrate holder with the help of silver paste. The substrate holder was rotated at 5

rpm by using a DC motor to ensure uniformity in the deposited thin films. The residual gas
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pressure was < 0.4x10° Pascal (Pa) and sputtering was carried out in N, and Ar atmosphere
with varying partial pressure of N, gas. Prior to deposition, the targets were pre-sputtered for 15
min to remove the impurities present on the surface. All depositions were performed at a fixed
substrate to target distance of 6 cm. The details of sputtering parameters for Zr,Wi,Ny films

are given in table 3.1.

Table 3.1 Sputtering parameters for Zr-W-N films

Target Tungsten (W)
and
Zirconium (Zr)

Gas used Ar and N,

N, Partial Pressure 0.07 Pato 0.67 Pa
Sputtering pressure 0.67 Pa
Deposition time 15h

Power density for W |~ 4 Watt/cm?
target

Power density for Zr | ~6 Watt/cm?
target

Substrate Si (100)

Substrate temperature 350°C

3.2.2 Characterization

The ZrhW1xNy thin films deposited using different parameters have been characterized by
grazing angle X-ray diffraction (GAXRD) (Bruker, D8 advance, Cu-K, radiation, A = 1.54A),
field emission scanning electron microscopy (FE-SEM) (FEI, QUANTA 200F), atomic force
microscopy (AFM) (NT-MDT, NTEGRA) and transmission electron microscopy (TEM) (FEl,
TECNAI G?) for their structural, cross-sectional, and morphological studies. The elemental
composition analysis of these films carried out using an energy dispersive X-ray analysis
(OXFORD, X-Max ) with variation of + 0.3 at.% for heavy elements (Zr, W) and + 2 at.% for
light elements (N,). Mechanical properties have been studied by nano-indentation (NT-MDT,
Nanoslerometry). Nanoindentation uses a triangular pyramid Berkovich diamond indenter with
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normal angle of 65.3° between the tip axis and the faces of triangular pyramid and the effective
size of apex is about 70 nm. It is a very powerful tool to study the mechanical properties of
coatings such as hardness (H), reduced elastic modulus (E;) and percentage elastic recovery
(We) with the help of loading and unloading curves. The results obtained have been reported in

detail in the following section.

3.3 Results and Discussion

3.3.1 Structural analysis

~
o

i —
M@en

(S S =y B =)
o UM oO,m
PR PO TR TN T

w h b
oo O,
L1y

Zirconium

‘\H\’T\'_\—‘

ungsten

Concentration (at. %)

0 01 02 03 04 05 06 07
N2 partial pressure (Pa)

= =2 NN W
o uowo
°.I.I.I.I | -

Figure 3.1 The elemental composition of the films deposited at different nitrogen partial

pressure (pNy)

It can be clearly seen that with increasing pN,, the at.% of Zr and W elements decrease
while the at.% of nitrogen increases. This is because, as the pN, increases, the assimilation of
N, molecules (® = 3.14 A)/N," ions in gaseous phase in the sputtering chamber increases over
heavier Ar atoms (® = 1.76 A)/Ar" (® = 1.54 A) which results in an increase in the collision
frequency in the plasma and hence the sputtering yield of W and Zr decrease (Moser et al.

1994) as depicted in figure 3.1. However, Zr/W ratio was found to increase with increasing
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PN, due to lower sputtering threshold energy of Zr (22 eV) in comparison to W (33 eV) (Wasa
et al. 2004).
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Figure 3.2 (a) Confirmation of Zr-W-N compound formation at 0.07 pN, by standard XRD
pattern and (b) XRD patterns of Zr-W-N coatings at varying pN,
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All the deposited Zr\W1xNy films have dark gray colour in visible light. XRD pattern of
Zr-W-N film deposited at pN, = 0.07 Pa as shown in figure 3.2a indicates the formation of
single phase (fcc) Zr-W-N compound. Figure 3.2b shows the XRD patterns of all the films
deposited at different pNs.

For 0.07 Pa <pN,<0.17 Pa, a shift in fcc phase peaks towards higher angles have been
observed. This shift may be associated with increasing Zr/W ratio with increase in pNa.
However, since the atomic radius of Zr (2.16 A) is larger than W (2.02 A), the XRD peaks are
expected to shift towards lower angles with increasing Zr/W ratio, on the contrary, in the
present case, shifting of peaks towards higher angles with increasing Zr/W ratio may be
explained on the basis of bond character of Zr and W with nitrogen. Zr has a tendency for ionic
character with nitrogen (Pauling 1939), while W rich films exhibit covalence level with
nitrogen (Hones et al. 2000). A comparison of ionic radius (1.09 A) of Zr in Zr-N bond and
covalent radius (1.30 A) of W in W-N bond shows that although Zr has larger atomic radius
than W, the ionic radius of Zr is smaller than the covalent radius of W, thus an increase in Zr/W
ratio reduces the lattice parameter of the fcc unit cell and consequently a shifting of peaks
towards higher angles have been observed in the XRD patterns. For 0.20 Pa < pN, < 0.27 Pa,
Zr/W ratio increases further, this in turn increases the mixture of elements with different radii
leading to reduced diffusion rates in the films and an amorphous phase (Johnson 2002, Inoue et
al. 1993) is observed in the XRD patterns. For pN, > 0.27 Pa, XRD patterns show some
additional reflections along with the reflections of fcc Zr-W-N phase. These additional
reflections may be indexed with hcp structure associated with the ZrN phase which starts
nucleating along with the pre existing Zr-W-N (fcc) phase with increasing pN,. The formation
of hcp ZrN phase may be associated with lower free energy (-347 kJ/ mol) of this phase in
comparison to fcc W)N (-72 kJ/mol) and hcp WN (-68 kJ/mol) crystallographic phases.
Although, the free energy of fcc ZrN (-357 kJ/mol) is comparable to the free energy of hcp ZrN
phase, the reflections corresponding to fcc ZrN have not been observed in the XRD pattern of
the sample (Suetin et al. 2010, Ogawa 1994). At very high pN; (~ 0.67 Pa), the XRD pattern
shows dominant growth of ZrN (hcp) phase over Zr-W-N (fcc) phase.

To further confirm the evolution of phases with increasing pN,, TEM analysis of the

films has been carried out. Figure 3.3a-c shows the bright field TEM images and selected area
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electron diffraction (SAED) patterns of the films deposited at 0.13 Pa, 0.27 Pa and 0.47 Pa pN,
respectively. For pN, = 0.13 Pa (figure 3.3a), the SAED patterns confirm the formation of fcc
phase, for pN, = 0.27 Pa (figure 3.3b), SAED pattern shows an amorphous phase formation
and the diffuse rings in SAED pattern confirm that nanocrystalline grains were not grown
during deposition. For pN, = 0.47 Pa (figure 3.3c), reflections corresponding to dual phase of
fcc and hep can be seen in the SAED pattern. The TEM analysis is in agreement with the XRD

results.

Diffuse diffraction rings

*1-(100) ZrN
*2-(102) ZrN

#1-(111) ZrWN
#2-(220) ZrWN

Figure 3.3 Topological bright field images and SAED patterns of different phases; (a) single
fcc phase (0.13 Pa), (b) amorphous phase (0.27 Pa) and (c) dual (fcc+hcp) phase (0.47 Pa)

94



Chapter 3 Zr-W-N coating: Study on Nitrogen Partial Pressure

The variation of crystallite size and lattice parameter of Zr-W-N films as a function of
PN, is shown in figure 3.4a and 3.4b, respectively. The crystallite size has been calculated for
all the films by using Debye-Scherrer’s formula for most intense peak having orientation (111)
in the fcc structure. For 0.07 Pa < pN, < 0.17 Pa, the crystallite size of the film decreases as
shown in the Bar graph. This may be attributed to the increase in Zr/W ratio (with increasing
pN) that reduces the mobility of adatoms in deposited Zr-W-N films resulting in decreased
crystallite size (Inoue et al. 1993). For pN, < 0.17 Pa, Zr/W ratio increases further, crystallite

size decreases below 9 nm resulting in amorphization of the deposited film.
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Figure 3.4 Effect of pN, on (a) crystallite size of fcc phase (* intensity is very low) and (b)

lattice parameter of fcc phase

The lattice parameters have been calculated from XRD patterns by Nelson Riley
function (Cullity 1978). It is clear that as pN, increases from 0.07 Pa to 0.17 Pa, the lattice
parameter of single phase (fcc) Zr-W-N film also decreases. The probable reason may be the
increase in the occupancy of zirconium and nitrogen atoms at the substitutional and interstitial
sites in comparison to W atoms in single (fcc) phase film with increasing pN, (Wen et al. 2010,
Baker and Shah 2002). As Zr/W ratio increases further (pN2 > 0.27), a new phase (ZrN) starts
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appearing along with the fcc Zr-W-N phase (as shown in figure 3.2b and figure 3.3c).Due to
the incorporation of Zr in this new phase, although, overall Zr/W ratio increases (with
increasing pN,), the Zr/W ratio within the fcc Zr-W-N phase decreases which results in bigger
crystallite size and higher lattice parameter for pN, > 0.27.

3.3.2 Morphological Studies
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Figure 3.5 (a)-(d) 3D & 2D topographical AFM images: (a) &(c) single phase fcc structure at
low (0.13 Pa) pNy, (b) & (d) dual phase fcc+hcp structure at high (0.47 Pa) pN,. () RMS
roughness and thickness of deposited films at varying pN»
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3D and 2D views of the surface of films at low (0.13 Pa) and high (0.47 Pa) pN, are
shown in figure 3.5a-d. The RMS roughness (6;ms) and thickness of the deposited films are
shown in figure 3.5e. For 0.07 Pa < pN,< 0.17 Pa, surface roughness decreases and for 0.27 Pa
< pN, < 0.47 Pa, roughness increases substantially due to the competitive growth between hcp
ZrN phase and fcc Zr-W-N phase. At pN2 = 0.47 Pa, the ,ms is maximum (6.8 nm) because the
XRD peaks of ZrN are relatively prong with the XRD peaks of Zr-W-N phase which indicate
that ZrN phase is well established along with Zr-W-N phase and hence roughness increases.
The change in shape and size of the particles, as shown in figure 3.5c-d further support the
observed trend in roughness. For pN, > 0.47 Pa, surface roughness again decreases due to the
stabilization of ZrN phase. The thickness of the films was found to decrease with increasing
pN, due to the combined effect of increased collision frequency (between ions, N, molecules
and target atoms) and increased flux of N," ions (lower momentum transfer as compare to Ar")
which reduces the deposition rate (Moser et al. 1994, Shi et al. 2013). AFM analysis shows that

all the films have smooth surface.

3.3.3 Mechanical Properties

Table 3.2 Nanoindentation parameters and mechanical properties of coatings deposited at

different pN,

S.  pN, Phase Load  Hardness Elastic % Plastic Plasticity  Resistance
No. present modulus Elastic ~ deformation Index to fatigue
recovery _energy parameter _ fracture
(Pa) LmN) H(GPa) E(GPa) W, Ufl0™  HIE, HY/E (Gpa)
joule)
1 013 Single(S) 10 2 103 66 94 0.20 0.87
2 027 Amorphous 10 16 98 60 10 0.16 0.42
(A)
3 047 Dual(D) 10 24 135 74 8.6 0.18 0.75
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Mechanical properties of all the films have been studied by triangular pyramid
Berkovich diamond nanoindenter. The fracture toughness of coatings is calculated by
measuring the length of crack which is generating during indention on the films under constant
load (Zhang et al. 2005). While for adhesion testing, a diamond indenter is drawn across the
coating surface under an increasing load, until the film is removed in a regular fashion; the load
corresponding to adhesive failure gives a guide to the adhesion strength and is referred to as the
‘critical load” (Ashrafizadeh 2000). It has been observed that Zr-W-N films exhibit high
hardness with high toughness. The supporting data for toughness and hardness for all the

samples are given in table 3.2.

Hardness (GPa)
—m— Elastic modulus (GPa)
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Figure 3.6 H, E; and H/E, values of coatings exhibit fcc, amorphous and fcc+hcp

crystallographic phases at different deposition pN,
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Considering the nano-indentation criterion that penetration depth should not exceed 10
to 15 % of total thickness of the coating (to minimize the substrate effect), 10 mN load has
been used for indentation. The variation of hardness (H), reduced elastic modulus (E;) and
plastic index parameters (H/E;) with pN; is shown in figure 3.6. Among all the deposited films,
maximum values of H (~ 24 GPa) and E, (~ 135 GPa) are obtained for the dual phase (fcc+hcp)
film. An additional hindrance to dislocation movements by multi oriented grains of both the
phases in the dual phase structure was found to be the reason for increased hardness. The
minimum values of H (~ 16 GPa) and E, (~ 98 GPa) obtained for the amorphous phase film are
associated with the decrease in crystallite size, which is in agreement to the inverse Hall-Petch
effect.

The effect of pN, on H/E, is shown in figure 3.6, differentiating between elastic (> 0.1)
and elastic-plastic (< 0.1) behavior of the films (Charitidis 2010). It has been reported that the
films having higher value of H/E, (> 0.11) show more wear resistance in sliding/abrasive wear
contacts (Leyland and Matthews 2000). Although, the single phase (fcc) film has lower (103
GPa) value of E, in comparison to dual phase (fcc+hcp) film (135 GPa) but the H/E, value of
single phase (~ 0.20) film is higher than dual phase (~ 0.18) film which confirms that the single
phase (fcc) film is more ductile and wears protective in comparison to dual phase (fcc+hcp)
film. The effect of pN, on the percentage elastic recovery (W.) and plastic deformation energy
(Up) has been shown in table 3.2. The single phase (fcc) film shows lower value (66 %) of We
in comparison to dual phase (74 %) film. This is because single phase film has fcc
nanocrystalline structure and hence the twinning mechanism in the slip systems along with
nanocrystalline grain size effect may result in the deformation of fcc film at lower applied
stress resulting in lower We. This is in contrary to coarse-grained fcc metals (Zhu et al. 2009).

Fracture toughness plays a very important role for wear protective coatings, especially
erosion at higher impact angle. The fracture toughness and adhesion for all three phases of the
films deposited at 0.17 Pa, 0.27 Pa and 0.47 Pa pN, have been evaluated with the help of
Berkovich diamond tip. All the films have been indented with high (50 mN) load for fracture
toughness test, while adhesion test has been done by making a scratch on the films with varying

2 to 50 mN loads. Figure 3.7 shows the AFM topographical view of scratch scars and
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indentation marks at 50 mN load for all the phases. It has been observed that no crack
propagates on the surface of the films and consequently, toughness cannot be calculated
quantitatively; however, it can be concluded that the toughness of the deposited films is
appreciable to the extent so as to bear a high load of 50 mN without crack. To estimate the film
resistance to cracking, H*/E;® has been calculated as shown in table 3.2. A high value (> 0.1
Gpa) of H¥/E,? confirms a high resistance to cracking and hence high fracture toughness (Beaks
et al. 2011). A comparison of H*/E; ratio for the deposited films shows that the single phase
fcc films deposited at 0.07<pN,<0.17 exhibit the highest value (~ 0.87 GPa) of H¥E? ratio.
From figure 3.7a, c, e, reveals that the films neither peeled off nor developed any crack during
the scratch test at 50 mN load. This indicates that all the films have high adhesion with the

substrate surface.

Sakai (1993) suggests that plastic deformation energy (Up) is also an important
parameter of the mechanical properties of wear protective coatings. Plastic deformation energy
(Up) of the film is calculated by the area surrounded by the loading- unloading curve in the load
displacement profile. U, can be calculated by the equation (3.1)

U, = P2/ [3 HY? (wp tan®0)"?] (3.1)

Where ‘P’ is applied load, ‘wp’ is the geometry constant and can be taken as 1.3 for pyramid
indenter, H is hardness and 6 is the angle (65.3°) between the tip axis and the faces of triangular
pyramid. The single phase (fcc) film has higher value of U, over dual phase (fcc+hcp) films.
Thus, more energy consumption during deformation without making any crack shows more

ductile behavior of film.
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Figure 3.7 Scratch at 50 mN load (for adhesion test) and indentation at 50 mN load (for
fracture toughness test) on all three phase films deposited at different pN,. (a), (b): Single (fcc)
phase film deposited at 0.13 Pa pN,. (c), (d): Amorphous phase film deposited at 0.27 Pa pN..
(e), (f): Dual (fcc+hcp) phase film deposited at 0.47 Pa pN,
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3.4 Conclusions

Thin films of Zirconium Tungsten Nitride (Zr,W1.xNy) have been deposited by DC/RF reactive
magnetron sputtering on p-type Silicon (100) substrate. The films have been characterized by
different techniques such as XRD, FE-SEM, AFM, TEM and Nanoindentation. The results
discussed previously are summarized in the following:

(1) With increase in pN,, Zr,W1xNy films exhibit single (fcc) phase, amorphous phase and
dual (fcc+hcp) phase.

(2) A strong correlation has been found between structure of the films and their chemical
compositions.

(3) The crystallite size and lattice parameter of single (fcc) phase films vary non-
monotonically with increase in pN,. The roughness (dyms) also follows the same trend
according to phases present in films.

(4) The thickness of the films decreases continuously with increasing pNo.

(5) Maximum hardness (~ 24 GPa) has been obtained for dual phase (fcc+hcp) film while
resistance to fatigue fracture (H*E,? ~ 0.87 GPa) and wear resistance (H/E; ~ 0.2) of the
single phase (fcc) film was found to be highest among all the phases.

