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ABSTRACT of SYNOPSIS

ZrN based hard coatings are of great interest in a number of technological applications
due to their improved tribological, corrosion, mechanical and physical properties . Also, the
addition of Al to ZrN has been reported to progressively modify the texture, improve the
resistance against oxidation and also increase significantly the hardness of the films. In the
present work, a systematic investigation is reported on the structural and nanomechanical
properties of thin films of Zr, ZrN and alloyed ZrAIN deposited on (100) Si and D-9 alloy
substrates by pulsed DC magnetron sputtering as a function of substrate temperature and
nitrogen partial pressure. A study has been undertaken to investigate the thermal stability and
thermal expansion behavior of these thin films. Also, the inter- relationship between

microstructures, nanomechanical, and tribological properties of these films is investigated.

Formation of a-phase of zirconium with [001] preferred orientation was noticed in the
temperature range 300-873 K. It was found that crystallite size increased with increasing
temperature. Nanoindentation and microhardness measurements of Zr films showed that the
hardness of the films was in the range 6-10 GPa. Scratch test results indicated that the films
deposited at higher substrate temperature have better adhesion. High temperature Xx-ray

diffraction showed that Zr films were stable up to 773 K.

The effect of substrate temperature and nitrogen flow rate on the growth characteristics,
nanomechanical and tribological properties and phase stability of ZrN films were studied. Only
fcc -ZrN was obtained by reactive sputtering at lower flow rates of nitrogen (< 2sccm). At
higher flow rates of nitrogen (> 2sccm), small amounts of orthorhombic -Zr;N, phase was

formed along with ZrN. TEM studies also confirmed the presence of ZrN along with small

vii



amount of ZrzN4 phase at higher nitrogen flow rates. HTXRD study showed that ZrN films were
stable up to 1073 K. Nanomechanical properties of ZrN films showed peak values of hardness
(H) and elastic modulus (E) for the films deposited at 1-2 sccm flow rate of nitrogen. The effect
of nitrogen flow rate on the nanomechnical properties indicated an enhancement in hardness and
elastic modulus  and showed a peak value for the resistance to plastic deformation (H*/E?) at
lower flow rates of nitrogen. The tribological properties of ZrN thin films were found to be

influenced by the deposition temperature and sliding counter bodies.

Zr1.xAlNy films have been studied with the Al concentration range of 0 < x < 0.36 Al
and it was found that (Zr,Al) N was in solid solution up to 36 at. % of Al. Alloyed films of
ZrAIN exhibited a fcc structure. As the Al content was increased up to 36 at.% , lattice parameter
decreased due to the substitution of Zr by Al of lower atomic radius. HTXRD results of
Zr1xAlNy thin films indicated that the addition of Al improved the phase stability at higher
temperature in comparison with ZrN. The average linear thermal expansion coefficient of
Zr1xAlxNy thin films showed increase in the thermal expansion coefficient with increasing Al
content up to 28 at.%Al. It was also observed that values of hardness and Young’s modulus of
the alloyed ZrAIN films were in the range of 9-18 GPa and 235-365 GPa, respectively.
Tribological studies of ZrAIN thin film showed that the COF of alloyed films of ZrAIN was
lower for the steel ball (100Cr6 steel) than that for the Al,O3 ball up to 36 at. % of Al. However,
no clear trend in the COF was noticed as a function of Al addition. The variations in the
nanomechanical and tribological properties have been discussed in relation with the

microstructures of these films.
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Chapter 1

Introduction




1.1 Introduction

Thin films have been used in many types of engineering systems and have been
adapted to fulfill some of the following functions:

(i) To protect structural materials in high temperature environments

(if) To combat friction and wear

(iii) To prepare micro-electro-mechanical systems to serve as sensors or actuators.

Generally the term “thin film” is applied to layers which have thicknesses of the order
of few micron or less (1 micron = 10°® meters) and may be as thin as a few atomic layers.
Often the properties of thin films are affected by the properties of the underlying material
(substrate) and can vary through the thickness of the film. Therefore there is a critical
thickness for thin films above which the films show properties similar to that of a bulk
material. Thin film deposition process is one in which the overlay material is deposited
atom-by-atom. The resulting film can range from single crystal to amorphous, fully dense
to less than fully dense, pure to impure, and thin to thick. Thin film deposition can be
done in vacuum, plasma, gaseous, or electrolytic environment [1].

Thin film is an effective method to improve the durability of the materials used in the
aggressive environment. By properly selecting thin film method and materials, it is
possible to extend the service life of the substrate material and increase the commercial
value of the products [2]. In this chapter general characteristics of nitrides, transition
metal nitrides, crystal structure of Zr, ZrN and ZrAIN and their applications are

discussed.
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1.2 General Characteristics of Nitrides

By convention, the term nitride is applied to those compounds that nitrogen forms
with elements of lower or about equal electronegativity [3]. The nitrides can be classified
in five general categories, based on their electronic structure and bonding characteristics
i.e., interstitial, covalent, intermediate, saltlike and molecule forming nitride [4-7]. In the
five categories listed above ZrN, alloyed ZrAIN comes under the category of interstitial
nitrides. Three general and interrelated atomic characteristics play an essential role in the
formation of nitrides: (i) the difference in the electronegativity between the element
nitrogen and the other forming nitride, (ii) the size of the respective atoms, and (iii) the
electronic bonding characteristics of these atoms.

Interstitial nitrides are crystalline compounds of a host metal and nitrogen where
the nitrogen atom occupies specific interstitial sites in the metal structure which is
generally close packed. This places a lower limit on the size of the metal atom in order
for the nitrogen atom to fit in the available sites of the metal structure. The metals of the
nine early-transition elements, i.e. titanium, zirconium and hafnium of Group IV,
vanadium, niobium and tantalum of Group V, and chromium, molybdenum and tungsten
of Group VI fit the criteria of size and site availability and form intersistitial nitrides [8].

Transition elements qualify as host structures for interistitial nitrides, since the
ratio of the radius of the nitrogen atom to the radius of the host metal is less than 0.59.
The radii ratio is smallest for the nitrides of Group IV and it is 0.463 for ZrN. There are
two types of interstitial sites in the closed-packed structure of transition metals, i.e., the

tetrahedral sites and the octahedral sites. The nitrogen atom occupies only the octahedral
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sites since the tetrahedral sites are too small to accommodate them. There is one
octahedral site per atom of the host metal [9].

These metal nitrides exhibit varying composition, usually expressed as MNj.x
(M= Metal). This notation shows that the nitrogen content is variable and is the result of
incomplete filling of the available sites. The mononitrides (with the exception of WN)
have a face centered cubic (fcc) structure where the successive layers follow the sequence
ABCABC and the coordination number of the metal atom is 12. The next important
nitrides have M;N composition and these nitrides usually have a hexagonal close-packed
(hcp) structure where the atoms of the first layer are directly over those of the third layer.
It is expressed as ABAB with hexagonal symmetry with a coordination number of the
metal atom of 12. The hcp structure is found in the nitrides of Group V and VI but not in
those of Group IV. Another structure is the simple hexagonal structure (hex) such as that
of tungsten mononitride where the metal atom layers form a sequence of layers AA or
BB. Such structures are not close-packed and do not form octahedral sites. This structure
cannot form if the ratio of the nitrogen/metal atomic radii is small, as is the case in the

ZrN and HfN [9].

1.3 Transition Metal Nitrides

Transition metal nitrides and oxy-nitrides are very attractive compounds because
of their excellent mechanical, thermal, electrical and catalytic properties [8]. For
example, AIN possesses a high electrical resistivity, a good thermal conductivity and
stability up to very high temperatures [10]. These properties make it very interesting

material for microelectronic devices. TiN combines characteristics of both covalent
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compounds, such as extreme hardness and high melting point, and of metallic compounds
such as good thermal and electrical conductivity [11, 12]. TiN is extensively used in
cutting tools and in semiconductor applications [13]. Concerning catalytic activity of
nitrides, molybdenum nitride is known to be active in dehydronitrogenation of pyridine
and on the Al-P-O-N oxynitride catalysts [14]. Massinon et al. [15] have shown that the
substitution of oxygen by nitrogen during nitridation influences surface properties.

Today, thin films such as ZrN, CrN and HfN, continue to draw attention of tool
industry and tools with these coatings are on the market. However, alternative coatings
are also manufactured, by deposition of two or more components to enhance both
hardness and wear resistance. Recently ZrN coatings have been investigated due to their
promising tribological properties. It is reported that mechanical, wear and corrosion
properties of ZrN coatings were better than those of TiN coatings. Thus, they have been
increasingly used in industry for specific applications such as coatings of tools for
machining non-ferrous materials (aluminium or nickel alloys) [16]. Titanium nitride
(TiN) can be easily oxidized above 773 K and this may cause the performance
degradation of TiN coatings on cutting tools or in diffusion barrier application for
microelectronic technology [13].

Recently zirconium nitride (ZrN) has been well recognized due to its lower
electrical resistivity (13.6puQcm at 300 K) and better corrosion resistance among the
transition metal nitrides. Additionally, ZrN suggests better thermal chemical stability
because of higher negative heat of formation (-87.3 kcal/mol) compared with that of TiN
(-80.4 kcal/mol) [17]. ZrN has been considered to be a potential candidate as diffusion

barrier in Cu/Si contacts and a metal gate in MOS devices [18]. Since zirconium has a
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higher melting point, lower vapor pressure, and higher contamination susceptibility by
oxygen and carbon, it is more difficult to deposit ZrN film than TiN or CrN films.

Also, ZrN has been extensively studied for industrial applications as hard coatings
[19-20], diffusion barrier in semiconductor technology [21-23], optical applications for
heat mirrors [24-28] and decorative coatings [29-32] because of their outstanding
properties. The optical and mechanical properties of ZrN have been reported to depend
on nitrogen composition [33-35]. For instance, the stoichiometric ZrN is metallic-like
with a golden color and is a thermodynamically stable phase. ZrsN4, on the other hand is
a metastable phase and is insulating in nature and almost transparent [35]. ZrN is known
to be a good reflective material in the IR wavelength range [36] due to the metallic
structure of the stoichiometric ZrN. Although nitrides are thermodynamically stable, they
are readily oxidized even at room temperature [37-38]. This oxidation or contamination
by oxygen can be a major problem, since it completely modifies the properties and
reactivities of the solids.

It is also reported that the microstructure and properties of ZrN film vary with
different deposition techniques and processing parameters [39-41]. The improvement of a
particular film property (e.g. hardness, chemical inertness) of a binary nitride compound
MN (e.g. TiN, ZrN, NbN, CrN) can be achieved by addition of a third element X (e.g. Al,
B, Cr, Si, Ge) for obtaining a ternary compound [42-52]. Even in small quantity, this
third element plays a decisive role in the modification of chemical bonding, structure and
morphology of the film. In this type of ternary metallic nitride (M—X-N) thin films, the
macroscopic properties (e.g. thermal stability, electrical conductivity, strength or

hardness) are influenced by the microscopic properties of the films as morphology,
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chemical bonding and local composition [53-55]. The formation of a single phase or of a
composite multiphase films depends on the chemical reactivity of the M, X and N atoms
and on the deposition parameters (substrate temperature, nitrogen partial pressure, atomic
fluxes). In the last decades, aluminum based ternary transition metal nitrides, MeAIN and
nanocomposites, MeN/SiNx thin films (Me=transition metal) have been reported mainly
in the field of protective coatings against wear and hot corrosion at high temperatures.
Among the ternary Me—Al-N systems, Ti-Al-N and Cr—AI-N are the most investigated
thin films [56-66], while only a few studies have been dedicated to the Zr-Al-N system
[67]. Lamni et.al. [68- 69] reported on the electronic and mechanical properties of the Zr—
N system as well as on those of Zr—Cr—N and Zr—AI-N systems. Cubic ternary MeAIN
nitrides are metastable compounds; therefore thermal annealing or higher working
temperatures can produce phase separation into cubic MeN and hexagonal AIN phases

which constitute the equilibrium system [70-72].

1.4 Zirconium and Zirconium Based Nitrides
1.4.1 Crystal structure and application of zirconium

Zirconium is a IV"™ -group transition element which is widely employed in
nuclear reactors. Zirconium has hexagonal closed packed crystal structure with primitive
lattice and P63/mmc space group with lattice parameters, a=3.232 A and ¢=5.147 A
(Fig.1.1). At normal pressure and room temperature, bulk zirconium exists in the a-
phase, which has two atoms in hexagonal close packed structure. At normal pressure and

above 1135 K, it transforms to B-phase occurs (bcc structure) [73]. At room temperature
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and at high pressure (above 8 = 2 GPa), an w-phase with three atoms in hexagonal

structure [74] was first reported by Bridgmann in 1952 [75- 76].

Fig.1.1 Zr transformation from a (hcp) = p (bcc) phase at higher temperature [8].

It has been reported that a o— B transition may occur under very high pressure
(30+60 GPa) [77-78]. Most of investigations on the zirconium structures principally deal
with the @ — B [75, 76] or o —  transitions. According to several authors, the latter
shows an important hysteresis and the o -phase has been found to remain metastable at
ambient conditions. Usually, the o phase is obtained by applying hydrostatic pressure in
a diamond anvil cell [78, 82] or under shock loaded techniques [79, 81]. In titanium,
which is a 1V group material close to zirconium, the o -phase has been produced by
heavy ion implantation [83-84]. However, in zirconium, under such treatments, formation

of o -phase was not reported [83]. On the other hand, the o -phase was recently observed
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in some ultra-rapid quenched zirconium-base alloys (Zr-V, Zr-Cr, Zr-Ni, Zr-Co, Zr-Fe)
with solute additions beyond 2.5 at.% [85]. In any case, all these studies were dealing
with bulk zirconium and the occurrence of o -phase has been reported, when chromium
is used as the interlayer in the case of thin films [105].

In the past decades, structural and mechanical properties of bulk zirconium and its
alloys have been extensively studied [86-96]. Since zirconium has superior corrosion
resistance against concentrated nitric acid at elevated temperature, it has been used as a
material for chemical plants to produce nitric acid or spent nuclear fuel reprocessing
plants. Zirconium occurs in more than 30 recognized mineral species and its chemical
compounds, such as oxides and phosphates are often used in refractory applications for
their resistance to thermal shock and for their extremely low thermal conductivity [97].
Good refractory properties of oxides and high hardness and electrical conductivity of
nitrides provide wide scope for these materials for industrial applications [98-103].

Zirconium oxides and nitrides are also widely employed in industry because of
their interesting properties: good refractory properties for oxides and high hardness and
electrical conductivity for nitrides [8]. In that case, knowledge of the initial Zr film
microstructure is of prime importance as it can influence on the reaction and the final
product. The initial structure may be strongly dependent on the conditions used for the
deposition process especially when using non equilibrium growth mechanisms occurring
with highly energetic ion bombardment. Thin films of zirconium oxides and nitrides can
be prepared by the treatment of Zr thin films under oxidizing or nitriding atmospheres
[104]. It was reported that the formation of a -Zr is sometimes hindered by the growth of

o -phase of zirconium films because of the compressive stresses or due to the nature of
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the substrate [105]. Chakraborty et al. [106] have recently reported high in-plane
compressive stress in Zr films deposited by dc magnetron sputtering which is found to
decrease with increasing film thickness.