(6) Scratch tests confirm high adhesion of the deposited films with the substrate surface.
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CHAPTER 4

Zirconium Tungsten Nitride coating: Effect of Insitu and

Exsitu Annealing Temperatures

The thermal stability and mechanical properties of amorphous and crystalline
(fcc) phase Zr-W-N coatings have been discussed in detail. This chapter divided
into two sections. First section namely, section 4.1 describes the effect of
substrate temperatures T (100°-600°C) (Insitu) and post annealing temperature
T, (100°-600°C) (Exsitu) on thermal stability and mechanical properties of
amorphous Zirconium Tungsten Nitride (ZrioWgNg3) coatings. Second section
namely, section 4.2 describes the effect of substrate temperatures T (100°-600°C)
(Insit) and post annealing temperature T, (100°-600°C) (Exsitu) on thermal
stability and mechanical properties of crystalline fcc phase Zirconium Tungsten

Nitride (Zr,,W19Nsg) coatings.

4.1 Study of thermal stability and mechanical properties of amorphous

Zr19W1gNg3 coatings deposited by DC/RF reactive magnetron sputtering

4.1.1 Introduction

In recent years research in the area of wear protection of materials using hard, tough and
thermally stable coatings has been very fascinating. Most studied ternary nitride coatings
promise manifold applications by improving the life and performance of machine components
and machining tools. Many ternary nitrides, e.g., Ti-Si-N, TiN/SizNg, Zr-Si-N, W-Si-N and Ti-
B-N (Sun et al. 1997, Soderberg et al. 2005, Kim et al. 2002, Chawla 2010 et al., Musil et al.



Chapter 4 Zr-W-N coating: Effect of Insitu and Exsitu Annealing Temperatures

2005, Marques et al. 2003, Wiedemann et al. 1999) belonging to metal-metalloids nitride group
and Ti-Cr-N, Ti-Zr-N, Ta-Zr-N, Cr-W-N (Hasegawa et al. 2000, Tang et al. 2012, Gu et al.
2008, Grimberg et al. 1998) belonging to metal-metal nitride group have been studied to
achieve the best blend of toughness, wear resistance and low friction performance across

multiple environments.

Kim et al. (2002) have reported the effect of silicon content on the mechanical
properties of Ti-Si-N hard coatings deposited on steel substrates. The two deposition
techniques namely; (i) arc ion plating (AIP) for the deposition of TiN coatings and (ii)
magnetron sputtering for the encapsulation of Si in the matrix of TiN coatings, have been used
for the synthesis of Ti-Si-N coatings. The Ti-Si-N film exhibit crystalline (TiN) phase and
amorphous (SizsN4) phase microstructure in which TiN grain of multiple orientations were
distributed in the amorphous SizN4 phase. The crystallites size and surface roughness of Ti-Si-
N coatings were decreases with increasing silicon concentration in the films. Ti-Si-N coating
with Si content ~ 7.7 at.% exhibit maximum hardness value of 45 GPa. Mei et al. (2005) and
Chawla et al. (2010) have studied the effect of Si concentration on microstructure and
mechanical properties of Ti-Si-N nanocomposite films sputtered by reactive magnetron
sputtering. It has been noticed that silicon formed the amorphous silicon nitride phase at the
grain boundaries of TiN grains and volume fraction of amorphous SizN4 phase was increasing
with increasing Si content. This indicating that crystallizes size of TiN phase decreases with
increasing Si content. The TiN phase with grain size of about 20 nm was grown in the Ti-Si-N
films with Si content ~ 13.6 at.%. A strong correlation in microstructure and mechanical
properties has been observed. The mechanical properties (hardness (H) and elastic modulus
(E)) of films varied non-monotonically with increasing Si contents and the maximum H and E;

values were obtained ~ 34.2 GPa and 398 GPa, respectively at 10.6 at.% Si content.

Musil et al. (2006) have studied the physical and mechanical properties of magnetron
sputtered W-Si-N thin films with a high (> 20 at.%) content of Si. The elemental compositions
of the films have been controlled by a variation (0 to 0.5 Pa) in nitrogen partial pressure (pNy).
The W-Si-N film with a low (< 1.33) ratio N/Si exhibits a crystalline structure and those with a
high (> 1.33) ratio N/Si are amorphous. All the amorphous films contain a high (> 50 vol.%)

amount of the SizN4 phase. The hardness continuously increases with increasing pN, and the
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maximum hardness (~ 35 GPa) is achieved at pN; > 0.4 Pa. The W-Si-N film composed of two
co-existing SisNs and overstoichiometric WNy-1 phases at higher pN, exhibits the highest
oxidation resistance achieving 800°C.

Musil et al. (2005) have reported structure, oxidation resistance and mechanical
properties of Zr-Si—N films deposited at varying (0 to 0.5 Pa) nitrogen partial pressure (pNy).
Zr-Si-N films deposited at very low nitrogen partial pressure (< 0.03 Pa) are crystalline,
electrically conductive, optically opaque and exhibit microhardness values of H ~ 17-20 GPa
and Zr-Si—N films deposited at very low nitrogen partial pressure (> 0.1 Pa) are X-ray
amorphous, electrically insulating, optically transparent and exhibit high microhardness H ~ 30
GPa. H is almost two times greater than that of the SizN, (17.2 GPa) and ZrN (16 GPa). The
Zr-Si-N films with high (> 25 at.%) Si content composed of a mixture of a-SizN4 and ZrNys1
phase with > 55 vol.% of the a-Si3N,4 phase, exhibit a high oxidation resistance (> 1300°C) in

flowing air.

It has been observed in literature survey that the metal + metalloids nitride group have
an amorphous structure over a wide range of composition. These compounds usually contain
about 15-30 at.% metalloids and show excellent hardness (~ 40 GPa), high resistance against
oxidation and crystallization upon thermal annealing. A selection of Si, B and C etc. as
metalloids in the ternary nitride system is based on the fact that these metalloids forms hard
amorphous structure like SizN4, BN and CN and remain amorphous to higher temperatures due
to its high crystallization temperature considerably exceeding 1000°C. The amorphous structure
is an excellent barrier for a penetration of oxygen to the substrate surface through the coating
and thus an improved oxidation resistance is expected to be achieved in metal + metalloids
nitride thin films. However, they exhibit limited macroscopic plastic deformability especially at
higher load (Sun et al. 1997, Soderberg et al. 2005, Kim et al. 2002, Chawla 2010 et al., Musil
et al. 2005, Marques et al. 2003, Wiedemann et al. 1999). High metastability and superior
strength of the amorphous like structure in comparison to crystalline structure is the most
striking aspect of ternary nitride alloys in wear protective coatings (Nicolet et al. 2001, Musil et
al. 2012). The metal + metal nitride group has moderate hardness and higher adhesion with
metal substrates. The thermal stability and mechanical properties of crystalline materials of the
metal + metal nitride group has been studied in detail in literature (Hasegawa et al. 2000, Tang

et al. 2012, Gu et al. 2008, Grimberg et al. 1998). However, detailed studies on amorphous
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materials of the metal + metal group are lacking in literature. In the present work, thermal
stability and mechanical properties of amorphous and crystalline Zr-W-N thin films has been
studied in detail.

New Zr-W-N thin films can be very interesting with regard of a combination of ZrN
and W>N. Individually ZrN is a very promising material in various domains because of its
attractive properties like high hardness, excellent wear resistance, high melting point, good
electrical conductivity, and suitability as diffusion barriers in microelectronic devices and
decorative coatings etc (Brugnoni et al. 1998, Pilloud et al. 2003, Chhowalla et al. 2005, Ruan
et al. 2005). On the other hand W;N belongs to a class of refractory metal nitrides that has
unique properties like excellent hardness (~40 GPa), low melting point (< 800°C), high
conductivity and good chemical stability (Polcar et al. 2008, Baker et al. 2002, Yamamoto et
al. 2005, Wen et al. 2010). To the best of our knowledge, this is one of the first reports on

novel Zr-W-N thin films, which could be interesting candidates for wear protection.

4.1.2 Experimental Details
4.1.2.1 Deposition of Zr-W-N thin films

Ternary nitride Zr-W-N films have been deposited on Si (100) substrates using DC/RF
reactive magnetron co-sputtering in a cylindrical chamber (30 h x 40 @ cm?) designed by Excel
Instruments, India. Sputtering targets (5 cm diameter and 0.5 cm thick) of Zr and W with purity
99.98% and 99.95% respectively have been used for deposition. The Si substrates were cleaned
by first rinsing in hydrofluoric acid to remove the native SiO, layer followed by ultrasonic bath
treatment in acetone. Targets were fixed at an angle of 45° to the substrate normal. Si substrates
were mounted on the grounded substrate holder with the help of silver paste. The substrate
holder was rotated at 5 rpm by using a DC motor to ensure uniformity in the deposited thin
films. Prior to deposition, the targets were pre-sputtered for 15 min to remove the impurities
present on the surface. The residual gas pressure was < 0.5x10°% Pa, N, partial pressure and
working pressure were 0.27 Pa and 0.67 Pa respectively. Sputtering was carried out at constant
N> (16 sccm) and Ar (24 sccm) flow with varying substrate temperature Ts (100°-600°C) for 1.5
h. The power densities for W and Zr targets were 4 watt/cm?® and 6 watt/cm? respectively. All
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depositions were carried out at a fixed substrate to target distance of 6 cm. The post annealing
(100°-600°C) of the films deposited at Ts= 200°C have been carried out in air for 1 h.

4.1.2.2 Characterization

The elemental composition analysis of Zr-W-N thin films was carried out using an
energy dispersive X-ray analysis. The structural, morphological and cross-sectional studies of
Zr-W-N thin films have been carried out using grazing angle X-ray diffraction, atomic force
microscope, field emission scanning electron microscope and high resolution transmission
electron microscope (HRTEM). Mechanical properties of as deposited and post annealed
samples have been studied by nano-indentation. Nano-indentation uses a triangular pyramid
Berkovich diamond indenter with normal angle of 65.3° between the tip axis and the faces of
triangular pyramid. All the indentation measurements have been carried out at 10 mN to
minimize the substrate effect. The loading velocity (100 nm/s) was kept constant during
indentation. A higher load of 50 mN has been chosen for fracture toughness measurement
through indentation. The films were scratched with 2 to 10 mN loads at constant loading
velocity (20 nm/s) and scratch velocity (500 nm/s) for adhesion test purpose. The hardness (H),
reduced elastic modulus (E;) and percentage elastic recovery (W,) were calculated by loading
and unloading curves generated during nanoindentation. Plastic deformation energy (Up) (Sakai
1993) of the films is calculated by the area of the loading-unloading curve in the load-

displacement profile.

4.1.3 Results and Discussion

4.1.3.1 Effect of substrate temperatures on film structure and mechanical properties
4.1.3.1.1 Structural and morphological analysis
Figure 4.1 shows the stoichiometry (Y=N/(Zr+W)) of ternary nitride (ZrigW1gNs3)

films at different substrate temperature Ts. It can be clearly seen that the nitrogen concentration

decreases with increasing Ts.
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Figure 4.1 Stoichiometry of Zr-W-N films deposited at varying substrate temperature

Figure 4.2a shows the XRD patterns of as deposited films at different substrate
temperature Ts. For Tg<300°C and Y > 1.65, amorphous Zr-W-N thin films were obtained. The
glass forming ability of Zr-W-N thin films is similar to the behavior observed in other ternary
nitride systems around eutectic point (Park et al. 2009). For 400°C < T,< 600°C and 1.52 <Y<
1.58, polycrystalline Zr-W-N films were obtained. For 400°C < T.< 600°C Zr-W-N films
exhibit single fcc phase with (111) and (200) crystallographic orientations of grains. Adatoms
mobility and surface diffusion increases with increasing Ts, thereby enhancing grain growth
which contributes to the crystalline phase evolution above T;=300°C (Abadias et al. 2006).
With increasing Ts, loss of nitrogen is accompanied with the crystallization of Zr-W-N phase,
this is similar to the results reported on (Mo, Ta, W)-Si-N nitride system (Reid et al. 1993),
wherein with increasing annealing temperature, loss of nitrogen is accompanied by

crystallization of phase.
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Figure 4.2 (a) XRD patterns of Zr-W-N coatings at varying substrate temperatures and (b)
peak intensity ratio of (111) and (200) lattice planes for 400°C < Ts< 600°C

Figure 4.2b shows an evolution of preferred grain orientation as a function of Ts in the

form of peak intensity ratio as the Bragg intensity is proportional to the volume of grains
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having corresponding orientations (Zhang and Kuznetsov 2011). The intensity of the (200)
reflex, exactly 1o0)/(l111)+1200)), gradually increases in comparison to intensity ratio of (111)
with increasing Ts (400°—600°C). Once the films acquire crystalline nature, competitive growth
of (111) and (200) oriented grains is observed It is well known that in the fcc crystal, (111)
lattice planes are found to be least diffusive and highly dense while (200) lattice planes
correspond to high diffusivity and least defect dense orientation (Abadias et al. 2008). Thereby
with increasing Ts, the growth is kinetically enhanced and mobility of adatoms is sufficient to
form the low density (200) structure. To further explain the evolution of microstructure and the

effect of increasing Tson occupancy of nitrogen atoms, detailed TEM studies are required.

Thickness of the films varies monotonically with increasing Ts as shown in figure 4.3.
For 100°C < Ts < 300°C, the amorphous films show a continuous decrease in thickness with
increase in Ts. For 400°C < T < 600°C, the crystalline fcc films show a continuous increase in

thickness with increasing Ts.
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Figure 4.3 Variation of thickness (x 10 nm) with substrate temperature

To further confirm the presence of an amorphous phase at Ts = 300°C and crystalline
phase at Ts = 400°C, TEM bright field images and the corresponding selected area electron

diffraction (SAED) patterns are shown in figure 4.4a-b, respectively. The observation of
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diffuse diffraction rings in SAED pattern clearly shows the absence of any nanocrystalline
phase in these films. The indexed SAED patterns of Zr-W-N film deposited at Ts = 400°C

confirms the formation of polycrystalline fcc phase. This is in accordance with the XRD data.

| SAED pattern

Diffuse diffraction rings

SAED pattern FCC1Z(r;\1/\1/-)N
2-(200)
3-(220)

Figure 4.4 TEM bright field images and corresponding SAED patterns for (a) amorphous Zr-
W-N film deposited at T = 300°C and (b) polycrystalline Zr-W-N film deposited at T; = 400°C

4.1.3.1.2 Mechanical properties

For ensuring the practical applicability of the developed coatings in wear protection, it
is necessary to study the influence of thermal treatments on their mechanical properties like
hardness, reduced elastic modulus, and fracture toughness etc. Zhang et al. (2005) have
suggested a method to calculate the fracture toughness of a coating by measuring the crack

length which is generated during indentation on the films under constant load. While for
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adhesion testing, a diamond indenter is drawn across the coating surface under a increasing
load, until the film is removed in a regular fashion; the load corresponding to adhesive failure
gives a guide to the adhesion strength and is referred to as the ‘critical load’ (Ashrafizadeh
2000). Mechanical properties like H, E;, U,, W, and H¥E/ of Zr-W-N films deposited at

varying T are shown in table 4.1.

Table 4.1 Mechanical properties of Zr-W-N thin films deposited at different substrate

temperatures
Substrate Load Hardness Elastic % Elastic Plastic Plasticity  Resistance
temperature modulus Recovery deformation Index to fatigue
energy parameter  fractue
(°C) L(mN) H(GPa) E(GPa) W, Up (x10°"° H/E H/E?
joule)
100 10 15 93 68.3 10.8 0.16 0.4
200 10 22 96 71.3 9.40 0.22 1.1
300 10 25 176 74.7 8.54 0.14 0.5
400 10 21 99 73.0 9.33 0.21 0.9
500 10 20 96 71.6 9.92 0.20 0.8
600 10 18 92 70.3 9.62 0.19 0.7

The W, gives information about the elastic and elastic-plastic behavior of the films.
Wear resistive coatings having W, in the range of 90 to 100% in indentation, show elastic
behavior, while the films having W, in the range of 68 to 80% show elastic-plastic behavior
(Musil 2012, Lejeune et al. 2005). For 100°C < Ts< 300°C, H, E;, W, increase and U, decreases
with increasing Ts. The increase in the hardness of the films up to Ts = 300°C was due to
growing microstructure of the films at the corresponding Ts. For 400°C < T¢< 600°C, H, E;, W,
decrease and U, increases with increasing Ts. Among all the deposited films, maximum values
of H (~25 GPa), E; (~176 GPa) and W, (75%) are observed for the film deposited at Ts =
300°C. A Minimum value (8.5x10™ joule) of U, has also been obtained for films deposited at
Ts = 300°C. This shows that the film deposited at Ts = 300°C has lower ductility in comparison
to other deposited films. Musil (2012) and Charitidis (2010) have explained the way to measure
the wear resistance of coatings qualitatively by calculation of the H/E, ratio (hardness to
reduced elastic modulus), called plasticity index parameter. For wear protective coatings for

practical purposes, the value of H/E, should be high (> 0.1), which means films should show
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more resistance to plastic deformation or have high abrasive resistance. The highest value
(0.22) of H/E; was recorded for amorphous films deposited at T;= 200°C.

Figure 4.5 (a)-(c) AFM topographical views for indentation at 3 to 50 mN load and for scratch
scars at 10 mN load on Zr-W-N films deposited at 200°C, 300°C and 400°C, respectively

Figure 4.5a-c show the AFM topographical view of scratch scars and indentation marks
on the films deposited at Ts = 200°C, 300°C and 400°C. The scratch scars at 10 mN load and
indents at 3-50 mN loads have been made on the films for adhesion and fracture toughness
measurements, respectively. Enlarged views of indents at 50 mN loads reveal that no crack
propagates on the surface of the films and consequently, toughness cannot be calculated
quantitatively; however, it can be concluded that the toughness of the deposited films is
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appreciable to the extent so as to bear a high load of 50 mN without crack. To estimate the film

resistance to cracking, H*/E,% has been calculated as shown in table 4.1.

A High value of H¥/E;? (> 0.1 GPa) confirms a high resistance to cracking and hence
high fracture toughness (Koutsokeras et al. 2011). A comparison of H*/E,? ratio for as deposited
films shows that films deposited at 200°C exhibit the highest values (1.1 GPa) of H*/E ratio.
Figure 4.5a-c also reveal that the films neither peeled off nor developed any crack during the
scratch test at 10 mN load. This indicates that all the films have high adhesion with the

substrate.

4.1.3.2 Effect of post annealing temperatures on film structure and mechanical properties
4.1.3.2.1 Structural and morphological analysis

Due to the superior mechanical properties of Zr-W-N film deposited at T = 200°C over
other films, post deposition thermal annealing of the films deposited at 200°C have been carried
out at different annealing temperature T, (100°-600°C). Figure 4.6 shows the EDS analysis (N,

O atomic fraction) of the Zr-W-N films annealed in air at different T,,.
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Figure 4.6 EDS analysis (atomic fraction of O and N gases) of Zr-W-N films annealed at

different temperatures
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It has been observed by elemental analysis that the oxygen starts to be incorporated in
the films at T,, = 300°C and its content increases with increasing T,. The maximum O content (~
63 at.%) is found for the films annealed at T, = 600°C. On the other hand, the N concentration
starts to decrease continuously above T, = 200°C and reaches ~ 10 % in the film at T, = 600°C.
The films begin to peel off at 500°C and got completely peeled off at T, = 60°C. This may be
associated with diffusion of some of the O atoms toward interface through grain boundaries
with increasing T, (Abadias et al. 2013). The oxide formations at the interface deteriorate the

adhesion of the films with the substrate resulting in peeling off.
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Figure 4.7 (a) XRD patterns of Zr-W-N films annealed at different temperatures (100°-600°C),
(b) broadening of hump measured by FWHM and (c) change in thickness and RMS roughness

of the annealed films with increasing T,

XRD patterns (figure 4.7a) of post annealed films show that the films retain amorphous
structure up to T, = 600°C without forming any crystalline oxide phase. The broadening of the
hump is the only noticeable change in the XRD patterns with increasing T,. The effect of
incorporated O atoms is pronounced at T, > 300°C in the form of a higher value of FWHM as

shown in figure 4.7b. Presumably, the incorporated O atoms indulged in atomic diffusion,
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structure conversion and inducing stresses in the films which promote the broadening of the
hump during air annealing (Mohamed 2008). Figure 4.7c shows the thickness and RMS
roughness of annealed films as function of T, with £ 10 nm and £ 0.03 nm errors in
measurements, respectively. The thickness of post annealed films varied monotonically with
T, For T, < 300°C, thickness decreases and then starts to increase. The trend observed in
thickness during air annealing shows resemblance with the trend observed for Ti-Ta-N and Ti-
Zr-N coatings during air annealing (Koutsokeras et al. 2011, Abadias et al. 2013, Thornton
1986).The RMS roughness increases with increasing T,. This may be attributed to enhancement
of adatoms mobility and surface diffusion, which in turn contributes to increase in surface

roughness

4.1.3.2.2 Mechanical properties

Table 4.2 shows the variation of H, E,, H/E,; and H/E® of Zr-W-N coatings with
increasing T,. The delaminating of the films above 400°C restricted the indentation study of Zr-
W-N films for T, = 500°C and 600°C. H was found to increase up to 18 GPa at T, = 200°C and
then start to decrease up to 11 GPa at T, = 400°C as long as the incorporation of O atoms
increases in the films with T,. This may be attributed to an increasing number of defects in the
films with increasing atomic fraction of O in annealed films (Charitidis 2010). E, was found to
increase continuously with increasing T, and attains a maximum value (94 GPa) for films
annealed at T, = 400°C. The increase of E, indicates that films become more brittle relatively
with increasing T,. The maximum value (0.20) of H/E; was achieved at T, = 200°C. The other

mechanical properties like U, and W, of annealed Zr-W-N films are also shown in table 4.2.

Table 4.2 Mechanical properties of Zr-W-N thin films annealed in air at different temperatures

Annealing  Load Hardness Elastic % Elastic Plastic Plasticity  Resistance
temperature modulus Recovery deformation Index to fatigue
energy parameter  fractue
(°C) L(mN) H(GPa) E(GPa) W, Uy(x107"" H/E H/F?
joule)
100 10 15 83 70 10.91 0.18 0.5
200 10 18 87 72 10.05 0.20 0.8
300 10 14 920 70 11.32 0.15 0.3
400 10 11 94 67 12.31 0.13 0.2
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W, was found to decrease with increasing O atomic fraction in the annealed films. A
Minimum value (67%) of W, was obtained for annealed film with 30 at.% O at T, = 400°C
revealing the higher ductile behavior among other films annealed at different T,,. A minimum
value (10 x 10 joule) of U, was found for Zr-W-N film annealed at 200°C, indicating lower
ductility of the films annealed at varying (100°-400°C) temperatures. The topographical view of
scratch scars (at 10 mN) and indent (at 50 mN) marks have been analyzed by AFM. Similar to
the as deposited films, the annealed films exhibit no crack formation even after indentation at
50 mN. A comparison of H*/E,? ratio for annealed films shows that the film annealed at 200°C
exhibit the highest value (0.8 GPa) of H*/E ratio. Figure 4.8a-d also reveal that the films
neither peeled off nor developed any crack during the scratch test at 10 mN load. Again, this

indicates that all the films have high adhesion with the substrate.

Figure 4.8 (a)-(d) AFM topographical views for indentation at 3 to 50mN load and for
scratch scars at 10 mN load on Zr-W-N films annealed at 100°C, 200°C, 300°C and 400°C,
respectively
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4.1.4 Conclusions

In conclusion thermal stability and mechanical properties of novel Zr-W-N thin films
have been studied. With increase in Ts, the structure of the deposited films changes from
amorphous (100°C < T < 300°C) to crystalline (400°C < Ts < 600°C). A comparison of
mechanical properties shows that the amorphous films deposited at Ts = 200°C exhibit
maximum wear resistance (H/E;~0.22) and maximum resistance to fatigue fracture (HYE~1.1
GPa). Annealing of the films deposited at Ts = 200°C at different T, (100°C < T, < 600°C)
results in no change of its amorphous structure to crystalline up to T, = 600°C. Oxygen starts to
be incorporated in the films at T, = 300°C and its content increases with increasing T,. The
hardness of the annealed films decreases with increasing oxygen incorporation. Indentation and
scratch tests for as deposited and annealed films show that no cracks propagate in the films
even at a high load of 50 mN and all the films exhibit high adhesion with the substrate. For
practical applicability, the amorphous film deposited at Ts = 200°C is found to be most suitable
in the temperature range below 300°C. The present study opens the scope of Zr-W-N nitrides as
a potential coating material. Detailed studies like TEM on the films are required to further
understand the evolution of microstructure. Other compositions of Zr-W-N system may be

more promising as coating material.

4.2 Study of thermal stability and mechanical properties of fcc phase

Zr»W19Nsg thin films deposited by reactive magnetron sputtering

4.2.1 Introduction

A surface coating is an effective overlay process to enhance the properties and stability
of base materials used in exotic environments. The transition metal nitrides coatings deposited
using PVD method particularly by magnetron sputtering on various industrial components have
prolonged the service life of a component significantly and also increase their commercial
value. Owing to their favorable mechanical and thermal properties, transition metal nitrides
have been adopted as protective thin films since last decade (Sproul 1996, Dey and Deevi 2003,
Hultman 2000, Daniel et al. 2006). Hultman (2000) explained in his review article that the
structural metastability is the main factor for high thermal stability and those transition metal

nitrides in which metastability comes from compositional modulation (nanostuctured) rather
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than induced stresses (high compressive stress induced in the coatings by energetic ion
bombardment) in the films show high thermal stability. It has been also observed (Dey and
Deevi 2003, Hultman 2000, Daniel et al. 2006, Otani and Hofmann 1996, Uglov et al. 2008,
Kim et al. 2009, Oliveira et al. 2006, Abadias et al. 2013) that the thermal stability and
mechanical properties of ternary nitride films are highly affected by the oxide layer formation
on the surface of the films. During operation in aggressive environments or open air, some
chemical changes are expected to occur in nitride coatings (especially at or near their sliding
surfaces). Despite being some-what inert or chemically stable, these coatings may oxidize.
Other factors affecting thermal stability and performance of nitride films are phase separation,
recrystallization, metal, nitrogen and impurity diffusion along with interfacial reactions. It has
been observed that the preferred orientation, phase stability, oxidation and mechanical
properties of polycrystalline thin films depend on the deposition temperature (Ts) and post
annealing temperature (T,) (Hultman 2000, Daniel et al. 2006, Otani and Hofmann 1996,
Uglov et al. 2008, Kim et al. 2009, Oliveira et al. 2006, Abadias et al. 2013). Thermal stability
of many polycrystalline ternary metal nitride films belonging to metal-metal nitride group such
as Ti-Al-N (Hultman 2000), Ti-Cr-N (Otani and Hofmann 1996), Ti-Zr-N (Uglov et al. 2008),
Cr-Zr-Si-N (Kim et al. 2009), Ti-Ta-N (Abadias et al. 2013) etc. have been studied by different

authors.

Chen et al. (2012) have reported that thermal stability and oxidation resistance
including mechanical properties of Ti;—AlxN coatings depend to a great extent on the Al
content. The structural investigations indicate that Ti;—AlxN is single phase cubic for x < 0.62,
mixed cubic and wurtzite for x = 0.67, and single phase wurtzite for x = 0.75. The hardness
was decreased with increasing Al content. Thermal annealing of metastable Ti;—cAlxN coatings
causes a structural transformation toward their stable constituents of c-TiN and w-AIN. During
exposure of the Ti;—AlxN coatings to ambient air at elevated temperatures Al,O3, TiO, and
Al,TiOs oxides are formed. The oxidation resistance of as-deposited single-phase Ti;—AlxN
coatings, cubic or wurtzite structured, increases with increasing Al content. Only the single
phase wurtzite structure coating w-Tig2sAlo7sN shows a better oxidation resistance with ~
0.7um oxide scale thickness, which only slightly increases to 1.1um by increasing the oxidation

time at 850°C to 40 h, where all other coatings tested here are completely oxidized.
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Yang et al. (2012) have reported that cubic Cro3,AlgesN coating exhibits better
oxidation resistance than Ti-Al-N coatings show at elevated temperatures. The Cr-Al-N
coatings exhibits a dense oxide layer of ~ 1.4um with the uniform distribution of dense
protective a-Al,O3 and Cr,O3 after oxidation at 1050°C for 10 h, whereas Ti—Al-N coatings are
already completely oxidized at 950°C.

Uglov et al. (2008) have studied the structural and mechanical stability of Ti-Zr-N
coatings after vacuum annealing at 850°C for 3.5 h. The TiyxZr«N coatings with higher Zr (x =
0.58) content shows higher hardness (~ 35 GPa) but lower harness stability during thermal
annealing in comparison to harness value obtained for lower Zr (x = 0.49) content Ti-Zr-N
coatings.

Kim et al. (2009) have studied the thermal stability of CrZr-Si-N thin films as a
function of the Si content (0 to 23.5 at. %) by annealing of the films at 300 and 800°C
temperatures for 30 min in air. It was found that the addition of the Si into the CrZrN film
improved its thermal stability. While the Crs77Zr120Nso 3 film without any Si content oxidized
completely at 600°C and its hardness decreased significantly from ~ 32 to 6 GPa after
annealing. The Crig97Z75Si235N492 film maintained its hardness of ~ 25 GPa even after
annealing at up to 800°C.

Novel metal-metal Zr-W-N amorphous films have been studied by our group (Dubey et
al. 2013A, Dubey et al. 2013B. It has been shown that the amorphous films exhibit interesting

mechanical properties.

In the present work, effect of deposition temperatures and post annealing temperatures
on structural, morphological and mechanical properties of crystalline (fcc) Zr-W-N ternary
nitride composed of group 1V (ZrN) and group VI (W3N) nitride films have been studied in
detail. In literature, ZrN and W;N nitrides systems have been studied separately in detail,
however, to the best of our knowledge there is no report on Zr-W-N nitride thin films.
Individually ZrN shows three stable structures with the increase in nitrogen percentage in the
films. For lower N atomic percentage (< 10%) ZrN film acquires the bcc structure and then fcc
for higher N atomic percentage (> 45%) with hcp as transition structure between them (Zhou et
al. 2013). However, the WNy films show the hexagonal (a-W) structure for lower value of

No/Ar+N, ratio. Furthermore, the crystal structure changes to cubic W,N with the ratios
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between 0.1 and 0.35. When the ratios exceed 0.35, the films show hexagonal WN structure
(Yamamoto et al. 2005). The W;N phase starts to decompose into two oxide phases (WO3 and
WO, 4,) at 500°C in the process of air annealing (Vemuri et al. 2010 Mohamed 2008, Ramana
et al. 2006).

4.2.2 Experimental Details
4.2.2.1 Deposition of Zr-W-N thin films

Zr-W-N films have been deposited on Si (100) substrates using reactive magnetron co-
sputtering. Sputtering targets (5 cm diameter and 0.5 cm thick) of Zr and W with purity 99.98%
and 99.95% respectively have been used for deposition. Sputtering was carried out at constant
N> (8 sccm) and Ar (32 sccm) flow at different T (100°-600°C) for 1.5 h. The residual pressure
was < 0.5x10° Pa, N, partial pressure and working pressure were 0.13 Pa and 0.67 Pa
respectively. The power densities for W and Zr targets were 4 watt/cm? and 6 watt/cm?
respectively. All depositions were carried out at ground potential and at a fixed substrate to
target distance of 6 cm. The post annealing (100°-600°C) of the films deposited at Ts = 400°C

have been carried out in air for 1 h.

4.2.2.2 Characterization

The characterization of as deposited and post annealed films have been carried out
using X-ray diffraction (XRD), transmission electron microscopy (TEM) and field emission
scanning electron microscopy (FE-SEM) for their structural, morphological and cross-sectional
studies. The elemental composition analysis of Zr-W-N thin films was carried out using an
energy dispersive X-ray analysis. Mechanical properties of as deposited and post annealed
films have been studied by Nano-indentation. All the indentation measurements have been
carried out at 10 mN to minimize the substrate effect. A higher load of 50 mN has been chosen
for fracture toughness measurement through indentation. The films were scratched with 2 to 10
mN load at constant loading velocity (20 nm/s) and scratch velocity (500 nm/s) for adhesion
test purpose. The hardness (H), effective elastic modulus (E;) and percentage elastic recovery
(W) were calculated by loading and unloading curves generated during nanoindentation.
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4.2.3 Results and Discussion

4.2.3.1 Effect of substrate temperatures on film structure and mechanical properties

4.2.3.1.1 Structural and morphological analysis

The concentration of various elements in the Zr-W-N films as a function Tsis shown in
figure 4.9. It can be clearly seen that the at.% of Zr, W and N elements are almost independent

of Ts. The average elemental composition of the films is found to be Zr,;W1gNsg.
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Figure 4.9 EDS analysis of Zr-W-N films deposited at different substrate temperature Ts

The XRD patterns of films show single fcc phase for all the films deposited at different
substrate temperatures (Ts) as shown in figure 4.10. A close analysis of the diffraction pattern
shows that for low T (T < 400°C) the coating structure is not simply fcc but probably contains
some amorphous parts along with the fcc phase. It can be clearly seen that the contribution of
amorphous part is maximum for T = 100°C, decreases with increasing Ts and disappears for T,
> 400°C.
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Figure 4.10 XRD patterns of Zr-W-N thin films deposited at varying T;
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Figure 4.11 TEM images and SAED patterns (a) amorphous and nanocrystalline Zr-W-N film
deposited at T = 300°C, (b) pure nanocrystalline Zr-W-N film deposited at Ts = 400°C
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To further confirm the evolution of microstructure, TEM analysis of the films has been
carried out. The TEM bright field images and the corresponding selected area electron
diffraction (SAED) patterns of the films deposited at T, = 300°C and 400°C are shown in figure
4.11a and 4.11b, respectively. The SAED patterns are indexed by proper calculations. For Ts =
300°C (figure 4.11a), along with the ring pattern for the nanocrystalline phase, diffuse rings
from the amorphous phase can also be observed. For Ts = 400°C (figure 4.11b), clear ring

pattern can be seen which corresponds to nanocrystalline phase.

The micro-strain and crystallite size ‘d” have been calculated using Williamson-Hall
method (Lemine 2009). Due to the presence of some amorphous parts, the micro-strain and
crystallite size for the films deposited at 100°C < T, < 300°C can not be calculated correctly.
The micro-strain and crystallite size for the films deposited at 400°C < T, < 600°C has been

calculated as shown in figure 4.12a and 4.12b, respectively.
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Figure 4.12 (a) Micro-strain and (b) Crystallite size of the films deposited at different T;

With increasing Ts, the micro-strain was found to increase. This may be due to thermal
strain associated with the difference in thermal expansion coefficient (a) of substrate (asj = 2.33
x 10 °C™ 1) and the film (azn = 7.24 x 10 °C™ %, awan = 5.66 x 107 °C™ 1) (Meng et al. 2011,
Lahav and Grim 1990). With increasing Ts, crystallite size decreases from ~ 7 nm at Ts= 400°C
to ~ 4 nm at Ts=500°C, with further increase in T, crystallite size decreases marginally (figure
4.12b). In general, crystallite size increases with increasing T (Abadias et al. 2006, Ni et al.