Zr based hard coatings are of great interest in a number of technological and
medical implant [107] applications due to their improved tribological, corrosion,
mechanical and physical properties. Zirconium and its alloys in bulk and thin film forms
are widely used in nuclear industry and in reprocessing plants owing to their exceptional

resistance to corrosion [108].

Table 1.1 Properties of a - zirconium [8]

Lattice parameter, a and ¢ :0.323 and 0.514 nm
Atomic Number : 40

Atomic weight :91.2

Appearance : Metallic Silver
Melting Point : 2128K

Electrical Resistivity (300 K) : 4210 uQ-cm

Vickers Hardness :0.9 GPa

Density :6.52 g.cm™

Thermal expansion coefficient  :5.7x10° K™’

Also, polycrystalline zirconium films are used in thin multilayers for various
applications such as metallic superlattice formation [94-96]. Zirconium thin films have

been suggested as a diffusion barrier between U-Mo fuel and aluminum cladding in order
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to maintain the integrity of the fuel plates and to prevent fuel plate swelling and possible
rupture during reactor operation [109]. Zirconium and titanium films have been also
deposited on copper substrate to produce neutrons through deuterium-deuterium (D-D)
and deuterium-tritium (D-T) reactions for neutron generator applications [110-111].

Properties of the o - zirconium are listed in Table 1.1.

1.4.2 Zirconium nitride crystal structure and its application

Zirconium nitride has a cubic NaCl crystal structure with face centered lattice, Fm3m
space group and lattice parameter, a is 4.577 A (Fig.1.2). Zirconium nitride (ZrN) thin
films have been widely used in different technological areas [112-115] because of their
interesting properties (high hardness, wear and corrosion resistance, chemical stability,

etc.).

Fig.1.2 Crystal structure of zirconium nitride [8].
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ZrN thin films with their shiny and golden appearance are highly attractive for
applications such as protective and decorative coatings in several industrial and

commercial sectors [116-117].

Table 1.2 Properties of ZrN [8]

Structure - fcc

Lattice parameter (a) - 0.456 nm
Composition : ZrNoss 10 ZrNy o
Molecular weight :105.23
Appearance : Pale yellow
Melting Point : 3253K

Electrical Resistivity (300 K) : 13.6 uQ-cm

Vickers Hardness 115 GPa

Density :7.09 g.cm™

Thermal expansion coefficient  :7.24x10° K™’

ZrN thin films on type 316 LSS have shown excellent compressive residual stress
and mechanical strength resulting in improvement in the fatigue performance of the base
steel [118].Gruss et al. [119] have deposited ZrN coatings by cathode arc evaporation
onto Incoly 825. Klesoglu et al. [120] have reported the influence of high flux ion
bombardment on the corrosion characteristics of ZrN coated on plain carbon steel. A
study of nanocrystalline nitride coatings deposited on high density graphite by DC/RF

magnetron sputtering has been carried out in molten uranium for the cathode processor
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crucible used in pyrochemical reprocessing application [121].The corrosion resistance of
ion plated Zr, ZrN and Zr/ZrN films coated on commercial type 304 stainless steel
investigated by potentiodynamic polarization technique indicated that Zr/ZrN bilayer
showed excellent corrosion resistance than those of Zr and ZrN coatings [122]. Properties

of the zirconium nitride are listed in Table 1.2.

1.4.3 ZrAlIN thin films

Cubic ternary MeAIN (Me-metal) nitrides are metastable compounds; and thermal
annealing at higher working temperatures can produce phase separation into cubic MeN
and hexagonal AIN phases [123-125]. The ternary Zr-Al-N system is an extended system
of ZrN with the addition of Al and is not as well studied as the Ti-Al-N system.
Theoretical studies show that these systems have the largest miscibility gap of the ternary
transition metal aluminum nitrides investigated [126-127]. Cubic-Zr,—xAlkN with NacCl
structure is predicted to be stable for x < 0.50 while an hexagonal structure is
energetically favorable for higher Al contents [126,128]. It is known that ZrN has a lower
coefficient of friction than TiN and other transition metal nitrides, and is relatively hard
[129,130]. However, its poor oxidation resistance hampers a broader range of
applications. The Al addition changes the lattice parameter of Zr-N system and also
improves the resistance against oxidation with significant hardness [131]. Recent
experimental studies have shown that only the face-centered cubic (fcc, NaCl-type)
Zr;AlN solid solution exists for 0 < x < 0.43, and the hardness increases from 21 to 28
GPa when the Al content increase from x = 0 to 0.43 [132]. With further addition of Al,

hexagonal close packed (hcp, ZnS-type) AIN appears and the hardness of the coatings
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decreases. H. Klostermann et. al. [133] deposited Zr,_ AlkN layers in the full
compositional range (x = 0...1) by adjusting the working temperature and pulse times
using reactive pulsed magnetron co-sputtering of aluminum and zirconium targets and
reported no enhanced hardness for Zr;, (AlxN in a range x = 0.3...0.9. However, films
with a fraction of only a few atomic percent aluminum exhibit enhanced hardness up to
30 GPa, which is well above the hardness of ZrN or AIN (25 GPa).

TiAIN and other variants of the alloyed films with Si, C, B, W, and Mo have been
investigated and are considered as cutting-edge wear resistant coatings [134,135].
Ti—xAlN itself forms a nanocomposite structure of nanocrystalline (nc) cubic rock salt
structure of (Ti,AI)N and hexagonal wurtzite structure of AIN in the compositional range
x = 0.5-0.7, which is due to the segregation of AIN once the solubility threshold of Al in
(Ti,ADN is reached or surpassed (x > 0.52) [59].

Fig. 1.3 shows the phase diagram for Zr-Al-N for the Al content in the range of
0-100%. The phase diagram suggests that ZrN based thin films can dissolve up to 40 at.%
of Al and the phase is stable up to 1273 K. Beyond 40 at. % Al, the phase separates into
fcc ZrN and hexagonal AIN. Decomposition of the Zr,_ AlxN solution phase can occur
either by nucleation and growth or by spinodal mechanism [136-143]. The spinodal
mechanism occurs when the second derivative of the Gibbs energy of the solution phase
is negative (‘‘chemical spinodal’”) and the interfacial misfit strain energy is sufficiently
small compared to the demixing energy of the mixed phase (‘‘coherent spinodal’”’). When
the demixing energy is of the order of a few 10 kJ mol™, as in the case of the majority of
metallic alloys and in the Ti;—xAlxN system [144-146], the spinodal mechanism is

possible only when the final, stable phases are coherent [143]. Veprek et. al. [147] have
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reported that for the composition x <0.472, Zr,_,AlN, solid solutions are more stable in
fcc than in hep structure, which is in a good agreement with the experimentally reported

value of x < 0.43. They show that fcc Zr,—,AlN solution coatings should undergo phase
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Fig. 1.3 Isothermal section of Zr-Al-N phase diagram at 1273 K[147].

decomposition into fcc ZrN and fcc AIN. However, considering the relatively large lattice
mismatch between the fcc ZrN and the fcc AIN, the coherent spinodal decomposition
may probably be hindered due to rapid phase transformation from fcc AIN to the stable
hcp AIN. Experimentally, no intermediate fcc AIN has so far been observed in the Zr—
Al-N system.

Among ternary transition metals nitrides, TiAIN and CrAIN films are
investigated, whereas less work on ZrAIN [148] films has been reported so far. It was

pointed out that ZrAIN films can be used as a diffusion barrier between Cu and Si up to
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1073 K. Therefore, it is expected that ZrAIN films can offer better oxidation resistance
than ZrN and provide an alternative as a potential diffusion barrier material. Lamni et al.
[69] studied the chemical composition, crystal structure, optical and electrical properties

of ZrAIN films.

1.5 Thin Film Deposition Methods

Physical vapor deposition (PVD) and chemical vapor deposition (CVD) are the
most common methods for transferring material atom by atom or molecule by molecule
from one or more sources to the growth surface of a film being deposited onto a
substrate. If the vapor is created by physical means without a chemical reaction, the
process is classified as PVD and if the material deposited is the product of a chemical
reaction, the process is classified as CVD. Many variations of these basic vapor
deposition methods have been developed to balance the advantages and disadvantages of
various strategies based on the requirements of film purity, structural quality, the rate of
growth, temperature constraints and other factors. Although CVD is widely used to deposit
many coatings, the high deposition temperature is a major constraint of this method [149].
Especially for tool steels or stainless steels, the high temperature during deposition may
soften the substrate materials, and the coatings fail accordingly. Since 1985, PVD methods
have become popular because lower processing temperature can be used to deposit films on
various substrate materials [150], including metals with low melting points and plastic
substrates. Moreover, tight environmental protection laws have made PVD the favored

deposition process.
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1.5.1 Sputter deposition

Physical vapor deposition is a technique whereby physical processes, such as
evaporation, sublimation or ionic impingement on a target, facilitate the transfer of atoms
from a solid or molten source onto a substrate. Evaporation and sputtering are the two
most widely used PVVD methods for depositing films.

In sputter deposition, ions of a sputtering gas, typically Ar, are accelerated toward
the target at high speed by an imposed electric field. The initial concentration of charge
carriers in the system is significantly increased with an increase in the dc voltage, as the
ions collide with the cathode, thereby releasing secondary electrons, and with the neutral
gas atoms. As critical numbers of electrons and ions are created through such avalanches,
the discharge becomes self-sustaining. The target is referred to as the cathode since it is
connected to the negative side of the direct current power supply. The chamber is
evacuated and then Ar gas, at a pressure of approximately 13.3 Pa (10" torr), is
introduced for the purpose of maintaining a visible glow discharge. The Ar+ ions
bombard the target or cathode, and the ensuing momentum transfer causes the neutral
atoms of the target source to be dislodged. These atoms transit through the discharge and
condense onto the substrate, thus providing film growth.

The number of atoms sputtered per ion known as sputtering yield (S) increases
with ion energy and with decreasing binding energy of the atom to the target. The sputter
yield depends on how close to the surface the Ar loses its energy. For a given ion energy,
the higher the atom density in the target and the shorter the mean free path between
collisions, the higher the yield. It also depends on crystal orientation as well as the mass

ratio. There is a minimum energy for an ion to produce sputtering. S generally increases
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with the atomic number (Z) of target atoms, but there is wide variation because of the
difference in binding energy (Fig 1.4). The surface binding energy for metals is in the
range of 3-9 eV [151-152].

The sputtering yield varies with the angle of incidence, ®, of the ions. As @
increases, atoms near the surface get more energy and have higher chance of being
sputtered. The atoms are sputterd from the target with a range of energies, Stuart and
Wehner [153-154] measured values for Cu sputtered by Hg, Ne, Kr and Xe and shows
that a few atoms are ejected with low energy and few with high energy, but most atoms
have an energy of a few eV. For sputtering with incident ion energy E; < 500 eV ions,
the number of atoms being sputtered with energy E is approximately N(E) ~ E/(E+Ey)?,

where Ej is the surface binding energy [155].
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Fig. 1.4 Surface binding energy curve for different metals [151].
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Several different sputtering methods are widely used for the deposition of thin
films: (i) dc sputtering (also commonly referred to as cathodic or diode sputtering), (ii)
radio frequency (rf) sputtering with frequency of 13.5 MHz, (iii) magnetron sputtering,
where a magnetic field is applied in superposition with a parallel or perpendicularly
oriented electric field between the substrate and the target source, and (iv) bias sputtering,
where either a negative dc or rf bias voltage is applied to the substrate so as to vary the

energy and flux of the incident charged species.

1.5.2 Magnetron sputtering

In the magnetron sputtering, the ion bombardment is well known to modify the
film structure, to improve the film properties and to increase the film density [156-160].
Magnetron sputtering is one of the promising techniques for metal thin film deposition
because of several advantages. The precise control of the grain size in the nanocomposite
films prepared by magnetron sputtering could be achieved by optimizing the process
parameters such as substrate temperature, bias voltage, discharge current, and partial
pressure of reactive gas. To improve efficiency, the magnetron uses a magnetic field to
prevent electrons from escaping the target region before they produce a number of ions.
Magnetrons have three basic configurations: (i) cylindrical [161], (ii) central anode [162]
and (iii) planar [163-164]. In a planar magnetron (Fig. 1.5), the magnetic field (B) is
neither parallel to the target at all points nor does it have constant magnitude; that is B
varies in both magnitude and direction over the target surface. The magnetic field is
usually produced by an array of permanent magnets behind the target. For a circular

target, there is a central magnetic pole (say a north pole) and an annular (south) pole so
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that the magnetic field lines between the poles have circular symmetry. At any point
above the target, the magnetic field can be resolved into a horizontal component parallel
to the target surface and a vertical component normal to the target. The horizontal
component provides the magnetic trapping. The vertical component of B prevents the
electrons from escaping from the magnetic tunnel because of Lorentz force on electrons
moving outward or inward.

low energy electrons
follow B to anode

lons

Anode

P2 Wy
nd ! lA l

Grou I L
Shield ' " 200V

Cooling water

Fig. 1.5 Schematic diagram of a planar magnetron[159].

Initially, the power supplies for magnetrons were simple DC supplies with current
control since the target voltage did not change significantly with increasing power. As
target currents were increased, arcing became a problem, especially in reactive processes.
As a result, new types of supplies have been developed. Arching results from the buildup
of positive charges on an area of the target that is not electrically conducting. This could

be because of an insulating oxide forming on the target surface or embedded in the target.
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An RF source can be applied to a magnetron system to sputter insulating targets.
Conducting targets may also be used with the RF supply, but this only adds complexity.
Insulating targets usually have poor thermal conductivity, so there will be a significant
thermal gradient across the target for high power densities, required for high sputtering
rates. The lowest density target consists of loosely pressed powders. Obtaining high
sputtering rates requires high target powers, however high power RF supplies are

expensive and require a matching network.

1.5.3 Pulsed magnetron sputtering

With the recent advancement in power supplies, pulsed dc magnetron sputtering
process has become an attractive production deposition technology [165-167]. The
technique is capable of reducing the arcing event, which results from charge
accumulation on target surfaces. It consequently prevents the deterioration of film
properties and maintains a stable deposition process. The technique also provides higher
ratios of the fluxes of bombarding ions.

The pulsed-dc power supply can be operated in both symmetric and asymmetric
modes of operation. The bipolar pulsed DC power supplies produce either a bipolar
symmetric or asymmetric pulse. In both bipolar symmetric and asymmetric pulsed DC
power supplies, sputtering takes place from the target during the negative pulse, whereas
discharging of the target surface takes place during the positive pulse. Asymmetric
bipolar pulsed DC is the optimum solution to the target poisoning problem because it sets
up conditions which cause the insulators on the target to be sputtered first and with a

higher sputter yield and eliminates target poisoning. For the asymmetric pulsed DC
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power supplies (Fig. 1.6), the positive pulse voltage is only a fraction of the negative
pulse voltage. The pulse changes from positive to negative without off time. Asymmetric
bipolar pulsed DC technology has been proven to be particularly beneficial for the
enhancement of the film qualities.

A pulsed DC power supply driving a magnetron prevents breakdown by providing
electrons to the target for 1-5 ps and ions for a 40-50 ps. The positive voltage on the
target is typically 5-15% of the magnitude (+40 V) of the negative voltage (i.e. -400 V)
for sputtering and this positive voltage is useful for collecting electrons (Fig. 1.7a).
Because electron has higher mobility, the number of electrons and ions arriving at the
target can be equal so that there is no charge builds up.

An arc detection circuit is often added to these supplies (Fig. 1.7b). If an arc is detected
during the -400 V pulse, the supply immediately applies +40 V to the target to suppress
the arc. Schneider and Sproul [168] reviewed the pulsed DC process and the control of
the reactive sputtering process. Ohsaki et. al [169 ] used a high speed camera to show that
the plasma almost disappeared during the positive pulse. Posadowaki [170] and Scholl
[171 ] have discussed the detailed operation of these pulses. Kelly et.al.[172] compared
DC, pulsed DC and mid frequency supplies for sputtering Al,O3. For DC, there was
considerable arching, and the films were porous with granular structure. The pulsed DC
significantly reduces arcing and the films are dense. Frach et.al. [173 Jused the pulsed
power supply with polarity reversal to suppress arcs. Belkind et.al. [174 ] showed that the

critical frequency to prevent arcs depends on the reverse voltage time.
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Fig. 1.6 A waveform of an asymmetric bipolar power supply.
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Fig. 1.7 (a) A typical pulsed DC wave form applied to a magnetron target relative to
anode. The dotted line is the response of an arc detection and suppression circuit shown

diagrammatically in (b)[168].
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The reactive sputtering is a variant of sputtering to facilitate a chemical
interaction with the sputtered species by adding a reactive gas or gases to the sputtering
system. Although sputtering itself is a purely physical process of ejection of atoms, a
chemical reaction is required to form new material. The chemical reaction may be
controlled to dope the film with the desired concentration of the reactive element. The
chemical reactions take place at the surface of the substrate in the sputtering system.
Surface reactions do not occur unless the N is dissociated and it requires dissociation
energy of 5.2 eV [175]. When N3 is introduced to a plasma such as in the magnetron,
electron collision produce N?*, which are then accelerated to the target to cause
sputtering. Akazawa and Murata [176] measured threshold energy of 40 eV for the
impact dissociation of N** on Pt surfaces. Some of these energetic N atoms will sputter
the target, some will be reflected and some react chemically with the target. The reaction

mostly occurs at a surface in order to conserve energy and momentum.

1.6 Thin Film Growth

The formation of a thin film is accomplished in three stages. The first stage is
nucleation during which small nuclei are formed and are statistically distributed over the
substrate surface. The nuclei thereafter grow in size so that large islands of deposit form.
Eventually the islands coalesce and form a more or less continuous film. In the general
case, we have to treat the condensation from a supersaturated vapor onto a solid, which is
usually of a different material than the vapour. The phenomenon is referred to as

heterogeneous nucleation.
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The Gibbs free energy of the cluster increases initially with size until a critical
size is reached. Above the critical size, growth occurs with a decrease in the Gibbs free
energy. The rate of nucleation is then obtained as the product of the concentration of
critical nuclei and the frequency with which they grow by the addition of one molecule.
The spontaneous formation of nuclei in the bulk of a supersaturated vapor is known as
homogeneous nucleation.

The atomistic model of heterogeneous nucleation involves groups of atoms, such
as dimers to represent the critical nucleus size. Walton, Hirth and Halpern [177] provided
the treatment of nucleation when adatoms are bound to a substrate and move by discrete
diffusion steps. The theory is statistical in nature and describes the nucleation process
when the critical nucleus consists of a very small number of atoms, typically less than 10.
The binding energy of the individual atoms and the substrate is taken into account, and
the clusters of atoms are treated as molecules. A cluster of fixed size is stable in an
interval of supersaturation, which is larger as the cluster size gets smaller. The classical
nucleation theory prescribes a critical size for the nucleus, and this is valid only when the
size of the aggregate is large. Hence, in the atomistic theory of nucleation, the single
nucleus size should be operative over a range of temperatures and atom arrival rate.
Furthermore, when the size of the nucleus is small, its shape does not remain constant as
adopted by the classical theory [177].

Extensive experimental and theoretical studies of deposits at different stages of
growth, have been established and it was reported that there are three distinguishable
modes of nucleation and growth, which can occur. The three basic modes are: (i) island

growth (Volmer—Weber model), (ii) layer by layer growth ( Frank-Van der Merwe
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model) and (iii) layer plus island growth (Stranski-—Krastanov model). A schematic
illustration of each of these modes of growth is illustrated in Fig. 1.8.

In the Volmer—Weber model, equilibrium exists in a three-dimensional crystal of
the film in contact with the substrate, while the rest of the substrate is devoid of any
condensed phase. Nucleation of film occurs in the form of discrete three dimensional
nuclei on the surface of the substrate (e.g. lead on graphite). Both the number of nuclei
and the size of a given nucleus increase. Eventually, the nuclei grow in size until they
intergrow with each other to form a continuous film.

In the Frank and Van der Merwe model, nucleation occurs in the form of
monolayer island of the deposit. Eventually the monolayers grow together to form a
complete continuous monolayer of the deposit. The process repeats itself so that deposit
grows in a layer-by-layer manner (e.g. rare gases on graphite). In this growth, the
interaction between substrate and layer atoms is stronger than that between neighboring
layer atoms. Layer-by-layer growth is hindered by elastic constraints at the solid—solid
interface.

Stransky and Krastanov model combines the features of layer-by-layer growth
and discrete three-dimensional nucleation (e.g. Pb on Ge (111)). In this model, nucleation
and growth occurs as in the layer-by-layer mode so that finite number of monolayers are
produced. Subsequent formation of film occurs by formation of discrete nuclei. The
lattice mismatch between the substrate and the deposit cannot be accommodated when
the layer thickness increases so that the three-dimensional growth follows the layer-by-

layer growth. Alternatively, symmetry or orientation of the over layers with respect to the
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substrate might be responsible for the production of this growth mode. Freund and Suresh

present a detailed thermodynamic analysis of the three modes of growth.
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Fig. 1.8 Thin film growth models (a) VVolmer-Weber, (b) Frank-Van der Merwe and (c)
Stranski-Krastanov model[177].

The actual mode of growth depends on the materials involved, temperature of the
substrate and the degree of supersaturation of the vapor. The transition from two
dimensional to three dimensional growth can be described using the analogy of a liquid
droplet on the surface. If the droplet wets the surface, a continuous 2D film will form,
whereas non wetting surface results in 3D growth. If the thermodynamics of the film and
substrate are considered, the equilibrium growth mode is determined by the relative free
energies of the substrate surface (os), film surface (o5) and the film- substrate interface

(oi) provided that the strain energy in the system is neglected. The island growth is driven
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by a high interface energy and substrate surface energy such that it is more favorable for

deposit atoms to stick together rather than wet the substrate.

1.7 Scope of the Work

In the present work, a systematic investigation is reported on the structural
properties of thin films of Zr, ZrN and alloyed ZrAIN prepared by pulsed DC magnetron
sputtering as a function of substrate temperature and nitrogen partial pressure. A study
has been undertaken to investigate the thermal stability and thermal expansion behavior
of these thin films, since these materials are considered to be used as protective coatings
against wear applications. Also, a detailed correlation between microstructures,

nanomechanical, and tribological properties of these films is investigated.

28 |Page



Chapter 2

Experimental and

Characterisation
Methods




2.1 Introduction

This Chapter gives a detailed experimental procedure in two parts. First part
outlines the details of thin film deposition by magnetron sputtering system, substrate
preparation, target mounting, substrate heating, pre sputtering etc. Second part of the
Chapter describes the principles and experimental procedure of all the characterization

methods that have been used to characterize the thin films in the present work.

2.2 Thin Film Synthesis
2.2.1 Magnetron sputtering system

Thin films have been deposited by pulsed DC magnetron sputtering system. The
sputtering was carried out in a custom built magnetron sputtering system (Fig 2.1(a) and
(b)) which consisted of a stainless steel chamber of 45 cm diameter and 20 cm deep using
Mighty Mak US sputtering gun of 3 inch diameter [178]. A target disc of 76 mm
diameter and 2 mm thickness was used as a sputtering target. The deposition chamber
was evacuated to a base pressure of 8x10™* Pa using a pumping system consisting of a
rotary and turbo molecular pumps (Alcatel, France). The flow rate of Ar (99.99% purity)
was set at 50 standard cubic centimeter per minute (sccm) using MKS make mass flow
controller during the sputtering. Nitrogen gas (99.99% purity) has been used for reactive
sputtering. A RPG-50 asymmetric bipolar pulsed DC power supply (MKS Instruments,
USA) was used as the electrical power source for the thin film deposition.

An experimental flow chart consisting of all the steps followed during the

experiment is given in Fig 2.1 (c).
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Fig. 2.1(a) Schematic diagram of magnetron sputtering system and (b) Sputtering unit
used for deposition.
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Target mounting on to a magnetron cathode

Substrate preparation (Cutting, polishing, ultrasonic

cleaning using water and methanol and air drying)

Is substrate free from dirt? -

| Yes

No

Substrate mounting

Creation of Vacuum inside the chamber (8 x 10 mbar)

Flush argon gas using mass flow controller (50sccm)

Substrate heating (300-873 K)
|

Pre-sputtering of target for about 10 minutes

Reactive sputtering

Yes
Flush the nitrogen gas (0.2-10 sccm)

Deposition of the target material on to substrate using pulsed
DC power supply (100 kHz, 20% duty cycle and 100 W)

No

Phase identification using X-ray Diffraction

No

Desired phase?

| Yes

Property Measurement

Microstructure Thermal Expansion Nanomechanical

Tribological

Fig. 2.1(c) Experimental flow chart.
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2.2.2 Target mounting

Zirconium (purity 99.9%) and zirconium nitride target (purity 99.5%) were used
in the present study and Zr-Al-N thin films were prepared by mounting an Al strip (purity
99.9%) over the ZrN target and in the presence of reactive environment of nitrogen gas
(purity 99.99%). One of the targets was mechanically mounted to a cathode assembly
using conducting silver paste. In the present experimental configuration, the target was
kept vertically upward, while the substrates have been placed on the base plate in the
vertically downward direction. After mounting the target, continuity between target and
the base plate was checked to ensure that there was no shorting. The distance between

target and substrate was kept at 60 mm throughout the experiments.

2.2.3 Substrate preparation and substrate heating

Si (100) and D-9 alloy substrates have been used for the film deposition. Si has
been chosen since it is widely used in the electronic industry, while D-9 alloy is Ti
modified austenitic stainless steel used as clad material in the fast breeder reactor[179]. Si
substrates of size of 10 mm x 10 mm x 0.5 mm were cut from Si (100) wafer and D-9
alloy substrates of the size of 10 mm x 10 mm x 5 mm is cut from a square rod of D-9
alloy. However, no etching treatment for oxide removal was carried out for Si substrate.
The composition of the D-9 alloy has been given in the Table 2.1. The substrates of Si
were cleaned with soap solution to remove any contamination due to dust particle onto
the surface followed by ultrasonic cleaning with water and methanol (CH3OH). D-9 alloy
substrates were polished using successive grade of silicon carbide emery paper followed

by mechanical polishing by oxide dispersed silica suspension.
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Table 2.1 Chemical composition (wt.%o) of titanium modified austenitic stainless
steel (D-9 alloy)

Element | C Ni Cr Mo | Ti Si Mn|P B N Fe

wt.% 0.05|149 14722 |0.18|0.65|1.3 | 0.008 | 0.0015 | <0.04 | Bal

D-9 alloy substrates were also cleaned with soap solution followed by cleaning with
water and acetone. After cleaning, the substrates were dried by a drier and placed onto
the base plate inside the chamber. Si substrates were used for the microstructural study
and for the determination of coefficient of thermal expansion, while D-9 alloy substrates
were used for tribological and nanomechanical studies.

A halogen lamp (800 W, 6.3 A) heater has been kept below the base plate for the
substrate heating. The temperature has been controlled and monitored by externally kept
digital programmable temperature controller unit. The substrate temperature was varied
from 300 to 873 K with accuracy of +1 K. A chromel alumel thermocouple was placed at
the top of the base plate and substrates were kept near to a thermocouple during the
experiments. Preheating of the substrates to a desired set temperature for about 0.5 h was

carried out during all the experiments.

2.2.4 Thin film deposition

Zirconium thin films were deposited from zirconium target of 99.9% purity in
pure argon atmosphere, while zirconium nitride films were deposited by reactive
sputtering in nitrogen and argon gas mixture. Zirconium nitride films was also deposited

using ZrN target. In this case, lower flow rate of nitrogen gas was required during
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reactive sputtering. Zr-Al-N thin films were deposited by reactive sputtering in nitrogen
and argon atmosphere using ZrN target with Al strip mounted over the ZrN target. A

schematic of composite target has been given in Fig. 2.2.

Al
ZrN target
Al strip

| e

With increasing Al area

Fig. 2.2 Composite target used for the deposition of alloyed films of ZrAIN.

The composition of ZrAlIN thin films was varied by varying the Al strip area.The
flow rate of argon (99.99% purity) and nitrogen (99.99% purity) was controlled in such a
manner that the total flow rate inside the chamber was at 50 standard cubic centimeter per
minute (sccm) using a MKS make mass flow controller during the sputtering. Table 2.2
lists typical ranges of process and pulsed power supply parameters used for the

deposition of Zr, Zr-N and Zr-Al-N thin films.
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Table 2.2 Typical experimental parameters for deposition of Zr, ZrN and alloyed

ZrAlIN thin films

Base pressure ~8% 10" Pa
Operating pressure 7.5%10 ' Pa
Substrate temperature 300873 K
Pulse power 50-125 W
Duty cycle 10-40%
Pulse frequency 50-200 kHz
Argon flow rate 50-40 sccm
Nitrogen flow rate 0-10 sccm
Substrate to target distance | 60 mm

The deposition chamber was evacuated to a base pressure of about 8 x 10~ Pa
and working pressure was kept constant at 7.5x10~* Pa for all the experiments during the
sputtering.

Before the deposition of the films, pre-sputtering of the target was carried out for
10 minutes in the argon atmosphere to remove the surface contamination of the target.
During this process a shutter was placed in between target and the substrate, to avoid
film deposition during pre-sputtering. The deposition conditions used for Zr, ZrN and
alloyed ZrAlIN films are presented in the respective chapters.

2.3 Characterisation Methods

2.3.1Thickness measurement

There are many methods such as profilometer, spectroscopic reflectrometer and

ellipsometer etc, by which thickness of a film can be measured. In the present work,
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thickness of the films were measured by a profilometer (DEKTAKG6M-stylus profiler),
and the method is useful to measure a thickness in the range of 20 nm-1mm with 1 nm
accuracy. To measure the thickness of the film, a step was created using a mask. The tip
of the stylus was moved on the surface across the step. The step size was measured by

taking the difference between the height of coated and uncoated regions of the sample.

2.3.2 X-ray diffraction

X-ray diffraction is a non destructive technique used to identify phases, texture,
strain, defects, crystallite size etc. of the crystalline materials.