2008, Meng et al. 1993), however, in the present case, crystallite size decreases with increasing
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Ts. It is well known that the increase of deposition temperature leads to the enhancement of
adatom mobility and surface diffusion. It has been observed that the lowest surface energy
plane was (200), while the lowest strain energy plane was (111). Accordingly, the (200)
orientation was preferred in the deposition conditions where the strain energy was small and the
surface energy was dominant. On the other hand, the (111) preferred orientation was predicted
in the deposition conditions in which the strain energy was large and dominant (Abadias et al.
2006, Oh and Je 1993). In the present case, from the change in peak profile for Ts > 400°C, it
can be clearly seen that none of the orientation is clearly favored. This may be due to a
competition between strain energy and surface energy which further results in a competitive
grain growth (evolutionary selection rule) and a decrease in grain size with increasing substrate
temperature (Abadias et al. 2006).
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Figure 4.13 FESEM cross-sectional images of the films deposited at varying Ts

Figure 4.13 shows the cross-sectional FE-SEM images for all the deposited films. For
Ts > 400°C, the FE-SEM images show a columnar structure which becomes denser with

increasing Ts (the columns are only distinguished in the upper part of the film due to thermal
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drift near the silicon substrate). The thickness of the films varies non-monotonically with
increasing Ts. For Ts < 400°C, thickness decreases with increasing Ts and for Ts > 400°C,
thickness remain almost constant (~ 1.8 um). This may be associated to increased mobility,
diffusion of the adatoms and strain with increasing Ts (Meng et al. 2011, Jimenez et al. 2006).
Thus for Ts> 400°C, the morphology of the films changes from under dense to dense growth

(Abadias 2008).

4.2.3.1.2 Mechanical properties

The results of nanoindentation test for as deposited films have been shown in table 4.3.
With increasing T, hardness (H) and effective elastic modulus (E;) were found to increase.
This may be associated with lowering of the crystallite size with increasing Ts (Patsalas 2010).
The maximum values of H (~23 GPa) and E, (~118 GPa) are obtained for the films deposited at
Ts = 600°C. The observed value of E; is lower than the E; values reported in literature (Oh and
Je 1993, Koutso keras et al. 2011, Jimenez et al. 2006, Abadias 2008, Patsalas et al. 2000,
Musil 2012). In general, elastic modulus (elastic stiffness) has been observed to be related to
atomic bonding/bond strength. When microstructure reduces in nanocrystalline range (grain
size < 100 nm), most of the atoms reside on grain boundaries and hence grain boundaries play
an important role in deformation of nanocrystalline material. It has been found that the elastic
moduli of the metallic nanocrystalline materials (Pd, Mg) reduce by 30% or less whereas ionic
crystal (CaF,) showed a reduction of more than 50% from their bulk values. Further, the
magnitude of H and E, of the Mel-Me2-N type of coatings depend on the deposition
parameters used in its preparation and are controlled by the selection of Mel and Me2 elements
(Musil 2012). Thus, for the novel Zr-W-N coatings, the nanocrystalline grain size and
combination of IV (ZrN) and VI (W;N) transition metal nitrides (exhibiting the blend of
metallic and ionic bonding) may result in low elastic modulus.

Plasticity index parameter (H/E;) is another important parameter for wear protective
coatings. For practical purposes the value of H/E; should be high (> 0.1), this means films
should show more resistance to plastic deformation or have high abrasive resistance (Charitidis
2010). The highest value of H/E, (0.22) was recorded for the films deposited at Ts = 400°C.
Presumably, the ratio of l111/1200 (5.146) at 400°C gives the higher value of H/E; (Logothetidis
2007). The W, gives information about the elastic and elastic-plastic behavior of the films. The

upper limit corresponds to the fully elastic and lower limit corresponds to the elastic-plastic
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behavior (Lejeune et al. 2005). The higher value of W, (> 75%) at higher T (> 400°C) reveals
the highly elastic behavior of the films deposited at higher Ts.

Table 4.3 Mechanical properties of the films deposited at different Ts and post annealed in air
at different T,

Substrate Load  Hardness Elastic % Plastic Plasticity  Resisitance
temperature modulus Elastic  deformation index to  fatigue
(Ty recovery energy parameter fracture

7,
('C)  L(mN) H(GPa) E(GPa) W, (107" H/E,  H/E/'(GPa)
joule)
100 10 14 88 69.2 11.3 0.16 0.35
200 10 16 91 724 10.6 0.18 0.49
300 10 I8 94 73.5 9.81 0.19 0.66
400 10 21 96 74.0 9.22 0.22 1.00
500 10 22 109 77.2 9.19 0.20 0.89
600 10 23 118 80.1 8.92 0.19 0.87
Annealing
temperatire
(To)
100 10 21 98 744 9.10 0.214 0.96
200 10 21.8 96 75.8 9.13 0.226 1.12
300 10 22.6 99 76.3 8.94 0.228 I.18
400 10 25 110 81.2 8.56 0.227 1.29

The higher value of U, substantiate the higher ductility of the films deposited at lower
Ts as compared to the films deposited at higher Ts. This may be attributed to the lower
crystallite size (< 10 nm) of the films deposited at higher T (Musil 2012). Indentations at 50
mN load for all the films deposited at different T reveal that no crack propagates on the surface
of the films and consequently, the toughness of the films cannot be calculated quantitatively;
however, it can be concluded that the toughness of the deposited films is appreciable to the
extent so as to bear a high load of 50 mN without crack. To estimate the film resistance to
cracking, H*/E;? has been calculated as shown in table 4.3. High value of H¥E,? (> 0.1GPa)
confirms a high resistance to cracking and hence high fracture toughness (Besks et al. 2011).

No delamination of the films is observed during scratch test at 10 mN load revealing that all the
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films have high adhesion with the substrate. A comparison of H/E,” ratio for the deposited
films show that the film deposited at 400°C exhibits highest value (1.0 GPa) of H¥/E,? ratio.

4.2.3.2 Effect of post annealing temperatures on film structure and mechanical properties

4.2.3.2.1 Structural and morphological analysis

L]
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Figure 4.14 EDS analysis (atomic fraction of O and N gases) of Zr—W-N films annealed at
different T,

Due to the superior mechanical properties of the film deposited at Ts = 400°C over other
films, post annealing of the films deposited at 400°C have been carried out at different
annealing temperatures T, (100°-600°C). The EDS analysis (N, O atomic fraction) of the films
annealed in air at different T, is shown in figure 4.14. It has been observed that the oxygen
starts to be incorporated in the films at T, = 300°C and its content increases substantially with
increasing T,. The maximum O content (~ 67 %) is found for the film annealed at T, = 600°C.
On the other hand, the N atomic concentration starts to decrease continuously above T, = 200°C

and reaches ~ 8 % in the film annealed at T,,= 600°C.
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XRD patterns (figure 4.15) of the post annealed films show that the films retain the fcc
structure up to T, = 600°C without forming any crystalline oxide phase. For T, = 400°C, along
with the peaks corresponding to crystalline zirconium tungsten nitride, an amorphous
contribution can be clearly seen. This amorphous contribution increases with increase in T, and
accounts for the large O% observed in the films annealed at T, = 400°C. This amorphous part
may be attributed to the formation of oxides of zirconium, tungsten, zirconium tungsten and
zirconium tungsten oxynitride (Reddy et al. 2007, Khamseh 2014, Xiao et al. 2007), further,
oxygen can be incorporated in the lattice interstitials also. Shifting (in 20°) in peaks is the only
noticeable change in the XRD patterns with increasing Tp,.
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Figure 4.15 XRD patterns of Zr-W-N thin films annealed at different T,

It has been observed that with increasing O at.% in the films, internal stress increases
resulting in shifting of the peaks as observed in figure 4.15. The effect of internal stresses is
tangible at T,,> 300°C, when the O atomic fraction is higher than 8% in the annealed films. The
films begin to peel off at 500°C and got completely peeled off at T, = 600°C. This may be
associated with diffusion of some of the O atoms toward interface through grain boundaries
with increasing T, (Abadias et al. 2013).
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Figure 4.16 Variation of crystallite size and thickness of films with increasing T,. The inset
shows cross-section FESEM image of film annealed in air at 400°C. The cracks were formed at

the interface during annealing process

Figure 4.16 also shows that the thickness of the Zr-W-N films first increases (up to T, =
200°C) and then starts to decease continuously before the films got peel off from the substrate.
Inset of figure 4.16 shows the cracks formation near the interface during annealing at 400°C. It
may be the case that at this temperature the induced strain due to incorporation of O atoms was
sufficient to develop cracks in the films and further annealing at higher temperature leads to
delaminating of Zr-W-N films (Abadias et al. 2013).

Crystallite size for each T, has been calculated using Williamson-Hall method (Lemine
2009). The crystallite size increases with increasing T, and reaches a maximum value of ~9 nm
at T, = 400°C and for T, > 400°C, the crystallite size decreases as shown in figure 4.16. This
may be due to competition between mobility of adatoms and the induced stress (due to O atoms
incorporation) in the films during annealing which controls the crystallite size in the films as
the T, increases (Daniel et al. 2006, Jimenez et al. 2006).
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4.2.3.2.2 Mechanical properties

The delaminating of the films above T, = 400°C restricted the indentation studies of all
post annealed Zr-W-N films. Table 4.3 shows the result of nanoindentation for all the films
annealed at different T,. H and E, were found to increase with increasing T,. This may be
associated with the combined effect of covalent bonding and induced stress with increasing T,
(Patsalas et al. 2000). Maximum value of H (25 GPa) and E, (110 GPa) were found for the
films annealed at 400°C. The maximum value of H/E, (0.228) is obtained for the film annealed
at 300°C. Other mechanical properties like Up, W, and H/E,* for all annealed films have been
given in table 4.3. The Films annealed at higher T, showed higher value of W, and lower value
of U, as compare to films annealed at lower T, indicating the highly elastic behavior of the
films annealed at higher T,. The maximum value of W, (78%) was achieved at T, = 400°C
because dense materials with strong covalent bonds show more resistance to plastic
deformation resulting in higher elastic recovery of the films (Patsalas et al. 2000). To estimate
the resistance of annealed films to cracking, H¥E,? has been calculated as shown in table 4.3.
High value of H%E, confirms a high resistance to cracking and hence high fracture toughness.

Scratch test at 10 mN load reveals that all studied films have high adhesion with the substrate.

4.2.4 Conclusions

In conclusion, thermal stability and mechanical properties of as deposited and post
annealed Zr-W-N thin films have been studied in detail. For the as deposited films, a single fcc
phase has been observed for 100°C < T, < 600°C. The crystallite size of Zr-W-N films was
found to decrease with increasing Ts. H and E, were found to increase with increasing Ts.
Absence of adhesive kind of failure during scratch tests confirms the high adhesion of all the
deposited films with the substrate. Highest values of H/E, (~ 0.22) and H*E,? (~ 1.0 GPa) has
been obtained for Ts=400°C.

For the annealed films, no crystalline oxide phase has been detected for 100°C < T, <
600°C, even though oxygen incorporation in the films starts at T, > 300°C. The films start

peeling off at 500°C and got completely peeled off at 600°C. The crystallite size increases with

increasing T, and reaches a maximum value of ~10 nm at T, = 400°C. For practical
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applicability, the film deposited at 400°C is found to be most suitable for application in the

temperature range below 300°C.

Mechanical response of amorphous phase Zr-W-N is found superior to crystalline fcc
phase Zr-W-N coatings. But Zr-W-N coatings exhibit amorphous phase at low Ts < 300°C
which restricts the further enhancement of mechanical properties and thermal stability of Zr-W-
N coatings either by varying other sputtering parameter likes negative biasing (chapter 5) or by
changing the architecture of coatings through substitution of amorphous non-metal nitride
phases like boron nitride, silicon nitride into the film (chapter 6). Hence, crystalline (fcc)

phase Zr-W-N has been selected for further study in the present research work.
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CHAPTER 5

Zirconium Tungsten Nitride Coating: Study on Energetic

lon Bombardment

Effect of microstructure features, altered by ions bombardment, on mechanical
properties of magnetron sputtered nanocrystalline fcc phase Zr-W-N Coatings

have been discussed in detalil.

5.1 Introduction

A surface coating is an effective overlay process to enhance the properties and stability
of base materials used in exotic environments. The transition metal nitrides coatings deposited
using PVVD method particularly by magnetron sputtering on various industrial components have
prolonged the service life of a component significantly and also increase their commercial
value (Sproul 1996). The magnetron sputtered transition metal nitride coatings like TiN, ZrSiN,
TiAIN, TiSiN, TiAIVN, CrTiAIN, CrAIN (Bhaduri et al. 2010, Tillmann et al. 2013, Wang et
al. 2012, Shi et al. 2010, Sandu et al. 2009, Dey and Deevi 2003, Chawla et al. 2010) etc. have
been successfully explored in the last decades as wear protective coatings due to their good
mechanical and thermal properties. Many transition metal nitride coatings have been developed
so far (Voevodin et al. 2004, Mawella and Sheward 1990, Musil 2012, Leyland and Matthews
2000); however, at present, there is very few information on the formation of metal nitride
coatings (CrNiN, ZrNiN, ZrWN) that meet with tribological demands (Musil and Vicek 2001,
Dubey et al. 2013A). Musil et al. (2001) have reported that the optimal performance (physical
and mechanical properties) of any nanocomposite coatings composed either from two hard
phases (TiSiN, TiZrN, TiAIN) or one hard and one soft phase (ZrCuN, CrNiN, ZrNiN) are
strongly depend on their structure, relative content of individual phases, chemical composition

and on conditions of their preparation. The development of metal nitride coating exhibiting
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high hardness (H), low effective elastic modulus (E,), satisfying the high value (> 0.1) of H/E,
ratio, high elastic recovery (W, > 60%), compressive macrostress (< 0), dense and voids-free
microstructure (non-columnar microstructure) is more demanding for tribological applications.
Such micro-structural growth is sensitive to two main factors which include deposition
temperature and negative bias applied (Bull 1992). For some metallic nitrides such micro-
structures has been observed at high temperature since the low temperature deposition leads to
kinetically limited growth in combination with self shadowing that grow the non-homogeneous,
porous and low dense columnar microstructure (Voevodin et al. 2004 and references therein).

The bombardment of the films with ions of sufficient energy acts as an alternative to
increasing the deposition temperature. Energetic ions bombardment causes the filling of the
voided boundaries by coating atoms (adatoms) leading to a denser microstructure of the film.
This filling can take place mainly due to bombardment-induced mobility of coating atoms
(Mawella and Sheward 1990). In PVD processes, such bombardment of the coating during
growth can be provided by the application of a suitable negative bias to the substrate, providing
that the coating flux is sufficiently ionized. Though the energy of the bombarding ions is
controlled by the substrate bias, the flux which the substrate receives depends on the ion current
which is a function of the pressure in the system as well as the plasma intensity at the substrate.
Adatom mobility and hence microstructure is a function of the momentum transfer from the
ions which depends on both energy and flux. It is often necessary to increase the degree of
ionization of the flux, e.g. by the use of a plasma, as in plasma assisted PVD. A direct
consequence of the denser microstructures formed at higher bias voltages is that substantial
stresses can be generated within the coating. Micro-structures can also be correlated with the
levels of residual stress present in the coatings. But the high level of stress or elastic strain
energy leads to peel off the coatings. This is because, increase in the levels of elastic strain
energy stored within the coating accompany these micro-structural changes and with increasing
coating thickness it eventually becomes favorable for the system to minimize its stored elastic
energy by coating spallation. Thus, the presence of internal stresses limits the maximum
thickness to which a coating may be deposited. The general term for all those processes where
a substrate bias is used to promote the formation of dense coatings is ion plating. For few other

metallic nitrides, negative bias voltage applied at low temperature has also been observed to
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affect the evolution of such micro-structure (Sandu et al. 2009, Bull 1992, Lai et al. 2006 and
Tung et al. 2009).

It has been also reported that the use of negative bias voltage suppress the effect of
oxygen contamination in magnetron sputtered thin films (Rizzo et al. 2012). This
contamination comes from the surfaces of deposition chamber exposed to air during the
loading/unloading process steps. The plasma discharge during the growth process stimulates
the oxide decomposition, causing the entry of oxygen in the residual atmosphere. The
mechanism of interaction between adatoms and the residual atmosphere is dominated by
adsorption of gas molecules on the freshly deposited film surface. However, high temperature
baking of vacuum chamber has been done for removing gas molecules (thermal desorption)
from the surface of chamber. Thermo-desorption removes from the surface only physically and
chemically adsorbed molecules or metal hydrides with low binding energy (Ep < 1 eV), hence
only nitrogen, hydrogen and inert gasses removed from the chamber walls. On the contrary,
oxygen cannot be removed by baking because the binding energy of surface oxides exceeds 6—
10 eV. Their decomposition requires more than heating in a reducing atmosphere such as

energetic particle bombardment.

Petrov et al. (2003) have reported that only a high flux of mid-energy ions (~ 20 eV)
benefits thin film structure modification, including increased density and reduced surface
roughness and refining of the grain size, while excessive ion energy may roughen the surface

and reduce the tribological properties of nano-scaled multilayer coatings.

Sandu et al. (2009) have reported that the increased negative bias voltage have the
opposite effect on the microstructure and hence mechanical properties of Zr-Si-N to that of
increasing substrate temperature. These studies indicate that by increasing the bombarding ions
energy, the solubility limit of Si atoms in the lattice of ZrN nanocrystallites increase whereas
the thickness of SIiN layer covering ZrN nanocrystallites remains unaffected. The increase in

hardness was attributed to a combined effect of film densification and crystallite size reduction.
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Wang et al. (2012) have studied the influence of negative bias voltage on mechanical
performance (hardness and toughness) of CrAIN coatings. It has been observed that due to
combine effect of refined structure with increased compressive stress, hardness increases from
10 to 26 GPa and toughness improves from 1.67 to 2.02 MPa.m*2. The lowering grain size
with increasing bias voltage creates more complicated grain boundaries. This gives rise to crack
branching or bending, resulting in more energy being consumed to allow cracks to propagate.
Wang et al. (2008) have noticed that the hardness (14 to 29 GPa), elastic modulus (208 to 302
GPa) and toughness (1.2 to 1.9 MPa.mY?) of TiC coatings increased with increasing negative
bias voltage from -20 V to -200 V. However, adhesion strength varied non-monotonically with
negative bias voltage, high substrate bias (> -100 V) lead to the deterioration of adhesion
strength.