The physical state of the crystalline materials can be loose powder, thin films and
bulk materials.  X-ray diffraction pattern provides information on intensity and
diffraction angle. In the diffraction pattern, 2 6 represents the angle of diffraction of a
particular plane from which the d-spacing as well as lattice parameter can be derived. The
angle (20) at the maximum diffraction intensity is related to the lattice spacing (d) of the
diffraction (hkl) plane and the wavelength A by Bragg’s law,

nA=2dsing...........eel 20

The lattice parameter of bulk and thin film at various parameters were refined by
the method of least square fitting using the unit cell program [180]. The basic equations
used for calculating lattice parameter for cubic and hexagonal phases of Zr based thin

films are given in equations 2.2 and 2.3 [181], respectively.

1 ‘2+k2+|2‘

—2: 2 Y 22

d a

2 2
hk
%_ﬂ[‘* 2+k%+'—2 ................................. 2.3
3

d a c

37|Page



X-ray peaks have been fitted with Gaussian profile and the unit cell program
[185] was used for the calculation of lattice parameter. The full width at half maximum
(FWHM) values of the peak has been used for crystallite size determination.

The crystallite size was calculated using the Scherrer’s formula [182-183]:

D= A 24

2 2
cose b _

where A is the wavelength of the X-rays used, k is the correction factor, 0 is the
diffraction angle, B is the full width at half maximum (FWHM) of a reflection of the
film, and b is the FWHM of the instrumental broadening. The instrumental broadening
was corrected using standard silicon powder received from National Physical Laboratory,
New Delhi. However, broadening due to strain was not considered.

It is also possible to get the qualitative value of the preferred orientation by
monitoring the intensity ratio of strong reflections of the phases present in the XRD

pattern. The value of texture coefficient (Tc) can be calculated using the equation 2.5 [181]:
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Where n, the total number of reflections; Im (hkl) is the reflected intensity from hkl

Texture Coefficient (TC): —————— ... i, 2.5

crystallographic planes in the textured specimen and lo (hkl) is the standard intensity.
Structural properties of the films were characterized by X-ray diffraction

equipment using an INEL XRG-3000 Diffractometer with glancing angle of incidence

() of 5¢ using Cu Koy (1.5406 A) radiation. Sample was loaded onto a holder and

spinned during the experiment to collect the data from whole sample. Curved position
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sensitive detector was used to collect the diffracted data in the 20 range of 10 to 90° with
an angular resolution of 0.0125 °. Residual stress present in the film also can be measured
using Sin*y technique [181], however in the present study this method has not been
followed to measure the residual stress and only qualitative values are presented in this

study based on the shift in the d- spacing.

2.3.3 High temperature x-ray diffraction

High temperature X-ray diffraction (HTXRD) is used to study phase stability and
to determine the coefficient of thermal expansion (CTE) of the thin films. HTXRD
experiments were carried out using an INEL XRG — 3000 diffractometer with glancing
angle incidence (w) of 5° and Cu K, radiation (Fig. 2.3). Buhler HDK 2.4 high
temperature camera with tantalum as a heating holder was used for the high temperature
measurements in the two theta range 20 to 90° at 2.8 x 10 mbar with the heating rate of
10 K/min, with a step size of 100 K from room temperature to 1373 K. After reaching
the desired temperature, equilibration time of 3 minutes was provided to ensure the
stability of the temperature and then data was acquired for about 15 minutes. Samples
were kept on a tantalum base and was heated in the temperature range of 300-1373 K
and XRD patterns were recorded simultaneously. After heating up to 1373 K, samples
were cooled to room temperature with a rate of 50 K/min. Lattice parameters were
calculated from HTXRD pattern and from the lattice parameter data, average and
instantaneous coefficient of thermal expansions were determined using equations 2.6 and

2.7 respectively [169,184].

_ 1 ar " arr
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Where a, is the average thermal expansion coefficient, ar and arr are the lattice parameter
values at temperature T and room temperature (RT), respectively and o; is the
instantaneous thermal expansion coefficient along a axis, ar; and ar, are the lattice

parameter values at two consecutive temperature Tiand T, respectively.

Fig. 2.3 X-ray Diffractometer used for XRD analysis.

2.3.4 Electron probe micro analyzer

An electron probe micro-analyzer (EPMA) is a microbeam instrument used
primarily for the in situ non-destructive chemical analysis of solid samples. In this, a
beam of electrons strikes the specimen surface, interacting with atoms of the specimen to

produce x-rays, by measuring the wavelength and intensity of the x-rays produced, it is
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possible to determine the elements present in the specimen and their concentration. The

general design of the EPMA has the following main components:

(N Electron optics to produce a small-diameter electron beam. This consists of an
electron gun plus electron lenses.

(i)  One or more x-ray spectrometers to measure the wavelength and intensity of the
characteristic x-ray radiation produced.

(iii) A light microscope to locate an area in the specimen to be examined.

The electron microprobe is capable of carrying out chemical analysis over the
complete concentration range from 0.1 to 100% with an acuuracy of + 2% and sometimes
+ 1%. With adequate care in measuring the x-ray intensity and appropriate corrections
applied, it is possible to obtain the concentration of the elements with better accuracy.

Microchemical analysis of the films and wear tracks were carried out using a
Cameca SX50 electron probe micro analyzer (EPMA) operating at an accelerating
voltage of 20 kV and a beam current of 20 nA. X-ray generation volume was restricted to
1 um. A LiF crystal was used for detecting Fe Ko, Ni Ka and a pseudo crystal PC2 for O

Ka, N Ka and C Ko

2.3.5 Scanning electron microscope

A scanning electron microscope (SEM) is a type of electron microscope that
produces images of a sample by scanning it with a focused beam of electrons from a
tungsten filament or a field emission gun. These electrons interact with electrons in the
sample, producing a variety of signals at the surface of solid specimens that can be

detected.
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The signals that derive from electron-sample interactions contain information
about the sample including surface topography, chemical composition, and crystalline
structure. XL30 ESEM Philips scanning electron microscope (SEM) fitted with an energy
dispersive analysis by X-rays (EDAX) (Fig. 2.4) and a SUPRA 55 Carl Zeiss field
emission scanning electron microscope (FESEM) were used to analyze the surface

morphology of the films.

Fig. 2.4 Scanning electron microscope used for characterization.

2.3.6 Atomic force microscopy

Atomic force microscopy (AFM) is a nondestructive surface characterization
technique, used to analyze the surface morphology, from a few angstroms to micron
ranges. Unlike that of scanning tunneling microscope (STM), the AFM technigue can be
used to analyze conducting as well as insulating materials. The main advantage of AFM
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is to analyze the surface at ambient condition, without any special sample preparation
[185].

In an AFM instrument, a cantilever tip is used to scan the sample surface, while
maintaining a constant force (can be attractive or repulsive) between sample surface and
tip. The tip radius determines the resolution limit of AFM instruments. Laser light is
allowed to fall onto the tip and the deflected laser light is detected by a photo diode. As
the cantilever moves across the sample surface, the tip is deflected in z direction in order
to maintain a constant force. The deflection in tip results in a deflection in the laser light
which in turn is converted to digital signals to form an AFM image.

An AFM instrument can be used in different modes: (i) contact mode, (ii) non-
contact mode and (iii) tapping mode [186-187]. In contact mode, when the distance
between the cantilever tip and the sample is about a few angstroms, the force is repulsive.
In the non-contact mode the cantilever is held at some tens of angstroms from the sample
surface by Vander waals forces. Tapping mode images are produced from the force of the
intermittent contacts of the tip with the sample surface.

All the images were taken using a Nanoscope E Digital instrument (INC, USA) in
the contact mode. A diode laser was used as a light source, a photo diode as detector and
a cantilever made up of SigN4 with tip radius of 20 nm. Surface roughness was not
measured after wear study because of the debris and uneven tribolayer formation which

can pose problem to the AFM tip.

2.3.7 High resolution transmission electron microscopy
When electron beam in transmission electron microscope (TEM) incidences onto

a crystal, the beam is diffracted at certain angles satisfying Bragg’s law. The diffracted
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beams are collected at the back focal plane and observed as electron diffraction pattern.
In electron microscope analysis, when transmitted beam is selected to generate images it
is called bright field (BF) image, while the diffracted beam is selected it is called dark
field (DF) image [188-189].

When more than two beams are used to form electron microscopic images (using
a large objective aperture), the mode is called high resolution transmission electron
microscopy (HRTEM). As the images are formed due to the phase difference between
transmitted and diffracted beam, HRTEM is also called phase contrast microscopy [189].
As the sample is very thin, only phase of incident electron wave gets changed, whereas
amplitude remains constant.

The instrumentation of the HRTEM consists of following parts: electron gun,
condenser lens, objective lens, magnification and projection systems and detector.
Electron beam produced by the gun is focused onto the sample of ~ 100 nm thickness
using a condenser lens. The electron beam passes through the sample and the image is
formed and recorded on a photographic film or is captured in digital form. The image that
is formed is not the atom position; rather it corresponds to the projection of atoms. The
contrast in HRTEM is strongly dependent on the sample thickness.

For plane view analysis, films deposited on Si substrates were cut into a
dimension of 2 mm x 2 mm x 0.5 mm. The samples were thin down from the opposite of
the film side to around 30 pm by grinding followed by dimpling. Then the samples were
ion milled using and ion miller (Technoorg Linda IV 4 ion miller) up to electron
transparency. Extreme care was taken to remove the surface damage induced by the high-

energy ion milling by low energy ion milling in a Technoorg Linda IV 6 Gentle Mill.
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Fig. 2.5 JEOL 2000 EX Il High resolution Transmission Electron Microscope.

For transmission electron microscopy (TEM) study, a few of the samples of Zr,
ZrN and Zr-Al-N of thickness ~50 nm were also deposited at 673 K on KCI crystal in
argon and reactive environment of nitrogen. The films deposited on KCI crystal were
dissolved in distilled water and some portions of the films were collected on holey carbon
coated copper grids. In addition to this, a few samples were directly deposited on holey
carbon coated copper grids at 673 K. Typical films thickness was kept about 80 nm based
on the deposition rate calculated for the Zr, ZrN and alloyed ZrAIN film deposition.
These samples were seen directly in HRTEM without any additional sample preparation

steps.
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HRTEM studies were carried out in a JEOL 2000 EX Il (T) (Fig. 2.5)
transmission electron microscope having a point resolution of 0.19 nm at an operating
voltage of 200 kV. Phase identification was made from high resolution digital images by
calculating power spectra from ~ 10 nm wide crystalline regions and analysing them

from inter-planar spacings and angles.

2.3.8 Raman spectroscopy

Raman spectroscopy is a nondestructive technique, used to identify the structure,
symmetry, crystallinity and phase of material [190]. Raman spectroscopy deals with the
inelastic scattering of light with material, resulting in a difference in incident and
scattered energy. In Raman spectroscopy, the scattered light is observed in perpendicular
direction to the incident light. Scattered light consists of two types of light: (i) light due to
Rayleigh scattering, where the frequency is same as that of the frequency of incident light
(vo) and (ii) Raman scattering where the light frequency is either greater or lesser than
that of the incident light. In Raman spectroscopy, the shift in frequency from that of the
incident frequency is measured. The shift in the frequency (Av) in Raman spectroscopy

can be written as

Where vo — vip and vo + vy lines are called the Stokes and anti-Stokes lines, respectively
[191].

Raman spectroscopy was performed using a spectrometer (HR 800, Jobin Yvon,
France) with spectral resolution of 1 cm™ equipped with 1800 grooves/mm holographic

grating. The samples were placed under an Olympus BXFM-ILHS optical microscope
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mounted at the entrance of the Raman spectrograph. Argon ion (Ar”) laser of wavelength
488 nm and 514 nm (depending on material) was used as an excitation source. The laser
spot size of 3 mm diameter was focused tightly on the sample surface using a diffraction
limited (numerical aperture = 0.25 at 10x) long distance objective. The laser power at the
sample was kept at 15 mW. The slit width of the monochromator was 400 um. The back
scattered Raman spectra were recorded using supercooled (~383 K) charge-coupled

device (CCD) detector.

2.3.9 X-ray photo electron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic technique
that can be used to analyze the surface chemistry of a material. It measures the elemental
composition, chemical and electronic state of the elements that exist a material. XPS
spectra are obtained by irradiating a material with a beam of X-rays while simultaneously
measuring the kinetic energy and number of electrons that escape from the top 1 to 10 nm
of the material being analyzed. XPS requires ultra-high vacuum (UHV) conditions.

XPS was carried out in a SPECS spectrometer operating at an anode voltage of
13 kV and power level of 300 W. Monochromatic Al Ka was used as the primary source
with an energy of 1486.6 eV at base vacuum better than 2.9 x 10 mbar. Ar ions at 5 kV
and 50 pA were used for sputtering the specimen surface. Spectra were collected using
Specs Lab2 data analysis software and de-convolution of the spectra was performed using

CASA XPS system (version 2.3.13Dev30).

47|Page


http://en.wikipedia.org/wiki/Photoelectron
http://en.wikipedia.org/wiki/Spectroscopy
http://en.wikipedia.org/wiki/Surface_science#Surface_chemistry
http://en.wikipedia.org/wiki/Chemical_state
http://en.wikipedia.org/wiki/Electronic_state
http://en.wikipedia.org/wiki/Spectrum
http://en.wikipedia.org/wiki/X-ray
http://en.wikipedia.org/wiki/Kinetic_energy
http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Nanometre
http://en.wikipedia.org/wiki/Ultra-high_vacuum

2.3.10 Nano-indentation

Nano-indentation is used for measuring the mechanical properties at nano scale.
In a traditional indentation test, an indenter is pressed into a sample with a known load
and is subsequently removed [192-193]. The hardness is then defined as load divided by
indentation area, which is the resistance of the material to plastic deformation. But in
nano-indentation instrument, load and displacement of the indenter are continuously
recorded as the indenter is driven into the sample and removed from it. This technique is
widely used for determining the mechanical properties of thin films, coatings, embedded
phases, and patterned structures [194-195]. In nano-indentation instrument, the loads are
applied electro-magnetically, electro statically or by deflection of a spring. A capacitance
gauge or linear variable differential transformer (LVDTSs) is used to measure the
displacement. The most commonly used tip in the nano-indentation is the Berkovich
tetrahedral indenter, which delivers a sharp and axis-symmetric indentation. The typical
indentations have depths of 10 to 20 nm and these appear as equilateral triangle with
curved sides.

The main purpose of the nano-indentation would be to measure the load - dis-
placement relationship, which can give much information such as Young's Modulus and
hardness. The load (P) and indentation displacements (h) are measured during both
loading and unloading cycles [196]. In the load-displacement curve, the unloading is
generally assumed as purely elastic region. There are three important quantities that must
be measured from the load displacement curves (P-h curves). The maximum load (Pmax),
maximum displacement (hmax), and stiffness (S = dP/dh), equaling the slope of the upper

portion of the unloading curve are determined. Measurement of the properties of thin film
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on a substrate is a challenging task as the information volume needs to be free from
substrate influence. This is achieved by restricting indentation depth to a value of 10% of
film thickness. The unloading is a totally elastic recovery process, so the Young's
Modulus can be calculated from the unloading curve. The unloading stiffness, S is
proportional to the modulus. Therefore, the steeper the unloading curve is, the larger the
modulus is. The hardness of the material in general increases as the modulus increases.