It has been noticed that the deposition of wear protective coatings at low temperature (<
200°C) is more feasible for commercial aspects. Recently in our group, novel Zr-W-N coatings
have been developed. It has been observed that Zr-W-N coatings show sub-optimal mechanical
properties at low substrate temperature (< 200°C) in comparison to mechanical properties (H
~23 GPa, E; ~ 118 GPa, W, ~ 80%, H/E, ~ 0.22, H¥E,? ~ 1.0) obtained at high substrate
temperatures (> 400°C) (Dubey et al. 2014). In the present work Zr-W-N coatings have been
further explored to study the effect of bias voltage (at low substrate temperature) on these
coatings. The coatings have been deposited at 200°C substrate temperature on Si (100)
substrates by DC/RF reactive magnetron sputtering. The effect of negative bias voltages (Vs)
on microstructure, composition, deposition rate and mechanical properties of these coatings has
been investigated in detail. The application of negative bias voltage to the substrate leads to
impingement of energetic ions on the coating surface which is an effectual way to grow dense
and void-free microstructure coatings at low deposition temperature (Mawella and Sheward
1990).
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5.2 Experimental Details

5.2.1 Deposition of Zr-W-N thin films

Zr-W-N coatings have been deposited on mirror polished Si (100) (~ 0.067 cm thick)
substrates at 200°C substrate temperature by DC/RF unbalanced magnetron co-sputtering from
Zr target (5 cm in diameter, 0.5 cm thick, 99. 98% purity) and W target ( 5 cm in diameter, 0.5
cm thick, 99. 95% purity) in Ar (8 sccm) and N, (32 sccm) discharge. Prior to deposition all
substrates were ultrasonically cleaned in acetone. Targets were fixed at an angle of 45° to the
substrate normal. Si substrates were mounted on the substrate holder held at negative potential
with the help of silver paste. The substrate holder was rotated at 5 rpm by using a DC motor to
ensure uniformity in the deposited thin films. The residual pressure was < 0.5x10~ Pa. The N,
partial pressure and working pressure were 0.13 Pa and 0.67 Pa respectively. The sputtering
power density of the Zr target and W target was kept at 6 watt/cm? and 4 watt/cm?,
respectively. All the depositions were carried out at fixed target to substrate distance of 6 cm
for 1.5 h. The bias voltage (Vs) applied on the substrate was -20,-40,-60, -80, -100 and -120 V,
respectively. The curvature of uncoated and coated substrate was determined by using Stylus
profilometer (XP-2).The typical thickness (h) of films was varied from 1.6 to 2 um with

increasing negative bias voltage.

5.2.2 Characterization

The crystallographic structure of the films were characterized using x-ray diffraction
(XRD) (Bruker, D8 advance, Cu-K, radiation, A =1.54 A, step=0.02°, scan speed=2 sec/step)
and transmission electron microscopy (TEM) (200 kV, FEI, TECNAI G?). The surface and
cross-section of the coatings were observed by field emission scanning electron microscopy
(FE-SEM) (FEI, QUANTA 200F). Atomic force microscopy (AFM) (NT-MDT, NTEGRA)
was used in semi-contact mode to evaluate the coating topography and root-mean-square
(RMS) roughness. The elemental composition analysis of Zr-W-N films carried out using

energy dispersive x-ray analysis (OXFORD, X-Max) with variation of £ 0.3 at.% for heavy
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elements (Zr, W) and £2 at.% for light elements (N2). The hardness (H), effective elastic
modulus (E;) and elastic recovery (W) of these coatings were measured by a nano-indentation
(NT-MDT, Nanoslerometry) using a Berkovich diamond indenter with normal angle of 65.3°
between tip axis and faces of triangular pyramid. The effective size of apex is about 70 nm. The
H, E; and W, of coatings have been measured at 10 mN load to assure the penetration depth
should not more than the 10% of total thickness of coatings to minimize the substrate effect.
The films were scratched with 2 to 10mN loads at constant loading velocity (20 nm/s) and
scratch velocity (500 nm/s) for adhesion test purpose. Plastic deformation energy (U,) (Sakai
1993) of the films is calculated by the area of loading-unloading curve in the load-displacement
profile. The toughness was evaluated using micro indentation with a Vickers micro hardness
tester (UHL VMHT). The micro indentations were done at varying loads (100 mN to 2000
mN). For each load, at least three readings were taken. The toughness K¢ is calculate by
equation (5.1) (Lawn et al. 1980).

Kic = & (E/H)Y? (PIC??) (5.1)

Where P is the applied indentation load; E, and H are the effective elastic modulus and
hardness of the coating, respectively. & is an empirical constant which depends on the geometry
of the indenter, for Vickers indenter 6= 0.016. C is the crack length which was measured from
optical microscopy (Olympus DME3) images. In order to reduce the substrate effect on film
toughness, K,c calculated from Eq. (5.1) was plotted versus indentation depth and then the
curve was extrapolated to one-tenth of the film thickness to obtain the film toughness.
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5.3 Result and Discussion

The effect of increasing energy (bias controlled) of the ions impinging onto the growing

coatings to form a denser and more perfect structure has been explored.
5.3.1 Deposition rate and elemental composition

Table 5.1 Summary of experimental results of Zr-W-N coatings deposited at varying Vs

Negative Thickness Deposition  Substrate Kinetic  crystallite Micro Macro Compressive

Bias rate ion current  energy size strain  strain stress
VY (ap) density (i) (Uw)

(Volt) (um) (nm/min) (A/en’) (Jen) (nm) (GPa)
20 1.70 18.8 5.1E-5 9.04 10.6 0.0077  0.010 1.7+ 0.3
40 1.85 20.5 6.8E-5 22.11 8.4 0.0121 0.015 2.9+ 04
60 2.02 224 8.5E-5 37.94 6.3 0.0132  0.021 42+0.3
80 1.83 203 8.5E-5 55.82 4.6 0.0152  0.028 5.8+0.2
100 1.70 19.5 8.5E-5 72.64 38 0.0173  0.033 8.0+ 0.3
120 1.55 17.2 8.5E-5 98.80 33 0.0122  0.019 3.7£0.3

The variation in thickness and deposition rate (ap) of Zr-W-N coatings, substrate ion
current density (is) and kinetic energy (Uy) of ions bombarding on the films as a function of
substrate bias (V) voltages are shown in table 5.1. The kinetic energy (Ux) of bombarding ions

is calculate by the following equation 5.2 (Musil 2007).
Uk (3/em®) = (is Vs)/ap (5.2)

This shows that the energy of bombarding ions strongly depends not only on Vs and is but also

on ap.

The deposition rate and substrate ion current density vary non-monotonically with
increasing Vs from -20 V to -120 V. For -20 V < V< -60 V, the ap and is increased from ~19
nm/min to ~22 nm/min and 5.1E-5 A/cm? to 8.5E-5 A/cm? respectively. With further increase
in Vs, ap decreased up to ~ 17 nm/min and is became constant at 8.5E-5 A/cm? for Vs > -60 V.

The increase in isat V< -60 V indicate that the ionization of the coating flux was increased at
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selected deposition parameters (sputtering pressure ~ 0.67 Pa and target substrate distance ~ 6
cm) which results in an increase in ap (Bull 1992). The drop of deposition rate is caused by
resputtering of the coating, i.e., kicking off the adatoms or growing surface by the incoming
ions (Tillmann et al. 2013). The increase in resputtering of the coating at Vs > -60V is expected
to result from an increase in the kinetic energy of the ions (Uyx) bombarding the growing films

as shown in table 5.1.
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Figure 5.1 EDS analysis (atomic fraction of O and N gases) of Zr-W-N coatings deposited at
different Vs

The atomic concentration of the various elements in Zr-W-N coatings as a function of
substrate bias is shown in figure 5.1. The atomic percentages of Zr, W and N in the films varies
from 22.3-19.6%, 21.2-17.8% and 60.8-58.9%, respectively indicating that Vs poses no
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significant effect on the elemental composition of Zr-W-N coatings. The average elemental

composition of the films is found to be Zr,;W19Neo.

5.3.2 Microstructure analysis
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Figure 5.2 (a) XRD patterns of Zr-W-N coatings deposited at different Vs and (b) The
dependence of the normalized hkl XRD peak intensities, Np (Inki /[1111 +1200 +1220], Of the Zr-W-

N coatings as a function of substrate bias

The effects of negative substrate bias on the microstructure of Zr-W-N films are
characterized by X-ray diffraction. Figure 5.2a shows the diffraction peaks of crystalline Zr-
W-N, demonstrating a strong dependence of film texture on the negative bias voltage applied to
the substrate. Figure 5.2b shows the normalize peak intensities Nnw (Inki /[1111 +1200 +1220]) Of
(111), (200) and (220) peaks. XRD patterns of the Zr-W-N coatings revealing one group of
peaks of fcc structure indicating that this coating tends to form a single solid-solution nitride
phase rather than the co-existence of separated nitrides (Dubey et al. 2013A). For Vs> -60 V,
the preferred crystallographic orientation (figure 5.2b) of grains is changed from (111) to
(200).
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In general, Kinetically limited growth processes are linked to adatom mobility,
anisotropy in surface diffusivity and collisional cascades effects which are likely to control the
texture development under energetic ionic bombardment (Abadias 2008, Abadias et al. 2006A).
In the normal condition, the vertical build of grains is on low energy surfaces. With increasing
negative bias voltage the atomic peening and adatoms kinetic energy (mobility) increases due
to increase in energy of bombarding ions (Patsalas et al. 2000). The atomic peening leads to re-
arrangement of the lattice atoms thus render considerable stress into the coating and lower
adatoms mobility.

To minimize the accumulated stress, adatoms will arrange along a less stressed plane
i.e. (111) orientation in fcc structure (Bhaduri et al. 2010). Simultaneously, intensive ion
bombardment increases the localize substrate temperature which leads to a higher mobility of
adatoms. By minimization of surface free energy due to increased surface mobility of adatoms,
the microstructure evolved with (200) preferred crystallographic orientation of grains. Thus the
mobility of adatoms and induced stress control the microstructure of coatings with increase in
negative bias voltage (Abadias 2008, Abadias and Tse 2006). It has been observed that the
intensity of (111) XRD peak decreases with increasing negative bias voltage, except at Vs = -
120 V. The kinetic energy of most of the impinging ions < -100 V was transferred to adatoms
inplace to penetrate into the atomic layers, thereby increasing the surface mobility and
decreasing the intensity of (111) XRD peak. The change of preferred growth orientation from
(002) to (111) at high negative bias voltage (-120 V) was attributed to point defect growth
(Abadias and Tse 2006). At V= -120 V, the higher kinetic energy (~ 100 J/cm®) and
momentum of the bombarding ions lead to the displacement of atoms through a series of
primary and recoiling collisions, and thus creating point defects. The fcc structure of Zr-W-N

films has been identified by XRD peaks for the studied range of negative bias voltage.

Figure 5.2a also shows the broadening and shifting of diffraction peaks. The shifting of
XRD peaks toward lower angle is a result of energized ion bombardment and atomic peening
effect that may expand the interplaner spacing. The broad diffraction peaks of Zr-W-N coatings
indicate the formation of small crystallites and the occurrence of micro-strain in the coatings
(Tillmann et al. 2013, Wang et al. 2012). The effect of broadening and peak shifting on

properties is given in section 5.3.3.

142



Chapter 5 Zr-W-N coating: Study on Energetic lon Bombardment

€ SAED pattern Frcczr-w-N
1-(111)
2-(200)
3-(220)

/"'“\

-

pright field image E7:\3»’ pattern FCC Zr-W-N
SV 1-(111)
2-(200)

3-(220)

FCC Zr-W-N
1-(111)
2-(200)
3-(220)

Figure 5.3 TEM bright field images and corresponding SAED patterns of Zr-W-N coatings

deposited at Vs =-80 V, -100 V and -120 V
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To further confirm the XRD finding and the presence of any secondary
(nanocrystalline) phases at higher negative bias voltages, TEM analysis has been carried out.
Figure 5.3 shows the TEM bright field images and corresponding selected area electron
diffraction patterns (SAED) of Zr-W-N coatings deposited at -80 V, -100 V and -120 V. It can
be seen clearly from the SAED patterns that any secondary phases have not grown except fcc
Zr-W-N phase during deposition at higher negative bias voltage. Moreover the higher intensity
of (111) ring at Vs = -120 V in comparison to Vs = -80 V and -100 V confirms the higher grain
growth in (111) orientation.

5.3.3 Morphological analysis

5.3.3.1 Crystallite size and microstrain

Figure 5.4 Cross-sectional FESEM images of Zr-W-N coatings deposited at varying Vs
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FESEM micrographs of the cross-sections of the films deposited at different substrate
bias voltages are shown in figure 5.4. For Vs> -80 V, morphology evolves from columnar
structure to dense glassy structure. This is attributed to higher momentum transfer by the
impinging ions to the growing surface with increasing negative substrate bias Vs which creates
more chance of crystal re-nucleation. As such, the grain boundary migration and restructuration
become prevalent and lead to a dense structure (Wang et al. 2008). The morphology became

finer with increasing V; agrees with the decreasing crystallite size with increasing Vs.
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Figure 5.5 The AFM topographical view of scratch scars and indentation marks on Zr-W-N

coatings deposited at varying Vs

Figure 5.5 shows the surface roughness and topological view of Zr-W-N coatings as a
function of bias voltage. For -20 V <V < -40 V, RMS roughness increases gradually form ~ 4
nm to 6 nm and then became two fold (10 nm) at V= -120 V. The bombardment of the
growing film surfaces with ions having kinetic energy < 70 J/cm® result in non-penetration of

ions beyond the first atomic layer, and thus their energy is essentially transferred to adatoms
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which results in smooth surface with rms roughness remains nearly constant during growth.
Maximum kinetic energy (U ~ 100 J/cm®) at -120 V induced bulk displacements of adatoms
and resputtering of the near-surface atoms. Consequently, films grown at Vs = -120 V have a
rough surface whose rms roughness increases substantially due to the contribution of a
shadowing effect (Abadias and Tse 2006). This effect can see from the insets of figure 5.5.

The crystallite size and microstrain of Zr-W-N coatings were calculated by Williamson-
Hall method (Lemine 2009). The variation of crystallite size and microstrain with negative bias
voltages is given in table 5.1. The (111), (200) and (220) reflection peaks of the coatings were
used in the peak broadening analysis. The crystallite size drops from ~11 to 3 nm as the
substrate bias increases. This is attributed to intensive bombardment of ions to the growing
surface of the film and the increased generation of defects with increasing Vs which may lead
to an increased number of preferential nucleation sites, resulting in smaller crystallite (Wang et
al. 2012). The microstrain increases with increasing negative substrate bias Vs. Maximum
microstrain (0.017) has been obtained at Vs = -100 V. The energy delivered by the impinging
ions to the growing surface is not only related to bias voltage but also depends upon ion flux.
Hence, all the bombarding ions were not of equal energy at constant Vs (Musil et al. 2007). The
momentum transfer by the impinging ions of different energy during deposition leads to
different rearrangement of lattice atoms in the lattice planes resulting in microstrain in the

films.

5.4 Mechanical Properties

There are numerous factors that may affect the mechanical properties of Zr-W-N coatings
which include preferred orientation, crystallite size, densification and residual stress of

coatings.
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Table 5.2 Mechanical response of the Zr-W-N coatings deposited at varying Vs

Negative ~ Hardness  Elastic % Elastic Plastic Plasticity ~ Resisitance ~ Toughness

Bias modulus  recovery  deformation index  to Plastic
Vy energy parameter  deformation

Uy Kic
ol)  H(GPo) E(GPo) W,  (*10"jouly  HE,  H/E(GPo) (MPam™)
20 23 104 752 9.0 0.21 1.0 14
40 LY, 112 763 8.6 0.21 L1 1.65
60 26.5 120 78.5 8.2 0.22 1.3 L7
80 283 122 79.7 11 0.23 L5 2.06
100 33.6 145 843 13 0.23 1.8 2.25
120 278 136 81.6 8.0 0.20 12 1.93

The residual stress as a function of bias voltages is demonstrated in table 5.1. The
residual stress calculated by Stoney’s equation (Lai et al. 2006) using the substrate curvature
determined by a surface profiler was found to be compressive in nature and increases from -1.7
GPa to -8 GPa with increasing Vs from -20 to -100 V (Chhowalla and Unalan 2005). The lattice
parameter of these coatings is evaluated from the Nelson relay function (Cullity 1978). The
increase in lattice parameter from 4.367 to 4.511nm with an increase (-20 V to -100 V) in
substrate bias is likely to result somewhat from increase in compressive stress. This is because
the bombarding ions with sufficient kinetic energy knock out the loosely bond atoms from their
lattice position and bring about atom collision cascade. As such, rearrangement of lattice atoms
takes place and leads to the resultant internal stress in the coatings. However, compressive
stress decreases at Vs> -100 V. This may be due to the energy of impinging ions was sufficient

to make resputtering prominent than atoms rearrangement.