Resistance to plastic deformation behaviour is typically characterised by a long
elastic strain to failure, which can be described in terms of the ratio between the hardness
(H) and the elastic modulus (E). It has been recognised by several authors that the
ranking of materials according to their H/E ratio can provide extremely close agreement
to their ranking in terms of wear [197]. For thin films toughness cannot be measured
directly, various authors report H/E ratio as a ranking parameter since Oberle’s early
study [198-200]. In addition to the ratio, H/E determination of H*/E? is also considered
to evaluate the resistance to plastic deformation from the values of H and E [201].

In this work, indentation hardness and modulus studies were performed using a,
nanoindenter (CSM, Switzerland) at a loading rate 10 mN/min and unloading rate 10

mN/min for all samples.

2.3.11 Scratch testing

Micro scratch tester (CSM, Switzerland) has been used for characterising the
surface mechanical properties of thin films, e.g. adhesion and deformation. The scratch
tester characterises the film- substrate system and quantify parameters such as friction

and adhesive strength. The technique involves generating a controlled scratch with a
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sharp tip on a selected area. The tip material (commonly diamond or hard metal (WC)) is
drawn across the coated surface under a constant, incremental or progressive load ( Fig.
2.6). At a certain critical load the film will start to fail. The critical loads are very
precisely detected by means of an acoustic sensor attached to the load arm but can also be

confirmed and collated with observations from a built-in optical microscope.

Applied Normal
Force FN

Diamond Stylus l

.
1

Progressive Damage \\_\‘ Csoe:&rtug on
Along Scratch x ubstrate
Track =

Specimen Horizontal
Displacement (dx/dt)

Fig. 2.6 Scratch test method schematic.

The critical load data is used to quantify the adhesive properties of different film-
substrate combinations. In addition to acoustic emission, the scratch tester measures the
applied normal force, the tangential force and the penetration depth. These parameters,

together with the acoustic emission data, provide the mechanical properties of the film.

2.3.12 Tribometry
Tribometer determines the magnitude of friction and wear as two surfaces rub
together. A spherical probe is placed on the test sample and loaded with a precisely

known weight. The sample is either rotating or reciprocating in a linear track. The
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resulting frictional forces acting between probe and the sample are measured. The friction
coefficient is determined during the test by measuring the deflection of the elastic arm.
Wear coefficients for the pin and disk materials are calculated from the volume of
material lost during the test. This simple method facilitates the study of friction and wear
behaviour of almost every solid state material combination with or without lubricant.
Furthermore, the control of the test parameters such as speed, frequency, contact
pressure, time and environmental parameters (temperature, humidity and lubricant)

allows simulation of the real life conditions of a practical wear situation.

Pin control module

Loading head

Specimen
Load balance @ O N

Contacting interface pin Motor head

Fig. 2.7 Experimental set up for tribological study.

The linear tribometer reproduces the reciprocating motion, typical of many real world

mechanisms. The instrument measures (Fig. 2.7) a friction coefficient for both the

51|Page



forward and backward displacement of the stroke and the software generates data on
Hertzian pressure, static partner and sample wear rates. The reciprocating technique is
also very useful for studying the variation over time of the static coefficient of friction.
Ball-on-disc CSM micro-tribometer (Switzerland) was used to investigate the wear
behavior of the coated and uncoated samples. Three counter bodies namely steel, alumina
and silicon nitride ball, with 6 mm diameter, which were loaded with a normal force of
1 N. The tested specimen was slid against the ball at a velocity of 1 cm/s for 1000 cycles.
The experiments were performed in ambient and unlubricated condition with relative

humidity of 64 to 80 %.
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Chapter 3

Synthesis and
Characterisation of

Magnetron Sputtered Zr
Thin Films




3.1 Introduction

Zirconium (Zr) with hexagonal close packed crystal structure (a-Zr) at room
temperature is widely used in nuclear industry and in reprocessing plants owing to its low
neutron absorption cross section and its exceptional resistance to corrosion [108].
Structure and mechanical properties of bulk zirconium and its alloys have been
extensively studied [86-93]. Though zirconium films have been suggested for different
applications [202], only very few studies are reported.

Studies on deuterium and tritium as substitutes for hydrogen in metallic hydrides
are of considerable interest for the development of solid targets for the production of
neutrons in the *H(d, n)®He and *H(d, n)*He reactions using low-energy (100 kV)
accelerators [203]. Characteristics of solid targets such as lifetime, thermal stability,
neutron yield, average energy and energy spread of neutrons have been investigated
extensively [204-220]. Zirconium and titanium films on high thermal conductivity
substrate (Cu, Mo, Ag, Al, W) have been used as deuterium and tritium absorbing metals.
These targets have been used for neutron production studies and measurement of its
energy [110], calibration of detectors [111] etc. An optimum thickness of target is an
important point to access suitable lifetime and maximum neutron yield [221-222].

Basic knowledge of the initial Zr film microstructure is of prime importance as it
can influence the reaction and the final product when it is deposited on substrates.
Experiments were carried out to see the effect of pulsed DC power supply parameters
over the microstructure of thin films. For this purpose Zr films were deposited on a Si

(100) substrate and the effects of pulse parameters have been studied.

54|Page



In the present work, the effect of substrate temperature on the growth
characteristics of zirconium films prepared by pulsed DC magnetron sputtering is
investigated. The effect of substrate temperature on the surface morphology,
nanomechanical and tribological properties is also reported. Results on the scratch test on
these films are also presented since it is a widely used method for investigating adhesion
of the films with the substrates [223-225]. These data are necessary for the development

of Zr films for the applications discussed in Chapter 1.

3.2 Pulse Parameters of Pulsed DC Magnetron Power Source

Zirconium target of 99.9% purity was used to deposit zirconium films of
thickness in the range 1.2-1.5 um on to Si (100) substrates with native oxide film. Some
of the films for measurement of nanomechanical properties were deposited on titanium
modified austenitic stainless steel (D-9 alloy), whose composition is given in Table 2.1.
Si was chosen because of its wide application in electronic industry, while D-9 alloy is
used as a clad material in breeder reactors.

The effect of pulse parameter and substrate temperature on microstructural
properties was studied. During the sputtering, negative pulses were applied to the target,
and the duration of pulses can be adjusted by varying the duty cycle of the pulse. Duty
cycle can be defined as the ratio of on time and total time of the pulse. Duty cycle, pulse
frequency and pulse power were varied to study the effect of these parameters on the
microstructure of Zr films.

The effect of substrate temperature on nanomechanical and tribological

properties was also measured. The microstructural characterization of Zr films was done
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using XRD, AFM, SEM and HRTEM. HTXRD was used to study the phase stability at
higher temperature. Hardness and elastic modulus were determined by nanoindenation
study. Adhesion of the films was tested with scratch tester and tribological studies were
carried out using micro tribometer.The deposition conditions and pulse parameters used

in the present investigations are given in Table 3.1

Table 3.1 Experimental parameters for deposition of Zr thin films

Base pressure 8x 10 * Pa
Operating pressure 7.5x10" Pa
Target voltage 205-230 V
Substrate temperature 300-873 K
Pulse power 100 W

Duty cycle 20%

Pulse frequency 100 kHz
Argon flow rate 50 sccm
Substrate to target distance | 60 mm

3.3 Results

In the following section, firstly, the effect of some important pulse parameters of
the pulsed DC power supply is briefly presented. Secondly, the synthesis and properties
of the Zr films prepared at fixed pulse parameters are discussed as a function of substrate
temperature.
3.3.1 Effect of Pulse Power Supply Parameters

In this section, the effect of pulse frequency, duty cycle and pulse power on the

microstructure of Zr films deposited at 773 K is investigated.
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3.3.1.1 The role of pulse frequency

Fig.3.1 (a) shows XRD patterns of a-Zr films deposited on D-9 alloy substrate at
773 K and at various pulse frequencies (50, 100, 150, 200 kHz) and constant pulse power
and duty cycle of 100 W and 20%, respectively. XRD pattern shows that films are
polycrystalline in nature and all the reflections are from o-Zr. For the calculation of
crystallite size (002) and (101) reflections have been considered at different pulse
frequencies and it is found that, the crystallite size decreases more rapidly above 100 kHz

of pulse frequency (Fig. 3.1(c)). The deposition rate also decreases as pulse frequency

increases (Fig. 3.1 (b)).
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Fig. 3.1 (a) XRD pattern of Zr thin films as a function of pulse frequency, (b) Deposition
rate and (c) Crystallite size versus pulse frequency.

3.3.1.2 The role of duty cycle

Fig. 3.2 (a) shows XRD patterns of a-Zr films deposited on D-9 alloy substrate at
773 K and various duty cycles (10%, 20%, 30% and 40%) at constant pulse power of
100 W and constant pulse frequency of 100 kHz. It is noticed that all the reflections
present in the XRD pattern belongs to a-hcp phase of Zr. The crystallite size was
calculated using (002) reflection and is found to be decreasing with increasing pulse
width. The XRD results also indicate that crystallinity decreases with the increase in the
duty cycle (Fig. 3.2(c)). It is also noticed that the deposition rate increases with increase

in duty cycle (Fig.3.2 (b)).
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Fig. 3.2 (a) XRD pattern of Zr thin films as a function of pulse width, (b) Deposition rate
and (c) Crystallite size versus duty cycle.
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3.3.1.3 The role of pulse power

Fig. 3.3 (a) shows the XRD pattern of Zr thin films deposited on D-9 alloy
substrate at 773 K at pulse power of 50, 75, 100 and 125 W, at constant frequency of 100
kHz and constant duty cycle of 20%. Fig. 3.3 (c) demonstrates the qualitative dependence
of the crystallite size on the pulsed DC power. It is also noticed that the crystallite size
and deposition rate (Fig.3.3 (b) & (c)) increases with increasing power. Crystallite size
was calculated using Scherrer’s formula for the (002) and (101) reflections of the Zr
pattern obtained as a function of different pulse power.

Based on preliminary experiments carried out as a function of pulsed DC power
supply parameters, we found that films were crystalline in nature. In all the cases
substrate temperature was kept constant at 773 K. We also noticed that except crystallite
size change there was no significant change in the surface morphology based on SEM
and AFM micrograph. All the films were smooth and no cracks were noticed.
Nanoindentation measurement also indicate that the hardness of the film was about 6-8
GPa as a function of pulse frequency and duty cycle variation. It was decided to keep the
pulse frequency, duty cycle and pulse power values as 100 kHz, 20% and 100 W,
respectively for all the depositions since these values were appearing in the mid range of
the respective power supply parameters. The deposition was carried out for a constant

duration of 30 minutes.
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Fig. 3.3 (a) XRD pattern of Zr thin films as a function of pulse power, (b) Deposition rate
and (c) Crystallite size versus pulse power.
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3.3.2 Microstructural Characterisation

Fig. 3.4 shows the XRD pattern of the films deposited on Si and D-9 alloy
substrates in the temperature range 300-873 K. The films are generally polycrystalline in
nature and are crystalline even at room temperature. ‘Unit cell program’ has been used to
calculate the lattice constant of the films and all the peaks have been considered for the
determination of the lattice parameter. The lattice parameters, a and c are found to be in
the range 3.238-3.253 + 0.002 A and 5.157-5.21 + 0.002 A, respectively in the
temperature range 300-873 K (Fig. 3.5). Though the deposition time of 30 minutes was
followed in all the experiments, there was reduction in the thickness deposited on D-9
alloy than that on Si substrate. Therefore, in some cases the substrate peaks were noticed.

Though the variation in lattice parameter, a is significantly small (<1%), the
lattice parameter, c increases slightly resulting in the overall increase in the unit cell
volume expansion with substrate temperatures > 673 K. The crystallite size was
calculated using (101) and (002) reflections, since these are the dominant peaks in the
diffraction pattern and the variation in the crystallite size corresponding to both the
reflections is shown in Fig. 3.6. It is clear that the crystallite size of the films determined
using Scherrer’s equation shows a similar trend for both (101) and (002) reflections. For
instance, the crystallite size of Zr deposited on D-9 alloy substrate corresponding to (101)
reflection increases from ~14 nm to 44 nm with the increase of substrate temperature up

to 773 K and there is a decrease in the crystallite size at 873 K.
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Fig. 3.4 XRD pattern of Zr films deposited on (a) Si substrate and (b) D-9 alloy
substrates as a function of substrate temperature.
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Fig. 3.6 Variation of crystallite size of Zr thin films deposited on D-9 alloy substrate as a
function of substrate temperature.
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The crystallite size calculated for films deposited on Si substrates also showed a
similar trend. However, the average crystallite size is higher with metallic D-9 substrate
compared to that obtained on semiconducting substrate such as Si.

There is also a change in the preferred orientation of the films with increasing
substrate temperature and is qualitatively calculated from the texture coefficient of (002)
and (101) reflections. The film deposited at 300 K shows predominantly [001] orientation
as it is evident from the higher intensity of (002) reflection and it is noticed that with
increase in the substrate temperature, [001] orientation decreases slightly. Fig. 3.7 is a
histogram describing the interrelationship between the texture coefficient and the

substrate temperature.
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Fig. 3.7 Variation of the texture coefficient of Zr thin films deposited on D-9 alloy
substrate as a function of the substrate temperatures.

Surface morphology of the films was examined in SEM and a typical surface
morphology of the film deposited at 773 K on Si substrate (Fig. 3.8 (a)) indicated that the

film has a uniform granular structure. A typical cross-sectional image shown in Fig. 3.8
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(b) for the film deposited at 773 K, revealed a uniform film thickness and a columnar

structure.

Fig. 3.8 Zr thin films deposited at 773 K on Si substrate (a) SEM micrograph and (b)
Cross sectional image.

AFM images (Fig. 3.9) showed an increased crystallite size with increasing
substrate temperature in the range 300-773 K. There is a clear change in the morphology
of the crystallites as a function of the substrate temperature. The crystallites are small and
the film is porous at temperatures less than 773 K, while the films contain hexagonal
shaped crystallites at 773 K. These crystallites appear to grow along the surface normal to
the substrate surface (c-axis oriented) in accordance with the x-ray analysis. However,
dense and spherically shaped smaller Zr crystallites are seen at 873 K. The root mean
square (RMS) roughness of the films as a function of the substrate temperature was also
measured by AFM. The RMS roughness is found to decrease from ~ 20 nm to ~ 4 nm

with the increase in the substrate temperature from 300 K to 773 K.
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Fig. 3.9 AFM micrograph of the Zr thin films as a function of substrate temperature
(@) 300 K, (b) 573 K, (c) 773 K and (d) 873 K.

These results clearly indicate that the film growth is dominated by nucleation at
low substrate temperature (<773 K) and particle coarsening at 773 K in agreement with
the metallic alloy film grown by magnetron sputtering [226]. The study revealed that the
substrate temperature of 773 K could produce well grown hexagonal crystallites of Zr.
Both XRD and AFM studies suggest that unlike refractory oxides [227], the metallic
films could be prepared even at room temperature because of low crystallization
temperature.

TEM studies show that the film deposited in pure argon atmosphere reveal -

hcp Zr phase of equiaxed nanocrystallites of sizes in the range 40-70 nm range (Fig.
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3.10 (a)). Film contains hcp-Zr phase and the polycrystalline diffraction pattern (Fig. 3.10

(b)) corresponding to hcp-Zr phase has been indexed (Table 3.2).

Fig. 3.10 TEM micrograph of Zr thin films deposited at 673 K (a) Bright field TEM
image and (b) Diffraction pattern.

Table 3.2 Interplanar distance (d) of the Zr film from the SAD pattern of Fig. 3.11

S.No. R(nm™) dexp (NM) JCPDS# 89-3045

d (nm) (hKl)
1 3.72 0.269 0.2799 101 0
2 3.90 0.256 0.2574 0002
3 4.22 0.237 0.2459 101 1
4 451 0.222 - -
5 5.47 0.183 0.1895 101 2
6 5.87 0.1705 - -
7 6.42 0.156 0.1616 1172 0
8 6.8 0.147 0.1463 101 3
9 7.15 0.140 0.1399 202 0




Fig. 3.11 (a and b) show the high temperature x-ray diffraction (HTXRD) pattern
of Zr thin films deposited on Si and D-9 alloy substrates. It indicates that in both the
cases Zr films were stable up to 773 K and the films tend to oxidize to form monoclinic
ZrO, and promotes interdiffusion and finally resulting in the decrease of film thickness
beyond 773 K. ZrSi, phase was also noticed at higher temperature. Monoclinic ZrO, and
ZrSi, phases are shown by symbol (**) and (*), respectively in the Fig. 3.11 (a) and (b),
respectively. The lattice parameters (Fig. 3.12) were calculated from the reflections
obtained from the HTXRD pattern and it was found to be

ar (A) =3.239 x 10° +1.576 x 10™° (T) + 2.238 x 108 (T?) and

cr(A) =5.158 x 1070 + 1.406 x 10°(T) +2.787 x 107¥(T?)
in the temperature range RT-1073 K along the a and ¢ axes, respectively. Second order
polynomial fit was used to calculate lattice parameter values.

The average and instantaneous thermal expansion coefficient (Fig. 3.13) of Zr
film up to 873 K was calculated using first order derivative of lattice parameter and
average CTE values are found to be

ora(K?) =5.63 x 10° + 1.08 x 10® x (T) and

ore(K?) =6.25 x 10° + 7.36 x 10® x (T)
along the a and c axis, respectively [ 228] and it is higher than of CTE of the bulk Zr
(5.7x 10 K™). It is also noticed that average coefficient of the thermal expansion (CTE)
was slightly higher than the instantaneous CTE. The average CTE was calculated with
the lattice parameter value at room temperatures as a reference. Whereas for the
calculation of instantaneous CTE, the lattice parameter values at two successive

temperatures were used.
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Fig. 3.11 HTXRD pattern of the Zr films deposited on (a) Si substrate and (b) D-9 alloy
substrate as a function of substrate temperature. Monoclinic ZrO, and ZrSi, phases are

shown by symbol (**) and (*), respectively.
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3.3.3 Nanomechanical Properties

Hardness was determined by microhardness and nanoindentation hardness testers
on Zr films of thickness >1 um deposited on D-9 alloy substrate. The D-9 alloy was
chosen in the annealed condition (~ 220VHN) in order to assess the hardness of the film.
This material is softer than Si (100) and is used as a clad material for breeder reactors.
The microhardness measurements were carried out for the films deposited as a function
of substrate temperature using a load of 10 g and the composite hardness was in the range
600-800 VHN. Nanoindentation measurements were also carried out to estimate the
hardness of the film. The applied load for nanoindentor was selected such that the
indentation depths were in the range from 100 to 150 nm in order to avoid the
contribution from the substrate. For measuring hardness and modulus using the
nanoindentation method with a Berkovich indenter, indentation load, P, and
displacement, h, were continuously recorded during one complete cycle of loading and
unloading [229]. Both the microhardness and nanohardness showed a decrease in the
hardness for the films with increasing deposition temperature from 300 K to 773 K. For
instance, the hardness and elastic modulus of the Zr films was found to be 6.4 and 10.5
GPa and 184, 200 GPa for the films deposited at 773 K and 573 K, respectively.

Scratch test was carried out to determine the films adhesion with the substrate and
the film failure, if any. This was further assessed by optical microscopy and scanning
electron microscopy during and after the scratch test. The tangential force and acoustic
emission signals were measured and recorded during the scratch test process and is used

as a supplementary test to identify different film damage levels.

72|Page



Acoustic Emission (%)

Normal load (N)
10

0 20
100 I I I
Acoustic Emission (%) || 1.4
- - - Friction Coefficient

] (8)
F1.0 =
c
604 o
0.8 2
@
404 t0.6 3
c
r0.4 3
204 S Trae g
S N _.-""lo2 &

Lttt A i
0__/::—.;\.‘_&'\&'_.._.__ 0.0
+ T T : T T T -0.2
00 ' 05 1.0 , 1.5 2.0 2.5 3.0
|
|

Scab Length (mm)

Normal load (N)
10

F ol

20

80+

60 -

40

204

Acoustic Emission (%)

1.0

- - - - Friction Coefficient

—— Acoustic Emission (%)

0.8

0.6

0.4

0.2

0.0

1.0 15 2.0 25
Scan Length (mm)

Friction Coefficient

Fig. 3.14 Scratch test of Zr films on D-9 alloy substrate (a) deposited at 300 K (b) SEM
image of the scratch tested region of sample ‘a’, (c) deposited at 773 K and (d) SEM
image of the scratch tested region of ‘c’.
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Scratch tests were carried out with increasing load to determine the critical scratch
load and friction coefficient for a given damage level. Scratch test indicates that chipping
and flaking of the films depend on the substrate temperature during film deposition. The
scratch test was adopted to evaluate the adhesion properties and the critical loads, Lc; and
Lc,. Lc; is defined as critical load for cohesive failure, whereas Lc; is defined as critical
load for thin film delamination and revealing of the substrate. From the acoustic emission
signals, the films deposited at room temperature show failures at first and second critical
loads of about ~2 N and 7 N, respectively (Fig. 3.14 (a)) and indicated by arrow, while
they do not fail up to a load of 20 N for the films deposited in the temperature range 573—
773 K (Fig. 3.14 (c)).

SEM images of the scratch tested regions of the films deposited at 773 K indicate
a few debris from the scratched region at loads exceeding 15 N only. Also, the coefficient
of friction (COF) of the films remains at about 0.2. However, it rises to higher value
(0.3), whenever there is a failure of the films. This is evident from Fig. 3.14(a) in the load
range 9-14 N. In contrast, the COF values of the film deposited at 773 K remain at a
uniform value in the entire range of the load during scratch indicating an excellent
adhesion with the substrate. However, there is a minor difference in the estimated values
of the COF of the films deposited at 300 and 773 K owing to the difference in the

microstructure.

3.3.4 Tribological Studies
Fig. 3.15 shows the coefficient of friction (COF) versus wear distance in Zr thin film

deposited on D-9 alloy at 773 K and then wear tested with steel and alumina balls. Steel
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and alumina counter bodies were chosen due to differences in their hardness values as
steel and alumina balls show hardness of 3 and 23 GPa, respectively. The values of the
COF of the Zr films on D-9 alloy substrate as a function of wear distance show that
during the initial periods of wear testing, the COF rapidly increases to a saturation (peak)
value and then gradually reaches a constant value (plateau region). At the beginning of
the wear test, there is a severe material transfer between the film and the ball which leads
to a rapid increase in the COF value. Beyond the saturation value, the COF remains more
or less constant in the plateau region, where the material transfer is slowly reduced and
stabilized after the coverage of a large percentage of the test area with the transferred
material. In case of failure of the film, the saturation value of the COF varies significantly
with wear distance. Fig. 3.15 indicates that the COF of Zr films is lower for the steel ball
(100Cr6 steel) than that for the Al,O3 ball. Fig. 3.16 shows the SEM micrograph of the
wear tested region with steel and alumina balls. It is clear that under constant load the
width of the wear track is wider with the alumina ball than that of steel ball indicating

higher wear rate of the film with the ceramic ball.
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Fig. 3.15 COF versus wear distance of the Zr thin films deposited on D-9 alloy
substrates at 773 K.

Fig. 3.16 SEM micrographs of Zr films of the wear tracks obtained with (a) steel and (b)
alumina counter bodies.
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3.4 Discussion
3.4.1Effect of Pulse Power Supply Parameters on the Growth Characteristics

The crystallite size and deposition rates of Zr films are significantly influenced by
some of the pulse parameters reported in the present work.

The deposition process is usually carried out with pulse frequencies (fp) in the
range 50-250 kHz. Increasing the pulse frequency increases the bombardment of target
by high energy Ar atoms [40], leading to increased flux of sputtered atoms [231], which
results in the decrease in the surface mobility of these species. As a consequence there is
a reduction in the crystallite size. The growing film is bombarded by ions of appropriate
energy to cause modification of its structure and properties, and the rate of arrival of the
ions, and hence the degree of structural modification can be controlled by varying the
pulse frequency. Also, the average power dissipated at the target decreases with
increasing pulse frequency and at the start of each pulse there is a dead time during which
negligible sputtering occurs and the proportion of this dead time increases with increasing
pulse frequency and so the deposition rate is lower at a higher frequency [230,232]. The
rate of voltage change at the target during the initial stages of the pulse-on period and the
maximum negative voltage attained during the pulse-on period is significantly lower at
higher frequencies [232]. Since sputtering rate is proportional to power and sputtering
yield is proportional to target voltage, both these factors tend to lower the deposition rate
at a higher frequency (Fig.3.1(b)).

Pulse width is related to the duty cycle of the pulse and it is indirectly related to
pulse frequency also. Duty cycle of any pulse can be defined as the ratio of on time of the

pulse (pulse width) and total time (on and off time) of the pulse. Duty cycle is the
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proportion of time during which supply is operated. It controls the discharge duration of a
single pulse and increasing the duty cycle at constant power increases the deposition rate
(Fig. 3.2(b)). Duty cycle may provide a useful means for controlling film compositions.
This is due to the fact that the duty cycle determine the sputtering duration on each target
and the amount of sputtered species. At higher duty cycle, the time for sputtering
increases, which reduces the time for discharge for the accumulated species on the target
and as a consequence the mobility of the accumulated species in the substrate decreases
which leads to a decrease in the crystallite size as seen in the Fig. 3.2(c).

High pulse power in the magnetron sputtering process creates highly energized Ar
ions which imparts increased kinetic energy to the sputtered atoms. Therefore, increasing
the magnetron discharge power also tends to increase the plasma density. Therefore the
surface diffusion of these species is enhanced on the growing surface, which leads to
increased crystalline size in these films. Also, the average power dissipated at the target
increases with increasing pulse power which increases the deposition rate of the film as

seen in Fig. 3.2(b).

3.4.2 Microstructural Properties

It has been reported in the section 3.3.2 that the deposition temperature affects
some of the microstructural characteristics such as crystallite size, preferred orientation
and surface morphology.

The increase in the crystallite size as a function of substrate temperature has been
noticed for Si and D-9 alloy substrates but there was more increase in the crystallite size

for the films deposited on D-9 alloy substrate than that of the films deposited on Si
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substrates. This behaviour can be attributed to the increased mobility of the adatoms on
the conducting surface of D-9 alloy compared to that of semiconducting substrate [233].
It was also noticed that crystallite size increases up to 773 K and beyond that it decreases.
This is inferred from the decrease in broadening of the peaks with increasing substrate
temperatures. The increase in the mobility of the adatoms with increasing substrate
temperature has promoted a significant increase in the size of the crystallites. However at
temperature >773 K, there is a reduction in the crystallite size possibly due to the inter-
diffusion of Si to the zirconium films and is evident from the reduction in the intensity of
the reflections of Zr deposited at 873 K (Fig. 3.4). The latter behavior has been reported
in thin films coated on Si substrates at higher temperatures [178]. It is also noticed that
the crystallite size obtained in TEM shows a lower value than those obtained from XRD
analysis. It is because the Scherrer formula used to calculate the crystallite size does not
take strain into account, though the X-ray peak broadening is caused by crystallite size
and strain.

Polycrystalline films deposited on substrates generally show a preferred
orientation which depends on the crystal structure, deposition methods and deposition
conditions. Preferred orientation mainly depends on the energy of different crystallites
and on the balance between thermodynamics and kinetics. Equation 2.2 gives the idea
about preferred orientation in the films. Texture coefficient is unity if the film is
randomly oriented and it is higher than one, if the film becomes textured. The texture
coefficient was calculated from the reflections present in the XRD pattern at different
temperature and qualitatively it indicates that there is a change in the preferred

orientation of the films with increasing substrate temperature. From the higher intensity
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of (002) reflection, it is noticed that with increase in the substrate temperature, [001]
orientation decreases slightly. Since, thin films of Zr were prepared under non-
equilibrium conditions and there is a possibility that as a function of substrate
temperature [001] plane is more preferred based on free energy considerations.

Cross sectional SEM micrograph shows a columnar structure for Zr thin films
deposited at 773 K. Such columnar structures are reported to be promoted at T¢/Ty, <O0.
3 [234], where Ts is the substrate temperature (773 K) and Ty, is the melting point of the
material (melting point of Zr ~ 2123 K). Metallic films such as Ti deposited under the
condition of limited atomic mobility also have exhibited a similar columnar morphology
[235].

The roughness and other microstructural property is also affected by deposition
conditions, for instance, the root mean square (RMS) roughness decreases from ~ 20 nm
to ~ 4 nm for the increase in the substrate temperature from 300 K to 773 K. The
decrease in the rms roughness may be due to the densification of the films with
increasing temperature. These results clearly indicate that the film growth is dominated
by nucleation at low substrate temperature (<773 K) and particle coarsening at 773 K in
agreement with the metallic alloy film grown by magnetron sputtering [226].

It is also important to study the thermal expansion behaviour of Zr films for any
technological applications. Thermal expansion of a solid is a consequence of an-
harmonicity of the interatomic potentials [236], which are significantly influenced by the
material structure. The displacement of individual atoms from their equilibrium sites with
temperature depends additionally on structural imperfections, which influence the system

behavior (e.g. vibrational frequencies). The value of CTE increases as a function of
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temperature in the present study is in agreement with several metallic materials [237].
However, the CTE of Zr thin films are found to be higher than that of the bulk Zr due to

the grain boundary structure in thin films [238].

3.4.3 Nanomechanical and Tribological Properties

The two important nanomechanical properties measured using indentation
techniques are the hardness (H) and the elastic modulus (E). During indenter withdrawal,
only the elastic portion of the displacement is recovered which facilitates the use of an
elastic solution in modeling the contact pressure [239-240,196]. The elastic modulus of
the indented sample can be inferred from the initial unloading contact stiffness.
Nanoindentation hardness is obtained from the indentation load divided by the projected
contact area of the indentation.