The mechanical response of Zr-W-N coatings deposited at different substrate bias
voltages is shown in table 5.2. Hardness (H) and effective elastic modulus (E;) of coatings
increase as Vs increases. Maximum hardness of ~33 GPa as well as effective elastic modulus of
~ 145 GPa are obtained at VVs=-100 V. The increase in H and E, values is attributed to combine
effect of decreased grain size, densification and increased compressive stress with increasing
V. The obtained hardness (22 to 33 GPa) of Zr-W-N coatings deposited at various Vs belongs
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to the range of high hardness for tribological coatings but the obtained elastic modulus (104 to
145 GPa) is substantially lower than as quoted elastic modulus (250 to 400 GPa) for
tribological coatings (Musil 2012, Musil et al. 2002). Musil et al. (2012) have demonstrated
that a high hardness is not necessarily prime requirement of tribological coatings indeed high
elastic recovery, low elastic modulus with high hardness play an important role for tailoring the
mechanical properties of coatings for a given application. The elastic recovery (W.) gives
information about the elastic and elastic-plastic behavior of the films. Wear resistive coatings
having high (> 60 %) value of W, exhibit a higher elasticity. A continuous increase in W, has
been observed for Zr-W-N coatings with increasing Vs. Maximum (84%) value of W, obtained
for coating deposited at Vs = -100 V shows that this film exhibit high elasticity in comparison
to other deposited films. Oberle (Oberle 1951) has introduced a parameter called plasticity
index (H/E;) which is quoted as a valuable measure of determining the elastic strain to failure in
a surface contact. The higher value (> 0.1) of H/E; ratio is a strong indication of the coating
resistance to wear damages (Oberle 1951). All the studied Zr-W-N coatings exhibit H/E; ~2.0
and maximum value (0.23) of H/E, is obtained for Zr-W-N coating deposited at V= -80 V, -
100 V. It has been observed that combined effect of induced stress and growing microstructure
(normalized intensity ratio, grain size, point defects, dense columnar) played important role to
keep the H/E, value ~ 0.2.

Figure 5.6a-c show the AFM topographical view of scratch scars and indentation marks
on the films deposited at V= -20 V, -80 V and -120 V. The scratch scars at 10 mN load and
indents at 3-50mN loads have been made on the films for adhesion and fracture toughness
measurements, respectively. The higher value of H/E, index is a strong indication of the coating
resistance to wear, but such coatings do not always show improvement of elastic deformation
and fracture toughness. Enlarged views of indents at 50mN loads reveal that no crack
propagates on the surface of the films and consequently, toughness cannot be calculated
quantitatively by nano indentations; however, micro indentations by vicker hardness tester have
been done at varying loads (200 mN to 2000 mN) to calculate the fracture toughness of

coatings.
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Figure 5.6 The AFM topographical view of scratch scars and indentation marks on Zr-W-N

coatings deposited at varying Vs

Musil et al. (2002) introduced another important parameter H*/E;> which is not given the
direct assessment of toughness but gives an assessment of film resistance to plastic
deformation. To estimate the film resistance to plastic deformation, H*/E,? has been calculated
as shown in table 5.2. A comparison of H%*E? ratio for deposited films shows that films
deposited at V= -100 V exhibit the highest values (1.8 GPa) of H*/E,? ratio. In general, those
materials that are hard to cut till last have high toughness, further, H*E,? of such materials

simulates the same assessment as confirms from table 5.2 (Musil et al. 2002). Figure 5.6a-c
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also reveal that the films neither peeled off nor developed any crack during the scratch test at

10 mN load. This indicates that all the films have high adhesion with the substrate.

Figure 5.7 The optical micrographs of diamond indenter impressions created at 1000 mN load
into the Zr-W-N films deposited at varying Vs
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Figure 5.7 displays diamond indenter impressions created at 1000 mN load into the Zr-
W-N films deposited at -20 V <V <-120 V. From figure 5.7, it is evident that no radial cracks
have been generated into Zr-W-N film deposited at Vs = -100 V under the load of 1000mN,
however, radial cracks were generated at 2000mN load. It has been also observed that the value
of crack threshold load (L;) has been increased for -20 V < V¢ < -100 V. For example, Zr-W-N
films deposited at -40V < Vs were casily fractured at 200mN < L; < 500mN and the films
deposited at Vs = -60 V, -80 V, -120 V were fractured at 500 mN < L; < 1000 mN. Only the
film deposited at Vs = -100 V was fractured at L; ~ 2000 mN. The higher values of L at higher
negative bias voltage are attributed to induced compressive stress into the films. The toughness
trend as shown in table 5.2, indicates that the coating with glassy microstructure (deposited at
Vs = -100 V) exhibit maximum toughness (2.25 MPa.m'?). lon bombardment can densify the
microstructure and prevent the formation of voids and large columnar boundaries which are
detrimental in terms of microcrack initiation and propagation under load. Another possible
contributions to the highest toughness are highest compressive stress (-8 GPa), maximum value
of H¥E/? (1.8 GPa) and highest elastic recovery W, ~ 84% at Vs = -100 V (Musil 2012, Musil
et al. 2002). Since cracking is generally initiated by tensile stress, compressive residue stress

has to be overcome first.

M. Sakai (1993) suggests that plastic deformation energy (Up) is also an important
parameter of the mechanical properties of wear protective coatings. Plastic deformation energy
(Up) of the film is calculated by the area surrounded by the loading-unloading curve in the load

displacement profile. U, can be calculated by the equation (5.3)
U, = P¥2/[3 H'? (wp tan®0)"7] (5.3)

Where ‘P’ is applied load, ‘wg’ is the geometry constant and can be taken as 1.3 for pyramid
indenter, H is hardness and 0 is the angle (65.3°) between the tip axis and the faces of triangular
pyramid. A higher value (9 ~ 10™ joule) of U, of film deposited at V=20 V over value (7.4 -
109 joule) of U, of film deposited at V= -100 V reveal that with increasing Vs, Zr-W-N films

consume less energy during deformation and show less ductile behavior.
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5.5 Conclusions

In conclusion, effect of negative bias voltage on the structural and mechanical properties of
nanocrystalline fcc phase Zr-W-N coatings, deposited by reactive DC/RF magnetron sputtering
has been reported. The studied films exhibit (i) high wear resistance H/E,; > 0.1 (ii) high elastic
recovery W, > 60% (iii) compressive macrostress (¢ < 0) and (iv) dense, voids-free
microstructure. With increasing Vs from -20 to -120 V, coatings morphology evolves from
columnar structure to dense glassy structure with decreasing crystallite size. In parallel, the
compressive stress increases from -1.7 to -8 GPa. Owing to synergetic contributions of dense
structure, preferred orientation, crystallite size and compressive stress, wear resistance
increased from 0.21 to 0.23 and fracture toughness improved from 1.4 to 2.25 MPa.m2. This
indicates that the simultaneous increment of wear resistance and toughness is achievable if the
negative bias voltage is properly controlled. Therefore, for the deposition of Zr-W-N system
done at low substrate temperature (200°C) and at -100 V bias voltage, pronounced mechanical
properties (H ~ 34 GPa, H/E; > 0.1, W, > 60%, H¥/E,2 > 0.1, Kic ~ 2.25 MPa.m*?) has been

achieved.
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CHAPTER 6

Zirconium Tungsten Boron Nitride Coatings

The effect of microstructure on thermal stability and mechanical properties of co-
sputtered deposited Zr-W-B-N coatings with varying boron concentration have

been studied in detail

6.1 Introduction

A crucial factor of many major industrial sectors, such as material processing, power
generation, chemical engineering and aerospace, is an ability to operate in exotic environment.
For these applications, nanocomposite coatings can make a huge positive impact.
Nanocomposite coatings represent a new generation of materials (\Voevodin et al. 1999, Zhang
et al. 2003, Holubar et al. 2000). They are composed of at least two separated phases with
nanocrystalline (nc) and/or amorphous (a) structure or their combination. The nanocomposite
materials, due to very small (< 10 nm) grains and a significant role of boundary regions
surrounding individual grains, exhibit enhanced or even completely new properties and behave
in a strongly different manner compared to the conventional materials composed of larger (>
100 nm) grains. Because of their superior mechanical properties (in particular, superhardness
and supertoughness) and high chemical inertness, these coatings can significantly lower
friction, wear losses and at the same time increase resistance to fatigue and corrosion, which
have increasingly become the life-limiting factors for mechanical components in many
industrial applications. Such coatings can also provide greater resistance to contact deformation
and damage during heavily loaded rolling or rotating contacts (Musil 2005, Veprek 2004)
Moreover, the protection of a base material, operated at elevated temperature, from the reaction
with ambient oxygen is usually ensured by deposition of a high oxidation resistance
nanocomposite coating on the substrate. But, the major challenge in the field of nanocomposite
hard metal nitride coating is to obtain their better combination of high thermal stability, wear
resistance and fracture toughness. The nanocomposite coating exhibiting mentioned properties
can be most suitable surface protection candidate for tribological applications (Veprek and
Reiprich 1995, Korotaev et al. 2007, Singh et al. 2012, Musil 2012, Veprek et al. 2005, Musil
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et al. 2012) have reported that the nanocomposite coatings (nc-nitride/a-nitride) composed of
nanograins dispersed in amorphous matrix and grain boundaries of nanograins about one-
monolayer-thin of nonmetallic, covalent nitride such as SizN4 and BN are highly elastic and
exhibit enhanced resistance to cracking at high applied load. Moreover, hard nc-nitride/a-
nitride nanocomposite coatings prevent to a direct connection between the external atmosphere
and the substrate and thereby they should ensure a good protection of the substrate against
oxidation even at temperatures when the amorphous phase starts to nanocrystalline. For further
increase the thermal stability of nanocomposite coatings the amorphous phase should have the
higher (> 1000°C) crystallization temperature. Experimental studies indicate that the selection
of elements and the control of the amount of individual phases are very efficient ways to
optimize the physical and functional properties of the nc-nitride/a-nitride nanocomposite
coatings.

Recently role of boron in enhancing mechanical performance and thermal stability of
nanocomposite coatings has been also demonstrated. Boron nitride (BN) thin films are of
interest because of their excellent physical, chemical and mechanical properties (Shtansky et al.
2000, Liu et al. 2012, Eichler and Lesniak 2008). Due to high crystallization temperature of
boron nitride (> 800°C) exhibited high oxidation resistance. Boride-based multicomponent
nanocomposite coatings (Mitterer and Mayrhofer 2004) can dramatically increase hardness and
thermal stability and hence reduce wear under harsh sliding or machining conditions. There are
many papers reporting on boron based nanocomposite coatings, e.g. W-B-N (Louro et al. 2005,
Reid et al. 1995, Mayrhofer et al. 2006, Karuna et al. 2014, Mitterer et al. 1991, Urgen et al.
1995, Mallia et al. 2013, Herra and Broszeit 1997) etc. These coatings show high thermal
stability, high hardness, and high oxidation resistance. It has been also noticed that by varying
the boron concentration in the film, the physical and chemical properties of these

nanocomposite can be tuned as per application requirement.

Mayrhofer and Stoiber (2007) have reported that Ti—-B—N coatings with B contents < 18
at.% exhbit a crystalline NaCl structure phase with a strong dependence of their lattice
parameter on the B content. As a result of annealing (up to 900°C), the metastable cubic phase
decomposes to precipitate TiB,, which influence dislocation mobility and hence the hardness
increases to ~43 GPa. The Ti-B-N coatings with B contents above~18 at.% results in the
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formation of nm sized TiN and TiB, crystallites embedded in a high volume fraction of

disordered boundary layer.

Lin et al. (2010) studied the mechanical and tribological properties of TiBCN
nanocomposite coatings, deposited using TiBC compound target with various Ar/N, mixtures
in a closed field unbalanced pulsed magnetron sputtering system. It has been observed that the
coatings with a nitrogen content of less than 8% exhibit superhardness values in the range of
44-49 GPa but show poor adhesion and low wear resistance. However, improvements in these
properties together with reduced coating hardness to 35-45 GPa have been achieved when the

‘N’ content in the coatings was increased.

Louro et al. (2005) have reported that boron concentration in to the W-B-N films highly
affect the phase composition, grain size and lattice parameter of the deposited films. The
amorphous structure of as deposited W-B-N films becomes crystalline with the formation of
the bcc W and/or the fcc-W,N phases during annealing at 850° and 950°C. The maximum

hardness (~ 36 GPa) has been obtained for the film having B concentration ~ 17 at.%.

Mitterer et al. (1991) have studies the mechanical properties of Zr-B-N system. It has
been observed that the increase nitrogen concentration in the film causes grain refinement and
subsequently in amorphous coatings. The harness of Zr-B-N coatings increases with increasing

substrate temperature and negative bias voltage to the substrate.

Nanocomposite Zr-W-B-N thin films deposited on Si (100) substrate require a detailed
investigation as a function of varying deposition parameters to substantiate the influence of
microstructures on its mechanical properties. In order to ensure compatibility and stability of
the sputter deposited Zr-W-B-N thin films in tribological applications, the present work has
been focused to investigate the DC/RF magnetron sputtered nanocomposite Zr-W-B-N thin
films with varying B content. The films were characterized by XRD, FE-SEM, AFM and TEM
to reveal the influence of processing parameters on microstructural characteristics. The atomic
percentages of B, N, Zr, W and O in the Zr-W-B-N thin films were measured using
Wavelength Dispersive Spectroscopy (WDS) attached with EPMA. The mechanical response

of Zr-W-B-N films was measured by nano and micro indentation techniques.
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6.2 Experimental Details

6.2.1. Deposition of Zr-W-B-N thin films

Zr-W-B-N coatings have been deposited on mirror polished Si (100) (~0.067 cm thick)
(figure 6.1 a) substrates at 200°C substrate temperature and -100 V negative bias voltage by
DC/RF unbalanced magnetron co-sputtering from Zr target (5 cm in diameter, 0.5 cm thick, 99.
98% purity), W target (5 cm in diameter, 0.5 cm thick, 99. 95% purity) and B target (5 cm in
diameter, 0.5 cm thick, 99. 9% purity) in Ar (8 sccm) and N, (32 sccm) discharge. An

arrangement of magnetic guns for the deposition of Zr-W-B-N films is shown in figure 6.1b.

'mmmwmmn
7 8\

Figure 6.1(a) Image of Si (1 x 1 cm?) substrate and (b) an arrangement of magnetic guns for
the deposition of Zr-W-B-N films

Prior to deposition all substrates were ultrasonically cleaned in acetone. Targets were fixed at
an angle of 45° to the substrate normal. Si substrates were mounted on the substrate holder held
at negative potential with the help of silver paste. The substrate holder was rotated at 5 rpm by
using a DC motor to ensure uniformity in the deposited thin films. The residual pressure was <
0.5x10% Pa. The N, partial pressure and working pressure were 0.13 Pa and 0.67 Pa
respectively. The sputtering power density of the Zr target and W target was kept at 6 watt/cm?
and 4 watt/cm?, respectively. The power density of the B target was varied from 0.1 to 7.5
watt/cm? to vary the boron concentration (1.4 to 21.6 at %) in Zr-W-B-N films. All the
depositions were carried out at fixed target to substrate distance of 6 cm for 2 h. The post
annealing of the film with ~7.5 at.% boron content has been carried out in vacuum and air up to
900°C (T,) and 900°C (T,) respectively for 1 h.
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6.2.2 Characterization

The crystallographic structure of the films were characterized using x-ray diffraction
(XRD) (Bruker, D8 advance, Cu-K, radiation, A =1.54 A, step=0.02°, scan speed=2 sec/step)
and transmission electron microscopy (TEM) (200 kV, FEI, TECNAI G?). The surface and
cross-section of the coatings were observed by field emission scanning electron microscopy
(FE-SEM) (FEI, QUANTA 200F). Atomic force microscopy (AFM) (NT-MDT, NTEGRA)
was used in semi-contact mode to evaluate the coating topography and root-mean-square
(RMS) roughness. The elemental composition analysis of Zr-W-B-N films was carried out
using wavelength dispersive x-ray analysis attached with electron probe micro analyzer
(EPMA) (Cameca, SX-100 model). The hardness (H), effective elastic modulus (E;) and elastic
recovery (W,) of these coatings were measured by a nano-indentation (NT-MDT,
Nanoslerometry) using a Berkovich diamond indenter with normal angle of 65.3° between tip
axis and faces of triangular pyramid. The effective size of apex is about 70 nm. The H, E, and
W, of coatings, calculated by the loading-unloading curve in the load-displacement profile,
have been measured at 10 mN load to assure the penetration depth should not more than the
10% of total thickness of coatings to minimize the substrate effect. The films were scratched
with 2 to 35 mN loads at constant loading velocity (20 nm/s) and scratch velocity (500 nm/s)
for adhesion test purpose. The toughness was evaluated using micro indentation with a Vickers
micro hardness tester (UHL VMHT). The micro indentations were done at varying loads (100
mN to 5000 mN). For each load, at least three readings were taken. The toughness K,c was

calculated by equation (6.1) (Lawn et al. 1980).
Kic = 8 (E/H)Y? (PIC¥?) (6.1)

Where P is the applied indentation load; E, and H are the effective elastic modulus and
hardness of the coating, respectively. 0 is an empirical constant which depends on the geometry
of the indenter, for Vickers indenter 6= 0.016. C is the crack length which was measured from
optical microscopy (Olympus DME3) images. In order to reduce the substrate effect on film
toughness, Kic calculated from equation (6.1) was plotted versus indentation depth and then
the curve was extrapolated to one-tenth of the film thickness to obtain the film toughness.
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6.3 Results and Discussion

6.3.1. Effect of boron contents on film microstructure and mechanical properties

6.3.1.1 Structural and morphological analysis

A,\* FCC Zr-W-N
/\'/\w—J\ o
Zr-W-B(16.8 at%)-N
-
S
. Zr-W-B(7.5 at%)-N
©
S
2
[72)
c
[
et
E ‘/\\ Zr-W-B(2.3 at%)-N
% (111) - e lzrws(.4at%)N
* (200) * (220)~_
e /"“T“\r-—.zhw.a(o at%)-N
32 36 40 44 48 52 56 60 64
20 (Degree)

Figure 6.2 XRD patterns of Zr-W-B-N nanocomposite films with different B contents

The XRD patterns of Zr-W-B-N nanocomposite films deposited at varying B contents
on Si substrates are shown in figure 6.2. The X-rd patterns revel that Zr-W-B-N contains a
single nanocrystalline phase (NaCl structure) except the change in preferred crystallographic
orientations with increasing B content (< 16.8 at.%) in the films. For B = 21.6 at.%, film
exhibited XRD amorphous structure. Zr-W-B-N films with B content < 2.3 at.%, exhibited
(200) preferred crystallographic orientation of grains and for B content above 2.3 at.%, the
intensity of (111) peak grows up. However, no signals corresponding to crystalline BN and
various phases of zirconium boride, tungsten boride could be observed. It shows that B might
be present either in solid solution form in the films or in an amorphous phase of BN, which are
in agreement with previous reports on Zr-B-N and W-B-N nanocomposite films prepared by
magnetron sputtering (Mitterer et al. 1991, Louro et al. 2005). With increase in B content in Zr-
W-B-N films, the broadening of XRD peaks increases and was significant at B > 7.5 at.%. The
increase in broadening indicates that the Zr-W-B-N crystals size decreased with increasing B
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content and coatings becomes XRD amorphous at B = 21.6 at.%. The average crystallite size of
Zr-W-B-N film as a function of B concentration is shown in figure 6.3a. The crystallite size
calculated from the XRD peak broadening, decreases with increasing B content. The crystallite
size of the films reduced from ~ 9 nm for 0 at.% B to ~ 2 nm for 16.8 at.% B content. This
indicates that Zr-W-B-N crystals become finer with the incorporation of the amorphous BN
phase. The grain growth of Zr-W-B-N crystals is inhibited due to the presence of second phase
particles causing Zener drag effect, which result in reduction of size of Zr-W-B-N crystals (Nes
et al. 1985).