It is noticed that there is a decrease in hardness of Zr film deposited with
increasing substrate temperature. The decreased hardness for the Zr films could be
correlated with the stress relaxation in larger crystallites formed at higher growth
temperatures. Also, the hardness is known to depend on the crystallite size according to
Hall-Petch relation and it generally increases with decrease in crystallite or grain size
[241]. In the scratch test, the load at which material fails catastrophically is a measure of
scratch resistance. The better performance of the Zr films prepared at higher temperature
could be related to the increased inter-diffusion of the substrate elements with increasing
substrate temperature. This could possibly help for adhesion of the film with the

substrate.
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When a wear particle is liberated from the surface, it can influence the tribological
behaviour of the contacts in two ways. Loose wear debris in the contact surface may
influence friction and wear, although the wear debris may also attach to the counter
bodies to form a transfer layer on the surface under investigation. The amount of wear is
usually directly proportional to the applied load W and the sliding distance x and
inversely proportional to the hardness to the surface being worn away. Thus wear volume

vy is given by

__ kwx
T H

Where, k- dimensional less wear coefficient dependent on the material pair and their
surface cleanliness.

Surface morphology of the wear tracks obtained with steel and alumina balls
tested at ambient conditions indicates that the width of the tracks obtained on Zr films is
narrower with steel ball than that obtained with alumina ball due to high rate of
deformation obtained with the ceramic ball of hardness 23 GPa. Wear tracks contain
several scorings with the films tested with ceramic ball than that obtained with steel ball.
It is suggested that plastic deformation of the film due to ploughing is the dominant
mechanism of friction for thin soft coatings under low loads. There was no indication of
any damage to the substrate in these experiments. The COF of the Zr films obtained using
the ceramic balls show a slightly higher COF than that obtained using the steel ball (100
Cr6 steel). It is suggested that the increased hardness of the ceramic balls could offer

severe abrasive wear and results in the higher values of the COF.
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3.5 Conclusions

The present study has illustrated that magnetron sputtering could be used for the

development of Zr films on metallic and semiconducting substrates to obtain desired

mechanical properties.

The role of pulsed parameters on the microstructure is significant on the
crystallite size and deposition rate.

Formation of o hcp phase of zirconium with [001] preferred orientation is
noticed in the temperature range 300-873 K. It is found that crystallite
size increases with increasing temperature. The increase in mobility of the
adatoms with increasing substrate temperature has caused an increase in
the size of the crystallites at temperatures <773 K.

HTXRD showed that Zr films were stable up to 773 K. The average thermal
expansion coefficient of Zr film is found to be ora(K™') = 5.63 x 10° +
1.08 x 10 x (T) and oro(K™) = 6.25 x 10 + 7.36 x 10 x (T) along the a
and c axis, respectively.

Nanoindentation and microhardness measurements showed that the
hardness of the films is in the range 6-10 GPa. Scratch test results
indicated that the films deposited at higher substrate temperature have
better adhesion. The load for the first critical failure is 20 N for the films
deposited at 773 K compared to that of 7 N for the film deposited at room

temperature.
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e Tribological measurement indicates that films tested with steel ball
showed a slight decrease in the COF values than for the film tested with

alumina ball due to its decreased hardness value.
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Chapter 4

Microstructural,
Nanomechanical and
Tribological Properties
of
2ZrN Thin Films




4.1 Introduction

Ceramic hard coatings are of great interest in a number of technological applications
due to their improved physical, chemical and mechanical properties [242-245].
Especially, hard nitride coatings are extensively used in many types of cutting operations,
where they enhance tool life, improve surface finish and increase productivity [246-247].
ZrN which has a high melting point of 3253 K and a high hardness value of 15 GPa has
been found to be suitable for tribological application. Also, ZrN-coated tools have shown
significant advantages over TiN coated tools during drilling tests as well as better
corrosion and mechanical properties [248-254]. There are a few papers where tribological
properties of this coating have been reported [252-253,255-257]. However, the effect of
sliding counter body on friction, wear and deformation of ZrN films has not been fully
understood.

In the present work, an investigation on sputter deposited ZrN films on Si (100)
from a zirconium target in a mixture of Ar/N, pulsed direct current (DC) magnetron
discharges is carried out. Since some of the physical properties of zirconium nitrides
highly depend on the microstructure and nitrogen content of the films, the effect of
nitrogen flow on the microstructure and nanomechanical properties is investigated. A
comparative study of tribological properties of ZrN films deposited on titanium modified
austenitic stainless steel (D-9 alloy) substrates by the pulsed direct current (DC)
magnetron sputtering is also studied. The effect of substrate temperature on tribological
behaviour of ZrN films in correlation with microstructural properties using sliding bodies

such as steel, alumina (Al,O3) and sapphire (SisN,4) balls is reported.
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4.2 Experimental Procedure

ZrN thin films of ~0.5-1 pm thickness were deposited on Si (100) substrates with
native oxide film and D-9 alloy substrates from a zirconium target using argon and
nitrogen gas mixture. The deposition pressure was kept at 7.5 x 10 * Pa. A RPG-50
asymmetric bipolar pulsed DC power supply was used as an electrical power source at
100 kHz, 100 W with a duty cycle of 20% for the thin film deposition. The deposition
conditions are given in Table 4.1. In order to see the effect of process parameter such as
substrate temperature and nitrogen flow rate on the microstructure and other properties
like hardness and wear, ZrN films were deposited on Si and D-9 alloy substrates as a
function of these process parameters. XRD, Raman spectroscopy, TEM and AFM were
used for microstructural characterization. Nano-indentation and tribometry techniques
were used for nanomechanical and tribological chatracterisation of these films. Details of
experimental procedure and sample preparation for TEM have been discussed in
Chapter 2.

Table 4.1: Deposition parameters of ZrN films

Base pressure 8x 10* Pa
Operating pressure 7.5x10 " Pa
Target voltage 205-320 V
Substrate temperature 300-873 K
Pulse power 100 W

Duty cycle 20%

Pulse frequency 100 kHz
Argon flow rate 50-40 sccm
Nitrogen flow rate 0-10 sccm
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4.3 Characterisation of ZrN Thin Films
In the following sections, the effect of the substrate temperature and nitrogen flow

rate on the microstructure of the ZrN films are discussed. The results on nanomechanical
and tribological properties are also presented.
4.3.1 Microstructural Characterisation
4.3.1.1 Effect of substrate temperature

The effect of substrate temperature on the microstructure of the ZrN thin films
was characterized by X-ray diffraction. Fig. 4.1(a) and (b) show the XRD patterns of the
ZrN films deposited on Si (100) and D-9 alloy substrates respectively, at nitrogen flow
rate of 1 sccm and in the temperature range 300-873 K. Only a single phase ZrN with
(111), (200), (220), and (311) reflections corresponding to fcc structure was observed in
accordance with JCPDS File No. 35-0753. The XRD patterns show an increased intensity
for (200) reflection indicating a (200) preferred orientation of the films. A slight shift in
the 20 of the diffraction peaks to lower side is also observed with increasing substrate
temperature. Determination of the lattice parameter of ZrN films showed a slight increase
from 4.57 to 4.59 + 0.002 A in the temperature range 300-873 K. The full width at half
maximum (FWHM) of the (200) reflection was used to estimate the crystallite size using
Scherrer’s equation. However, strain in the films was not taken into consideration while
measuring the crystallite size. Fig. 4.1(c) shows that the crystallite size of D-9 alloy
substrate increases with increasing substrate temperature up to 673 K and at temperatures
>773 K, the sizes remain at lower values. The average crystallite size was found to be
lower for the films deposited on Si substrate than that deposited on metallic D-9 alloy

substrate. Though the deposition time of 1 hour was followed in all the experiments, the
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thickness obtained on D-9 alloy substrate is slightly lower than that obtained on Si (100)

substrate. This is evident from the reflections of D-9 alloy shown in Fig. 4.1 (b).
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Fig. 4.1 XRD pattern of ZrN thin films deposited on (a) Si(100) substrate, (b) D-9 alloy
substrate.
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Fig. 4.1 (c) A plot showing crystallite size versus substrate temperature of ZrN films.

The average surface roughness of the as deposited films was also measured with
an atomic force microscope (AFM) and it is found to decrease from 5 nm to 2 nm for the
substrate temperature from 300 K to 873 K because of the increased crystallite size and
densification with the increasing substrate temperature [258]. Similar results were

observed for the Zr films reported in the previous Chapter.

4.3.1.2 Effect of nitrogen flow rate

The ZrN films were deposited on Si (100) substrate at 773 K by reactive
sputtering as a function of nitrogen flow rates in the range 0.5 - 10 sccm for a constant
time of deposition of 60 minutes. The thickness and the deposition rate were found to
decrease with increasing flow rate of nitrogen (Fig.4.2). Typical thickness of the films

was in the range 0.4-0.8 um. Films showed golden colour for the films deposited at

0|Page



nitrogen flow rates < 1 sccm and exhibited light gray colour for those deposited at

nitrogen flow rate > 1 sccm.
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Fig. 4.2 Deposition rate versus nitrogen flow rate of ZrN films.

XRD patterns (Fig. 4.3 a) show that films deposited in pure argon atmosphere are
polycrystalline and exhibit a- Zr phase with (002), (101), (102), (103), (200) and (112)
reflections corresponding to hcp structure. It has been reported that the crystalline films
of Zr could be formed even at room temperature [259]. It is noticed that films deposited
at lower flow rates of nitrogen ( < 1sccm) show (111), (200), (220), (311) and (222)
planes corresponding to fcc- ZrN phase. The films deposited at nitrogen flow rates >1
sccm show broadening and reduction in the intensities of (111), (220) and (311)
reflections. In addition to the formation of ZrN phase, broad reflections of (111), (511)
and (042) corresponding to o- Zr3N4 phase is identified (Fig 4.3 a) in accordance with the
JCPDS file no: 87-0843 [26,68]. It is also noticed that at nitrogen flow rate of 2 sccm,

(111) reflection corresponding to ZrsN,4 appears, which is not seen at >2 sccm flow rate
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of nitrogen. As the nitrogen flow rate increases up to 10 sccm, the films are found to be

poorly crystallized.

10 s ( )
m&%ﬁ s.’ el WJﬂw L a
<4 5 - &
zZz 8 N
NN Ny =% {
N > >z Y
65ccmj\ < £, Z%Z
NRL NSNS
n i
4 sccm L
)
E W Wavy P ]
g Z.JA/\_A
| -
cs J A
N’
> 1sccm N
2 | sscen)_. A
c
o OSsccA A
= ]
— et} — —
0 sccmy < Sy
N NN
— T T T T T T T T T
20 30 40 50 60 70 80
2 theta (degrees)
35 \
‘=301 % (b)
E
o 254
N
(7))
o 20
< 151
»
> 10 —
O e
5 T T T T T T T T T T T
0o 1 2 3 4 5 6

Nitrogen flow rate (sccm)

Fig. 4.3 (a) XRD pattern of ZrN thin films deposited on Si (100) substrate and
(b) Crystallite size versus nitrogen flow rate used for the deposition of ZrN films.
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The lattice parameter a was found to be in the range 4.573-4.602 +0.003 A. It was
noticed that there is slight increase in the lattice parameter as a function of nitrogen flow
rate. The influence of nitrogen flow rate on the intensities of the peaks of ZrN is also
noticed. The preferred orientation of the film as a function of nitrogen flow rate was
assessed from the intensities corresponding to (111) and (200) planes of the ZrN films.
Films show (111) preferred orientation at nitrogen flow rates < 1 sccm and show (200)
orientation at nitrogen flow rates > 1 sccm. The film tends to become more
polycrystalline with slight increase in the intensity for (111) reflection at the nitrogen
flow rate of 6 sccm.

Also, the flow rate of nitrogen shows a significant influence on the crystallite size
in ZrN thin films. The crystallite size of Zr deposited with pure argon is ~40 nm, and it
decreases from ~35 nm to ~10 nm with an increase in the nitrogen flow rate from 0.5
to 2 sccm (Fig. 4.3 b) and beyond that it remains constant. The above crystallite sizes
were calculated using Scherrer’s formula which does not take strain into consideration
and only the strongest reflection of Zr and ZrN was used to determine the crystallite size.

Figure 4.4 shows the Raman spectra of the films deposited in the nitrogen flow
rate range of 1 to 4 sccm. The spectra indicates the Raman peaks at 170 cm™, 209 cm™,
499 cm™ |, 710 cm™ and 980 cm™ of ZrN. The peak positions obtained from the film is
found to be consistent with the reported values of ZrN [260]. It is also seen that at higher

nitrogen flow rates, Raman lines at 710 cm™and 980 cm™ tend to disappear indicating the

tendency for loss of crystallinity of ZrN.

93|Page



Intensity (arb. units)

1 sccm

200 400 600 800 1000 1200
Wavenumber (cm'l)

Fig. 4.4 Raman spectra of ZrN thin films as a function of nitrogen flow rate.

Elements such as zirconium, nitrogen, oxygen, and carbon as a function of
nitrogen flow rates were identified in the films by assigning the corresponding XPS
peaks. Fig. 4.5(a) is the representative XPS spectra at 1 sccm flow of nitrogen showing
the photo-electron peaks from Zr, N, O and C. After removing the surface contaminants
through argon ion sputtering, the high resolution spectra were recorded for each
individual photo electron peak.

Fig. 4.5 (b) and (c) show the high resolution XPS spectra corresponding to Zr 3d
and N 1s, respectively obtained after cleaning the film surface by sputtering for 60
seconds. After deconvolution, the main Zr 3d peak is found to consist of individual peaks
corresponding to ZrN and ZrO,. In addition, evidence is obtained for the contribution

from a phase having chemistry intermediate between ZrN and ZrO..
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Comparing the binding energy values with the available information in the literature on
oxidized ZrN films [261-263], this phase is found to be related to an oxy-nitride such as
Zr,N20. Binding energy values for Zr, ZrN, ZrO; and Zr;N,O obtained in this study
compared well with the already reported values in the literature [264-267]. Based on
similar analysis carried out on all the specimens, it is observed that the metallic phase of
Zr is present only at the nitrogen flow rate < 1 sccm and a slight shift in the binding
energies of ZrN is noticed at higher flow rates of nitrogen. High resolution N 1s spectra
is found to be asymmetric with contribution from nitrogen peaks corresponding to ZrN at
397.3 eV [264-266], Zr,N,0O at 396.5 eV [261,265] and elemental nitrogen at 398.6 eV
[261,267].

The elemental nitrogen peak may correspond to adsorbed nitrogen. Zirconium
deposited freshly on a substrate is found to react readily with O,, CO, CO, and
hydrocarbons, forming oxides and carbides which are essentially unreactive, and the
gettering rate of zirconium for N is observed to be smaller than that for O, [268-269].
Therefore, it is possible that small amounts of Zr-O compounds could form while
depositing ZrN in the present study.