Average crystallite size (nm)
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— —h— Calculate from (111) peak
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Figure 6.3 (a) The average crystallite size of Zr-W-B-N film as a function of B concentration

and (b) a shift in XRD peaks positions with increasing B concentration

Figure 6.3b shows a shift in XRD peaks positions with increasing B concentration in
the films. A significant shift of diffraction peak (200, preferred orientation) of the Zr-W-B-N
coatings toward higher diffraction angles was observed as the B at.% was increased upto 2.3 at
%, indicating a decrease in the coating lattice parameter. There are two effects could be
considered in this case: (i) lattice contraction due to the formation of a substitution solid
solution by replacing Zr or W atoms with smaller sized B atoms in the Zr-W-N lattice; (ii)

lattice expansion due to the formation of an interstitial solid solution by incorporating B atoms
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into the lattice interstitial sites (Mayrhofer and Stoiber 2007). It is evident that more B atoms
go to the lattice sites than to the interstitial ones, which leads to an overall lattice contraction in
the Zr-W-B-N coating with B content of 2.3 at.%. The lattice parameter a, decreases from
450110 A for 0 at.% B to 4.46952 A for 2.3 at % B. However, the shift (100, preferred
orientation) is not significant above 2.3 at.% B content, which indicates that B starts to
segregate in grain boundaries during deposition and form the amorphous phase BN in

boundaries.

To further confirm the XRD findings and the presence of any secondary
(nanocrystalline) phases at higher (16.8 at.%) B concentration, TEM analysis has been carried
out. Figure 6.4 shows the TEM bright field images and corresponding selected area electron
diffraction patterns (SAED) of Zr-W-B-N coatings with 0 at.%, 2.3 at.%, 7.5 at.% and 16.8
at.% boron content. It can be seen clearly from the SAED patterns that any secondary phases of
zirconium boride and tungsten borides compounds have not grown in Zr-W-B(2.3 to 16.8
at.%)-N films during deposition. Only fcc phase of Zr-W-B-N with (111), (200) and (220)
reflections has been identified. Moreover the higher intensity of (111) diffraction ring for B =
7.5 at.% in comparison to B = 2.3 at.% content film confirms the higher grain growth in (111)
orientation in respect of (200) as observed for films with B < 2.3 at.% content (figure 6.2). The
intensity of individual diffraction rings correspond to (111), (200) and (220) which is gradually
non-uniform (non continuous rings) for B = 2.3 at %, uniform for B = 7.5 at.% and diffuse for
B = 16.8 at.%, indicating reduction in grain size of Zr-W-B-N with increasing B content. The
diffused ring pattern, bright field image and inset image of the film with B content ~ 16.8 at.%
reveal that the microstructure of the coatings was changed due to the increased fraction of the
amorphous BN phase. The inset of figure 6.4 is indicate that the amorphous phase formed
individual grains of size > 1nm, rather than as a thin intergranular amorphous layer of uniform

thickness.
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Figure 6.4 TEM bright field images and corresponding selected area electron diffraction
patterns (SAED) of Zr-W-B-N coatings with 0 at.%, 2.3 at.%, 7.5 at.% and 16.8 at.% boron

contents
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Based on the results from XRD and TEM analyses, it is clear that the B addition into
Zr-W-B-N films resulted in crystal size refinement and the Zr-W-B-N films had a fine
composite microstructure consisting of nano-sized Zr-W-B-N crystallites surrounded by
amorphous phase of BN. The formation of the nanocomposite in the Zr-W-B-N films might be
related to the spinodal phase segregation due to immiscibility between crystal Zr-W-B-N and

amorphous phase (BN).
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Figure 6.5 The variation of thickness and route mean square (RMS) roughness of Zr-W-B-N

coatings as a function of boron concentration

Figure 6.5 shows the variation of thickness and route mean square (RMS) roughness of
Zr-W-B-N coatings with increasing boron concentration in the films. The thickness was
unaffected (~ 2.8 um) up to B < 2.3 at.% and increase for B > 7.5 at.% (the horizontal lines
distinguished in the films due to thermal drift effect). The maximum thickness (~ 4 pum) was
obtained for Zr-W-B (21.6 at.%)-N film. Figure 6.6a-c show the FESEM micrographs of the
cross-sections of the Zr-W-B-N films with 2.3 at.%, 7.5 at.% and 16.8 at % B contents,
respectively. It is seen clearly that the morphology evolves from fine columnar structure (B =
2.3 at.%) to dense glassy structure (B = 16.8 at.%) with increasing B concentration in the films.
The RMS roughness decreases with increasing B content in the films and lowest roughness (0.3
nm) was obtained for Zr-W-B(21.6 at.%)-N film. Figure 6.6d-f shows the 3D AFM images of
the Zr-W-B-N films with increasing (2.3, 7.5 and 16.8 at.%) B contents, respectively. It is
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evident from these images that with increasing B contents, grain size and surface roughness

decreases, which could be explained from the XRD results.

B~2.3 at%

Figure 6.6 (a)-(c) FESEM micrographs of the cross-sections of the Zr-W-B-N films with 2.3
at.%, 7.5 at.% and 16.8 at % B contents respectively and (d)-(f) 3D AFM images of the Zr-W-
B-N films with increasing (2.3, 7.5 and16.8 at.%) B contents, respectively

6.3.1.2 Mechanical response

Table 6.1 represents the mechanical response of Zr-W-B-N coatings as a function of B
concentration. It has been observed that mechanical properties of deposited coatings are highly
correlated to their microstructure. Hardness (H) and effective elastic modulus (E;) of Zr-W-B-N
coatings varied non-monotonically with increasing B content in the films. It is observed that the
H and E; values increases with increasing B content and the film with 7.5 at.% B content shows
a maximum H and E, values of 37.4 GPa and 153 GPa, respectively. However, these values
drop when the B content was increased beyond 7.5 at.%. Initially, the solid solution hardening
effect, as summarized in the results of XRD and TEM, contributed to the increase in the
hardness of the Zr-W-B(< 2.3 at.%)-N coatings. A possible phenomenological explanation to
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the observed maximum hardness at 7.5 at.% B content can be deduced from results of structural
analyses and their comparison with existing concepts on nanocomposite mechanisms (Veprek
and Reiprich 1995). The formation of superhard nanocomposites requires 3-10 nm crystallite
sizes with less than 1 nm thick separation in an amorphous matrix (Karvankova et al. 2003,
Voevodin et al. 2004). At these conditions, both dislocation formation and in coherence stress
relaxation is suppressed, providing hardness > 40 GPa. However in Zr-W-B(7.5 at.%)-N
coating, the separation (> 1nm) between crystallites limit the hardness < 40 GPa. Nevertheless,
with further increase of the B contents, H and E; of Zr-W-B-N films are decreased even though
the crystallite size was further decreased. The decrease in the hardness of the coatings appears
to be affected by the increased volume fraction of amorphous BN phase in the coatings. The
coatings gradually lost the interface strengthening effects as the distance between the
nanocrystallites increased. Thus the observed trend in the hardness is governed by a two-phase
structure consisting of nanocrystalline Zr-W-B-N and amorphous BN coexists and by a Hall-

Petch relation derived from crystal size refinement (Hertzberg 1989, Hall 1951).

Table 6.1 Represents the mechanical response of Zr-W-B-N coatings as a function of B

concentration

B Hardness Elastic % Elastic  Plasticity Resisitance Fracture
concentration modulus recovery index to plastic toughness
parameter  deformation

(Kic)

(at%) H(GPa) E/(GPa) W, H/E, H/E(GPa)  (MPa.m'™?)
1.4 293 129 73 0.22 1.5 2.17
2.3 31.6 135 76 0.23 1.7 232
7.5 37.4 153 81 0.24 2.2 2.90
16.8 26.7 141 78 0.19 0.95 2.07
21.6 19.8 131 74 0.15 0.42 1.87

The elastic recovery (W.) gives information about the elastic and elastic-plastic
behavior of the films. Wear resistive coatings having high (> 60 %) value of W, exhibit a
higher elasticity. Maximum (81%) value of W, obtained for Zr-W-B(7.5 at.%)-N coating shows

that this film exhibit high elasticity in comparison to other deposited films. Recently, the ratio
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of hardness (H) to effective elastic modulus (E;), H/E; (plasticity index parameter) has been
proposed as a key parameter to indirectly estimate the wear resistance of the hard and
tribological coatings (Leyland and Matthews 2000). Musil (2012) reported that the Al-Cu-O
nanocomposite films with H/E; > 0.1, which is a critical value to show an enhanced resistance
of coating to cracking, had highly elastic recovery without any cracks after diamond indenter
load test. However, the films with H/E; < 0.1 exhibited relatively low elastic recovery with
many cracks on the corner of the indenters. Hence, the plasticity index (H/E;) parameter is a
valuable measure of determining the elastic strain to failure in a surface contact. The wear
resistance of Zr-W-B-N coatings increases with increasing B content up to 7.5 at.% and then
decrease for B > 7.5 at.%. A maximum value (0.24) of H/E; is obtained for Zr-W-B(7.5 at.%)-

N film.

5to 35 mN load 5to 35 mN load

im

Figure 6.7 (a-c) The AFM topographical view of scratch scars and indentation marks on the

films of B = 2.3 at.%, 7.5 at.% and 16.8 at.% contents, respectively
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Figure 6.7a-c show the AFM topographical view of scratch scars and indentation marks
on the films of B = 2.3 at.%, 7.5 at.% and 16.8 at.% contents, respectively. The scratch scars at
5 to 35 mN loads and indent at 60 mN load have been made on the films for adhesion and
fracture toughness measurements, respectively. The higher value of H/E, index is a strong
indication of the coating resistance to wear, but such coatings do not always show improvement
of elastic deformation and fracture toughness. Enlarged views of indents at 60mN loads reveal
that no crack propagates on the surface of the films and consequently, toughness cannot be
calculated quantitatively by nano indentations; however, micro indentations by vicker hardness
tester have been done at varying loads (200 mN to 5000 mN) to calculate the fracture toughness

of coatings.

Another important parameter H*E,> which is not given the direct assessment of
toughness but gives an assessment of film resistance to plastic deformation has been calculated
for deposited films. To estimate the film, H*/E, has been calculated as shown in table 6.1. A
comparison of H*/E;? ratio for deposited films shows that the Zr-W-B(7.5 at.%)-N film exhibit
the highest values (2.2 GPa) of H/E, ratio. Figure 6.7a-c also reveal that the films neither
peeled off nor developed any crack during the scratch test upto 35mN load. This indicates that
all the films have high adhesion with the substrate. Figure 6.8a-d displays diamond indenter
impressions created at 5000 mN load into the Zr-W-B-N films with B = 2.3 at.%, 7.5 at.%, 16.8
at.% and 21.6 at.% contents, respectively. From figure 6.8, it is evident that radial crack length
increases with increasing B content in the films. Moreover, Zr-W-B(21.6 at.%)-N shows the
adhesive failure at 5000 mn load. No radial cracks have been generated into Zr-W-B-N films
under the load of 1000 mN; however, radial cracks were generated at 2000 mN load.

The toughness trend as shown in table 6.1, indicates that the coating with 7.5 at.% B

content exhibit maximum toughness (2.9 MPa.m'?

) and the toughness was decreases with
increasing B content above 7.5 at.% in the films. The increase in toughness (< 7.5 at.%) is
attributed to changed microstructure of coating at B = 7.5 at.%; segregation of boron in the
grain boundaries and the formed amorphous BN phase, which has high resistance to formation
of cracks under stress, and in the mean time, high energy absorbance to deter crack
propagation, whereby preventing chipping, flaking or catastrophic failure as observed for Zr-
W-B(21.6 at.%)-N film at 5000 mN load (figure 6.8d). The formation of amorphous phase of

individual grains of size > 1nm, rather than as a thin intergranular amorphous layer of uniform
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thickness lower the fracture toughness of Zr-W-B-N coatings with increasing B content > 7.5
at.%.

() B~2.3at% (b) B~7.5 at%

Figure 6.8 (a-d) Optical micrograph of diamond indenter impressions created at 5000 mN load
into the Zr-W-B-N films with B = 2.3 at.%, 7.5 at.%, 16.8 at.% and 21.6 at.% contents,
respectively
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6.3.2 Effect of post annealing temperatures on film structure and mechanical

properties
6.3.2.1 Structural and morphological analysis

Due to the superior mechanical performance of Zr-W-B(7.5 at.%)-N film over other
deposited films of varying B content, post annealing of the films with 7.5 at.% B content has
been carried out at different annealing temperatures (300°-900°C) in vacuum (T,) and in air
(Th).

Air annealing
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Figure 6.9 The WDS analysis (N, O atomic fraction) of the Zr-W-B(7.5 at.%)-N films annealed

in air at different T,

The WDS analysis (N, O atomic fraction) of the Zr-W-B(7.5 at.%)-N films annealed in
air at 300°C < T,<900°C is shown in figure 6.9. It has been observed that the oxygen starts to
be incorporated in the films at T, = 500°C and its content increases substantially with increasing
T, The maximum O content (~ 61 at.%) is found for the film annealed at T, = 900°C. On the
other hand, the N atomic concentration starts to decrease continuously above T, = 300°C and

reaches ~ 2 at.% in the film annealed at T, = 900°C. The film got completely peeled off at T,, =
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900°C. This may be associated with diffusion of some of the O atoms toward interface through

grain boundaries with increasing T, (Abadias et al. 2013).

Figure 6.10 shows the FESEM topographical images of as deposited and air annealed
(700°C and 900°C) Zr-W-B(7.5 at.%)-N films. It is clearly seen that the morphology of Zr-W-
B(7.5 at.%)-N has changed substantially during annealing. The surface morphology was
changed from smooth to quailflower at T, = 700°C and then porous at T, = 900°C. Moreover,

the visibility of film have changed from metallic (as deposited) to yellowish at T, = 900°C.

As deposited

Figure 6.10 The FESEM topographical images of as deposited and air annealed (700°C and
900°C) Zr-W-B(7.5 at.%)-N films

Figure 6.11a-b show the XRD patterns of Zr-W-B(7.5 at.%)-N films annealed at 300°,
500°, 700° and 900°C for 1 h in vacuum and in air, respectively. Figure 6.11a shows that the
film retains the fcc structure up to 900°C without forming any other boron-based crystalline
phase like ZrB,, and W,B etc. The peak broadening and peak intensity lowering are the
detectable changes in the XRD peaks of Zr-W-B(7.5 at.%)-N film with the increases in T,.
Maximum peak broadening observed at T, = 900°C. The broadening of peaks might be due to
decomposition induced effects occurred in the film during annealing and further annealing
above may decompose the single fcc phase Zr-W-B-N film in its stable phases (Mayrhofer et
al. 2003).
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Figure 6.11 (a-b) XRD patterns of Zr-W-B(7.5 at.%)-N films annealed at 300°C, 500°C, 700°C

and 900°C for 1 h in vacuum and in air, respectively
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Figure 6.11b reveals that the film retains the fcc structure during air annealing at T, <
700°C and no traces of crystalline oxides of zirconium, tungsten and boron were detected.
However, at T,, = 900°C, full degradation of the Zr-W-B(7.5 at.%)-N film was observed and
film was degraded in crystalline monoclinic ZrO, and WO3 phases during annealing. Moreover

Zr-W-B(7.5 at.%)-N film was peel off at 900°C air annealing temperature.

6.3.2.2 Mechanical properties
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Figure 6.12(a) The change in hardness and (b) elastic modulus values of Zr-W-B(7.5 at.%)-N

films annealed in air and vacuum up to 900°C, respectively

Figure 6.12a and 6.12b show the change in hardness and elastic modulus values of air
and vacuum annealed Zr-W-B(7.5 at.%)-N films as a function of annealing temperatures. Both
the hardness (H) and elastic modulus (E;) of Zr-W-B(7.5 at.%)-N film were gradually affected
in vacuum annealing. This is because of microstructure was not significantly changed during
vacuum annealing. On the other hand, a continuous increase in H and E; values was observed in
air annealing upto 700°C. The delaminating of the films at T, = 900°C restricted the
nanoindentation studies at this temperature. As the air annealing temperature was raised, the

hardness increased from ~ 37 GPa to 40 GPa reaching maximum values at 700°C. Annealing
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above the 300°C initiated the nucleation of oxides phases (ZrO, and WQO3) and their volume
fraction increased as the oxygen concentration increases (figure 6.9), which influence

dislocation mobility and hence the hardness increased to high level of ~ 43 GPa at T, = 900°C.
6.4 Conclusions

Zr-W-B-N coatings were deposited on Si substrates by DC/RF reactive magnetron
sputtering technique. The B content in the coatings was varied by varying the power density
(0.1 to 7.5 watt/cm?) to the B target. The influence of the B content on the microstructure and
hence on mechanical properties of the Zr-W-B-N coatings was investigated. Post annealing of
the Zr-W-B(7.5 at.%)-N film has been carried out in vacuum and air up to 900°C to comment

on its thermal stability. The main results were summarized as follow:

(1) The XRD, FESEM and TEM results indicated that as the B content increased from 0 to
7.5 at.%, the coatings transformed from a columnar structure to nanocomposite
structure with a nano-sized (2-5 nm) Zr-W-B-N crystallites embedded in amorphous
BN matrix. With further increase of B content, the crystalline Zr-W-B-N films
gradually transformed into amorphous-like structure. The Zr-W-B-N films with B
contents < 2.3 at.%, show a strong dependence of their lattice parameter on the B
content.

(2) The coatings with a B content of 7.5 at.% exhibited the maximum hardness (H ~ 37
GPa), effective elastic modulus (E, ~ 153 GPa), wear resistance (H/E; ~ 0.24) and
fracture toughness (Kic ~ 2.9 MPamY?). The microstructure, solid solution
strengthening and grain boundary hardening were considered to be responsible for the
enhanced mechanical properties of the Zr-W-B-N coatings.

(3) Zr-W-B(7.5 at.%)-N film retains the fcc (NaCl-Bltype) structure after vacuum
annealing at T, = 900°C. However, film retains the fcc structure during air annealing at
Tnh < 700°C and at T, = 900°C, full degradation of the Zr-W-B(7.5 at.%)-N film in
crystalline monoclinic ZrO, and WOg3 phases was observed. The oxygen starts to be
incorporated in the film at T, = 500°C and its content increases substantially with
increasing T,. The film got peeled off at T, = 900°C.

(4) The hardness (H) and elastic modulus (E;) of Zr-W-B(7.5 at.%)-N film were gradually
affected in vacuum annealing, while a continuous increase in H and E, values was

observed in air annealing.
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CHAPTER 7

Conclusions and Future Scope

The main objectives of the present research work was to synthesize and develop hard
and tough nanocrystalline Zirconium Tungsten Nitride (Zr-W-N) and Zirconium Tungsten
Boron Nitride (Zr-W-B-N) coatings by DC/RF magnetron sputtering technique and investigate
the effect of sputtering parameters on microstructure, thermal stability and mechanical
properties of these coatings for obtaining high quality films. The motivation for the
development of hard and tough nanocrystalline metal nitride coatings is centered on prevention
of wear damages like cavitation and silt erosion in hydro turbine components. The following is
a brief summary and conclusions made based on the results obtained on the aforementioned

coatings. The suggestions for the future work are proposed at the end.

7.1 The effect of nitrogen partial pressure (pN,) on structural, composition,
deposition rate and mechanical properties of Zirconium Tungsten Nitride
(ZryWi4Ny) coatings

Tungsten nitride (W;N) and zirconium nitride (ZrN) have been selected for the
development of high hard and tough nanostructure Zirconium Tungsten Nitride (Zr,WixNy)
coating material. The films of Zr,W.xNy have been deposited by DC/RF reactive magnetron
sputtering on Si (100) substrates. The effect of nitrogen partial pressure (pN,) on structural,
composition, deposition rate and mechanical properties of these coatings has been investigated
in detail. Structure and elemental composition of the deposited Zr,W1.xNy thin films strongly
depend on pN,. XRD analysis shows that for 0.07 Pa < pN, < 0.17 Pa, Zr,W1xNy films exhibit
single (fcc) phase, for 0.20 Pa < pN, < 0.27 Pa, an amorphous phase is obtained and for 0.33 Pa

< pN,<0.67 Pa reflections corresponding to dual (fcc + hcp) phase have been observed. The
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phase formation has been confirmed by TEM diffraction patterns. The crystallite size and
lattice parameter of single (fcc) phase films vary non-monotonically with increase in pN,. The
roughness (dms) also follows the same trend according to phases present in films. The thickness
of the films decreases continuously with increasing pN,. Results of nano-indentation analysis
confirm moderate hardness, high wear resistance, high resistance to fatigue fracture and high
adhesiveness of ZrWixNy films. Among all the phases, maximum hardness (~ 24 GPa) and
maximum reduced elastic modulus (135 GPa) have been obtained for dual phase (fcc + hcp)
film while resistance to fatigue fracture (H*/E;> ~ 0.87 GPa), wear resistance (H/E; ~ 0.2) and
ductility for single phase (fcc) film were found to be maximum. No crack was observed to
propagate in the films at a high load of 50 mN. All the films were found to exhibit high
adhesion with the substrate surface.

Among various phase films, FCC phase Zr-W-N coatings deposited at pN, = 0.13 Pa
shows the best mechanical performance.

7.2 The effect of substrate temperatures (Insitu) and post annealing
temperatures (Exsitu) on thermal stability and mechanical properties of
amorphous phase and crystalline (fcc) phase Zirconium Tungsten Nitride

coatings

The thermal stability and mechanical properties of amorphous phase Zr;gWigNgs thin
films have been studied in detailed. Zr-W-N films of various structure have been deposited on
Si substrates by DC/RF reactive magnetron sputtering at various substrate temperatures T,
(100°-600°C) and at constant N, partial pressure (0.27 Pa). The decrease in nitrogen
concentration with increasing Ts change the stoichiometry (Y=N/(Zr+W)) of the films. For
100°C < Ts < 300°C , Y > 1.65, amorphous phase films and 400°C < Ts < 600°C, 1.52 <Y <
1.58 polycrystalline (fcc) phase films were obtained. The crystalline fcc phase films grow with
(111) and (200) crystallographic orientation of grains. The intensity of the (200) reflex
gradually increases in comparison to intensity ratio of (111) with increasing Ts. The TEM

analyses confirm the XRD findings. A comparison of mechanical properties shows that the
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amorphous films deposited at Ts = 200°C, exhibit maximum wear resistance (H/E; ~ 0.22) and
maximum resistance to fatigue fracture (H¥/E,? ~ 1.1 GPa). Post annealing of films deposited at
200°C have been carried out in air from 100°-600°C (T,). Annealing of the films at different T,
(100°C < T, < 600°C) results in no change of its amorphous structure to crystalline up to T,, =
600°C. The broadening of the hump is the only noticeable change in the XRD patterns with
increasing Tn. The RMS roughness of the annealed films increases with increasing T,. Oxygen
starts to be incorporated in the films at 300°C annealing temperature and its content increases
with increasing T,. No crystalline oxide phases are observed up to T, = 600°C. The hardness of
the annealed films decreases with increasing oxygen incorporation. Indentation and scratch
tests for as deposited and annealed films show that no cracks propagate in the films even at a
high load of 50 mN and all the films exhibit high adhesion with the substrate. The amorphous
phase Zr19W1gNg3 film deposited at Ts = 200°C shows the best mechanical performance.

The thermal stability and mechanical properties of crystalline fcc phase Zr-W-N thin
films have been studied in detailed. Nanostructured Zr-W-N thin films have been deposited on
Si (100) substrates by DC/RF reactive magnetron sputtering at varying substrate temperatures
Ts (100°-600°C). The atomic% of Zr, W and N elements was observed almost independent of
Ts. The average elemental composition of the films is found to be Zr,;W1gNsg. For 100°C < T¢<
600°C, XRD patterns of the films show a crystalline fcc phase grew with (111) and (200)
preferred crystallographic orientations of grains. A close analysis of the diffraction pattern
shows that for low T (< 400°C) the coating structure is not simply fcc but probably contains
some amorphous parts along with the fcc phase and the amorphous part is maximum for Ts =
100°C, decreases with increasing Ts and disappears for Ts > 400°C. TEM analyses confirm the
evolution of microstructure of films with increasing Ts. The microstrain was found to increase
with increasing Ts. The thickness of the films varies non-monotonically with increasing T..
Maximum wear resistance (H/E; ~ 0.22) and maximum resistance to fatigue fracture (H*/E,? ~
1.0 GPa) have been obtained for the film deposited at Ts = 400°C. Post annealing of the films
deposited at 400°C have been carried out in air from 100°-600°C (T,). XRD patterns of the post
annealed films show that the films retain the fcc structure up to T,, = 600°C without forming
any crystalline oxide phase. For T, > 400°C, along with the peaks corresponding to crystalline

zirconium tungsten nitride, an amorphous contribution can be clearly seen. This amorphous
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contribution increases with increase in T, and accounts for the large O% observed in the films
annealed at T, > 400°C. Shifting (in 20°) in peaks is the only noticeable change in the XRD
patterns with increasing T,. Oxygen starts to be incorporated at 300°C resulting development of
internal stress in the films and hence films begin to peel-off above 400°C. The crystallite size
increases with increasing T, and reaches a maximum value of ~ 9 nm at T, = 400°C Hardness
and elastic modulus of annealed films increase with increasing strain. For practical
applicability, the fcc phase Zr,;W19Nsg film deposited at 400°C and pN, = 0.13 Pa is found to
be most suitable for application in the temperature range below 300°C.

Mechanical response of amorphous phase Zr-W-N is found superior to crystalline fcc
phase Zr-W-N coatings. But the amorphous phase Zr-W-N coatings exhibit lower
crystallization temperature (< 300°C) and as the crystallization occur, the properties of film
degraded. As per the demand of tribological applications, the wear resistant coating should
exhibit high hardness (H), low effective elastic modulus (E;), high toughness, compressive
macrostress (< 0), dense and voids-free microstructure (non-columnar microstructure). Such
micro-structural growth is sensitive to two main factors which include high deposition
temperature and negative bias applied. Hence for achieving mentioned properties, crystalline

(fcc) phase Zr-W-N has been selected for further study in the present research work.

It has been noticed that the deposition of wear protective coatings at low temperature (<
200°C) is more feasible for commercial aspects. But the crystalline (fcc) phase Zr-W-N
coatings show sub-optimal mechanical properties at low substrate temperature (< 200°C) in
comparison to mechanical properties (H ~ 23 GPa, E; ~ 118 GPa, W, ~ 80%, H/E; ~ 0.22,
H/E? ~ 1.0) obtained at high substrate temperatures (> 400°C) and also exhibit low thermal
stability. These issues made the basis for further enhancement of physical and mechanical
properties of crystalline phase Zr-W-N coatings either by varying other sputtering parameter
such as negative biasing or by changing the architecture of coatings through substitution of
amorphous non-metal nitride phases like boron nitride, silicon nitride into the film for

achieving optimal performance of coatings.
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7.3 Effect of microstructure features, altered by ions bombardment, on
mechanical properties of magnetron sputtered nanocrystalline fcc phase Zr-
W-N Coatings

Nanocrystalline fcc phase zirconium tungsten nitride (Zr-W-N) coatings have been
deposited on Si (100) substrates by DC/RF magnetron sputtering at 200°C substrate
temperature. The effect of negative substrate bias (-20 V < V< -120 V) on microstructure and
hence on mechanical properties of deposited coatings has been studied in details. The
deposition rate (ap) and substrate ion current density (is) vary non-monotonically with
increasing V.. For -20 V < Vs < -60 V, the ap and is increased from ~ 19 nm/min to ~ 22
nm/min and 5.1E-5 A/cm? to 8.5E-5 A/cm? respectively. With further increase in Vs, ap
decreased up to ~ 17 nm/min and is became constant at 8.5E-5 A/cm? for Vs > -60 V. The
kinetic energy of the bombarding ions increases with increasing Vs and maximum (~ 99 J/cm?®)
Kinetic energy was obtained at Vs = -120 V. The atomic percentages of Zr, W and N in Zr-W-N
coating have not been affected significantly with increasing V. The average elemental
composition of the films is found to be Zry;;WigNgo. XRD patterns revel that the Zr-W-N
coatings form a single solid-solution nitride phase rather than the co-existence of separated
nitrides. The broadening and shifting are also observed in XRD patterns. The microstrain
increases with increasing negative substrate bias Vs. Maximum microstrain (0.017) were
obtained at Vs = -100 V. The TEM analyses confirm that any secondary phases have not grown
except fcc phase Zr-W-N during deposition at higher negative bias voltage. The lattice
parameter and thickness of Zr-W-N films varied non-monotonically with increasing negative
substrate bias. The energetic ions bombardment on the film during deposition induced stress in
the film which was found compressive in nature and increases from -1.7 GPa to -8 GPa with
increasing kinetic energy of the ions. Nanoindentation hardness H and effective elastic modulus
E, of the coating increases as the negative substrate bias goes up. The film deposited at V; = -
100 V exhibit (i) high wear resistance H/E; > 0.1 (ii) high elastic recovery W, > 60% (iii)
compressive macrostress (o < 0) and (iv) dense, voids-free microstructure. Owing to synergetic
contributions of dense structure, preferred orientation, crystallite size and compressive stress, a
maximum wear resistance 0.23 and maximum fracture toughness 2.25 MPa.m*? was obtained

at Vs =-100 V. This indicates that the simultaneous increment of wear resistance and toughness
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is achievable if the negative bias voltage is properly controlled. Therefore, for the deposition of
Zr-W-N system done at low substrate temperature (200°C) and at -100 V bias voltage,
pronounced mechanical properties (H ~ 34 GPa, H/E; > 0.1, W, > 60%, H*/E/* > 0.1, K\c~ 2.25
MPa.m?) has been achieved.

7.4 The effect of microstructure on thermal stability and mechanical
properties of co-sputtered deposited Zr-W-B-N coatings of varying boron

concentration

The effect of microstructure on thermal stability and mechanical properties of co-
sputtered deposited Zr-W-B-N films by DC/RF reactive magnetron sputtering technique on Si
(100) substrates have been studied in detail. The power density of boron target has been varied
from 0.1 to 7.5 watt/cm?® to obtained films of varying microstructure. The B content in the
coatings was varied by varying the power density (0.1 to 7.5 watt/cm?) to the B target. The
influence of the B content on the microstructure and mechanical properties of the Zr-W-B-N
coatings was investigated. Post annealing of the Zr-W-B(7.5 at.%)-N film has been carried out
in vacuum and air up to 900°C to comment on its thermal stability. It has been observed that
films with boron content < 2.3 at.% exhibited (200) preferred crystallographic orientation of
grains and columnar structure. While the films of boron content > 7.5 at.% are columnarless
with crystal phase grain size less than 7 nm and of amorphous-crystalline structure. The
contribution of amorphous phase in microstructure is increases with increasing B content.
Owing to synergetic contribution of microstructure, solid solution strengthening and grain
boundary hardening film with boron concentration ~ 7.5 at.% exhibits maximum hardness (~
37 GPa), wear resistance (H/E; ~ 0.24) and fracture toughness (2.9 MPa.m"?). Zr-W-B(7.5
at.%)-N film retains the fcc (NaCl-Bltype) structure after vacuum annealing at T, = 900°C.
However, film retains the fcc structure during air annealing at T, < 700°C and at T, = 900°C,

full degradation of the Zr-W-B(7.5 at.%)-N film in crystalline monoclinic ZrO, and WO3

phases was observed. The oxygen starts to be incorporated in the film at T, = 500°C and its
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content increases substantially with increasing T,. The film got completely peeled off at T, =
900°C. The hardness (H) and elastic modulus (E;) of Zr-W-B(7.5 at.%)-N film were gradually
affected in vacuum annealing, while a continuous increase in H and E; values was observed in

air annealing.

Hence Zr-W-B(7.5 at.%)-N film deposited at pN2 = 0.13 Pa, T, = 200°C, V; = -100 V
exhibit high hardness and high toughness with high thermal stability
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7.5 Suggestions for future work

The hard and tough Zr-W-N nitride system is a noble system and hence offering many research
activities on this system. With the key processing-structure-property relationships for Zr-W-N
and Zr-W-B-N nitride system developed in the present research thus far, there are several

directions which can be followed to further expand upon this work:

(1) The effect of sputtering process parameters such as various gas compositions of Ar and
N, substrate temperature, post annealing temperature, bias voltage and power density
on the various properties of Zr-W-N and Zr-W-B-N coatings deposited on Si substrate
has been studied thoroughly. However, it is very essential to study the influence of these
parameters on properties of Zr-W-N and Zr-W-B-N coatings deposited on industrial
material, i.e. deposited on AISI M2 steel or WC substrates using DC/RF magnetron
sputtering technique.

(2) The nature of bonding of these transition metal nitride films can be analyzed in detail
using XPS technique as it is important to correlate nature of bonding to elastic modulus
of the films, which enable to develop coatings of optimal performance for tribological
applications.

(3) The influence of different concentrations of boron as well as other light elements like
silicon, carbon and aluminum on physical and chemical properties of Zr-W-N coatings
needs to be study.

(4) The wear resistance of Zr-W-N and Zr-W-B-N coatings such as cavitaion erosion
resistance and silt erosion resistance need to be study to understand the failure
mechanisms.

(5) The coating design space can be expanded to include multilayer architecture of
transition metal nitride films like ZrWwWN/BN or ZrWN/SisN,4 and its effect on various
properties can be studied.

(6) Other properties of Zr-W-N coatings like optical, electrical and magnetic properties can

be examined.
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