TEM studies show that the film deposited at the nitrogen flow rate of 1 sccm
reveal fcc-ZrN and small amounts of o- Zr;sN4 phase of equiaxed nanocrystallites of
sizes in the range 4-9 nm (Fig. 4.6 a and b). Diffraction pattern corresponding to first,
fourth and sixth rings of the inset of Fig. 4.6(b) gave evidence of 0- Zr3N, phase (Table
4.2). However, Zr3N4 phase was not identified by XRD in the films deposited at 1 sccm
flow of nitrogen due to its lower limit of detection upto 5 wt. %. The films deposited at 2

sccm is seen to be nanostructured with nanocrystallites of sizes in the range 4-9 nm (Fig.
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4.7 a & b). It is also seen that film contains fcc-ZrN and 0-ZrsN4 phase and the
polycrystalline diffraction patterns corresponding to these phases are shown in the Fig.
4.7 (b). First, fourth and sixth rings of the diffraction pattern give evidence for the
presence of 0-ZrsN4 phase. The zirconium nitride film deposited at 4 sccm of nitrogen
flow rate is also seen to be nanostructured with nanocrystallites in the range 4-9 nm
(Fig. 4.8 a & b) and the film mostly contains fcc-ZrN along with o- Zr;N4 phase and the
diffraction pattern corresponding to these phases have been indexed and the d-spacing

are shown in Table 4.2.

Fig. 4.6 (a) Bright field TEM image and (b) Diffraction pattern from ZrN film deposited
on KCl crystal at 673 K and 1 sccm flow rate of nitrogen.
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Fig. 4.7 (a) Bright field TEM image and (b) Diffraction pattern from ZrN film deposited
on KCl crystal at 673 K and 2 sccm flow rate of nitrogen.

Fig. 4.8 (a) Bright field TEM image and (b) Diffraction pattern from ZrN film deposited
on KCl crystal at 673 K and 4 sccm flow rate of nitrogen.
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Table 4.2 Calculated d-spacings of ZrN and Zr;N,4 phases from the selected area diffraction
patterns of the films deposited at 1 and 4 sccm of nitrogen flow rate

Phases at nitrogen flow rate of

Phases at nitrogen flow rate of

1 sccm 4 sccm
Ring | dexp ZrN Zr3N, dexp ZrN Zr3Ny
No. | (nm) | JCPDS# 65- JCPDS# 87-0843 | (nm) | JCPDS# 65- JCPDS# 87-0843
0972 0972
d (nm) | (hkl) | d (nm) (hkl) d (nm) | (hkl) | d (nm) (hkI)
1 0.289 - - 0.2897 111 0.302 - - 0.2988 111
2 0.261 | 0.2641 | 111 | 0.2606 211 0.266 | 0.2641 | 111 | 0.2638 211
3 0.224 | 0.2287 | 200 | 0.2256 131 0.232 | 0.2288 | 200 | 0.2355 131
4 0.177 - - 0.1773 160 0.184 - - 0.1838 421
5 |0.159 | 0.1618 | 220 | 0.1599 511 0.166 | 0.1618 | 220 | 0.1654 511
6 |0.150 - - 0.1503 360 0.157 - - 0.1576 360
7 10.135|0.1379| 311 | 0.1349 042 0.140 | 0.1379 | 311 | 0.1402 042
8 |0.130|0.1321| 222 | 0.1297 650 0.118 | 0.1143 | 400 | 0.1181 480

Fig. 4.9 A typical HREM image of ZrN films deposited on KCI at 4 sccm of nitrogen
flow rate at 673 K.
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Fig. 4.9 shows the HREM micrograph of the nanocrystalline thin film deposited at
4 sccm containing fce-ZrN and 0-ZrsN4 nanocrystallites with crystallite sizes in the range
4 - 9 nm. TEM shows lower crystallite size than that obtained from XRD because the
Scherrer formula used to calculate the crystallite size does not take strain into account,
though the X-ray peak broadening is caused by crystallite size and strain. Besides the
formation of secondary phase, lattice bending and dislocations (indicated by an arrow)
are noticed within the nanocrystalline grains.

Fig. 4.10 (a) shows the high temperature x-ray diffraction (HTXRD) pattern of
ZrN thin films deposited on Si substrates. It indicates that ZrN film is stable up to 973 K
and the film tends to oxidize to form monoclinic ZrO, and promotes interdiffusion and
finally resulting in the ZrSi, beyond 973 K. The lattice parameter (Fig 4.10(b)) was
calculated from the reflections obtained from HTXRD patterns and it is found to be
ar (A) = 4.568 x 10™1° +3.119 x 10°%5 (T) + 2.2497 x 10" (T?) in the temperature range

RT-1073 K Second order polynomial fit was used to calculate lattice parameter values.
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Fig. 4.10 (a) HTXRD pattern of ZrN films, (b) Lattice parameter as a function of

temperature and (c ) Average CTE versus temperature.
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The average thermal expansion coefficient (Fig 4.10 c) of ZrN film up to 973 K
was calculated using first order derivative of lattice parameter and found to be
a1 (K =6.81 x 10° + 9.26x 10™° x (T) and lower than that of the CTE of bulk ZrN

(7.2x 10° K.

4.3.2 Nanomechanical Properties

Nano-indentation studies were performed to estimate the mechanical properties of
the films. The applied load for nanoindentor was selected such that the indentation depths
were in the range 1/10™ of the thickness of the film in order to avoid the contribution
from the substrate. The indentation load and the displacement were continuously
recorded during one complete cycle of loading and unloading [229] for measuring
hardness and modulus of the films. The nanohardness and Young’s modulus were
evaluated using the approach by Oliver and Pharr [196].

The load-displacement response obtained by the nano-indentation contains
information about the elastic and plastic deformation of the films. The area between the
loading and unloading curves represents the energy dissipation in the films due to plastic
deformation. The area under the unloading curve represents the elastic energy for
deformation. The hardness is derived from the peak load and the projected area of
indentation, while reduced Young’s modulus is obtained from the stiffness measured
from the slope of the upper portion of the unloading curve [270].

The nanohardness of ZrN thin films deposited on D-9 alloy was measured as a
function of the nitrogen flow rate from 0 to 10 sccm. This metallic substrate is softer

(~2GPa) than Si (~8-10 GPa) and is used as a clad material for breeder reactors [271].
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Also, the structural information of the films obtained from D-9 alloy is similar to that on

Si substrate.
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Fig. 4.11 Hardness ( H) plot as a function of nitrogen flow rate of the films deposited at
773 K.

The average hardness and Young’s modulus values of Zr films deposited in pure
argon were 6.8 £ 2.7 GPa and 190 + 25 GPa [258], respectively. It is observed that the
values of hardness and Young’s modulus of the Zr-N films were in the range of 21-26
GPa = 3 GPa and 300-440 GPa * 52 GPa, respectively (Fig 4.11 and Fig 4.12).
However, hardness are significantly higher than that of the bulk hardness of ZrN (14.7
GPa) reported in the literature [8]. The calculated value of the Young’s modulus from the
present study is in agreement with that of Torok et al. [272], who have reported a value of
460 GPa from the flexural resonance frequency of the reactive magnetron sputtered

coatings deposited on steel substrates.
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Fig. 4.12 Young’s modulus (E) as a function of the nitrogen flow rate of the films
deposited at 773 K.
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Fig. 4.13 H/E and H%E? as a function of nitrogen flow rate of the films deposited at
773 K.
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Fig. 4.13 shows the values of H/E and H*/E? of the ZrN thin films as a function of
nitrogen flow rate. In contrast to H*/E? the variation of H/E is not very significant for
the nitrogen flow rate > 2sccm. H/E® of ZrN films has a value 0.01 for the films
deposited in pure argon and it increases to 0.11 for the films formed at 1 sccm and then

decreases to 0.095 for 10 sccm of nitrogen flow rate.
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Fig. 4.14 Scratch test of ZrN films deposited at 773 K and 1 sccm flow rate of nitrogen
(a) acoustic emission and friction coefficient as a function of scan length, (b) optical
image of scratch tested region, (¢) SEM image of scratch tested region, (d) Magnified
image of marked region of ‘b’ and (e) Magnified image of marked region of ‘c’.
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Scratch test was carried out to examine the film adhesion with the substrate and the
film failure, if any. Scratch tested region was further assessed by optical microscopy and
scanning electron microscopy during and after the scratch test. The tangential force and
acoustic emission signals were measured and recorded during the scratch test process and
used as a supplementary test to identify different film damage levels. Scratch tests were
performed with increasing load to determine the critical scratch load and friction
coefficient for a given damage level. A typical scratch test result for the ZrN films
deposited at 773 K and 1 sccm flow rate of nitrogen are shown in Fig. 4.14 (a). From the
Fig. 4.14 (a), it is evident that during the failure there is a change in the friction
coefficient value. From the acoustic emission signals and friction coefficient curves first
and second critical loads are found to be about ~4.6 N and 4.8 N, respectively. Fig. 4.14
(b) and Fig 4.14 (c) show the optical and SEM image corresponding to scratch tested
region, respectively. Magnified images of a portion of the optical and SEM image are
also shown in the insets (Fig. 4.14 (d) and (e)) corresponding to the first and second
critical failure regions. The exposure of the substrate in these images indicates the film

failure.

4.3.3 Tribological Properties
Tribological behaviour of ZrN thin films deposited at various substrate
temperatures and nitrogen flow rate is investigated using sliding bodies such as steel,

alumina and sapphire balls.
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4.3.3.1 Effect of substrate temperature

Fig. 4.15 shows the value of coefficient of friction (COF) of the ZrN films on D-9
alloy substrate deposited at three different substrate temperatures, where (a), (b) and (c)
denote the COF curves obtained for the films prepared at 300 K, 673 K and 873 K,
respectively. 1,2 and 3 in each figure represent the COF of ZrN films tested with steel,
alumina and Si3N4 balls. The values of the COF (Fig. 4.15 (a)—(c)) indicate that the COF
of ZrN films is lower for the steel ball than for the Al,O3; and SizNg4 balls. The values of
the COF are found to be more or less steady, with the steel ball compared to that of the
ceramic balls, especially with the SisN,4 ball (Fig. 4.15(c)). The COF also shows lower
values at 873 K because of the reduced surface roughness of the films with increase in the
substrate temperature. It is pointed out that the COF of the ZrN films obtained using the
ceramic balls show higher COF than that obtained using the steel ball, irrespective of the
deposition temperature. Though, the COF reaches a saturation value at all substrate
temperatures, the value of the COF in the plateau region decreases with increasing
substrate temperatures. For instance, at 300 K, the COF measured at a sliding distance of
about 1 m for the steel, Al,O; and Si3N,4 balls are 0.3, 0.6, and 0.8, respectively. In
contrast, the COF measured for the films deposited at 873 K for the steel, Al,O; and

SigNy balls are 0.1. 0.11 and 0.35, respectively.
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Fig. 4.15 COF versus wear distance plot of ZrN thin films deposited at 1 sccm flow rate
of nitrogen and at (a) 300 K, (b) 673 K, (c) 873 K and (d) COF versus wear distance plot
for the films deposited on D-9 alloy substrate.

These values are found to be constant especially with the alumina and steel balls
compared to that of the SisN4 ball at higher wear distances. The value of the COF is
found to be stable and low (0.1) even at higher wear distances for steel ball as is evident
from Fig. 4.15 (c). The value of the COF was also measured on the bulk substrate of D-9
alloy and the value is found to be ~0.7 as shown in Fig. 4.15(d). These results clearly
point out that there is a reduction in the COF with the deposition of the ZrN film on D-9
alloy. The width of the wear track obtained on the ZrN film is found to be ~100 um for

the steel ball, while it is ~200 um for the ceramic balls indicating an increased wear loss

with the ceramic balls.
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Fig. 4.16 SEM micrograph of wear track of ZrN films deposited at 300 K ; 1 sccm flow
rate of nitrogen and tested with (a) Steel , (b) Al,O3 and (c) SisN4 balls.

Fig. 4.17 SEM micrograph of wear track of ZrN films deposited at 873 K ; 1 sccm flow
rate of nitrogen and tested with (a) Steel , (b) Al,O3 and (c) SisN4 balls.

It has been observed that oxide layers may form during tribo- testing and the
formation of tribo layer offers lower values of COF due to a weak adhesive interaction. In
contrast, the ZrN films tested with the ceramic balls show wear particles and severe
cracks at the edge of the wear tracks. There is also no tribolayer as is evident from Figs.

4.16(b) and (c) and 4.17(b) and (c).
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Fig. 4.18 EPMA analysis across the wear track of ZrN films deposited at 873 K and
1sccm flow rate of nitrogen and tested with (a) Steel, (b) Al,O3 and (c) SizN,4 balls.
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Fig. 4.19 Raman analysis of ZrN films deposited at 873 K and 1 sccm flow rate of
nitrogen.(a) As deposited and tested with (b) Steel, (c) ) Al,O3 and (d) SizN, ball.

The COF was found to be lower at higher deposition temperature. To understand
the failure mechanism EPMA and Raman analysis were carried out for the wear tested
samples deposited at 873 K.

EPMA analysis was also performed in order to confirm the elemental distribution
in the wear tracks as well as in the as deposited films of ZrN. Fig. 4.18 shows the
variation in the X-ray intensity of Fe, Ni, O, and C across the as deposited and wear

tested region of the samples. From the figure 4.18 (b) and (c) presence of Fe, Ni, C and O
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were noticed across the wear track, whereas carbon peak was absent in the wear track of
the steel tested sample.

Micro-Raman spectroscopy has been performed to understand the distribution of
phases in the wear tracks for the ZrN film deposited at 873 K. The Raman spectroscopy
shows dispersion curves leading to a group of ‘lines’ (bands) due to acoustic transitions
in the 150-300 cm* region and another set of lines appear due to optic modes in the
region of 400-650 cm™* as shown in Fig. 4.19. The Raman spectra of ZrN have been
reported previously [260], and the Raman lines are found at the frequency of 169 cm™,
209 cm * and 499 cm * of ZrN phase as shown in Fig. 4.19(a). At higher spectral region
(710 cm " and 980 cm™*), second order weak lines of ZrN are also observed. Broad and
weakly developed peaks are found at 1366 cm™* and 1588 cm™* which correspond to the

vibrational modes of D and G - lines of graphitic phase [273].

4.3.3.2 Effect of nitrogen flow rate

Fig. 4.20 shows the value of coefficient of friction (COF) of the ZrN films on D-9
alloy substrate deposited at constant substrate temperature of 773 K and at different
nitrogen flow rates. Since Al,O3 and Si3N,4 have hardness of 23 and 25 GPa, respectively
and show almost similar behaviour during the wear study of substrate temperature at
constant flow rate of nitrogen. Only steel and Al,O3 balls were used as a counter body to

study the wear behaviour of the films.
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Fig. 4.20 The COF verses wear distance plot of ZrN thin films deposited at 773 K and at
(@) 1sccm, (b) 2 sccmand (c) 4 sccm flow rate of nitrogen.

Fig. 4.21 SEM micrograph of wear tracks of ZrN films tested with (a) Steel and (b) Al,O3
balls. These films were deposited at 773 K and at nitrogen flow rate of 1 sccm.
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Fig. 4.22 SEM micrograph of wear tracks of ZrN films tested with (a) Steel and (b) Al,O3
balls. These films were deposited at 773 K and at nitrogen flow rate of 4 sccm.
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Fig. 4.23 Raman analysis of ZrN films deposited at 773 K and tested with steel and Al,O3
balls with (a) 1 sccm and (b) 4 sccm flow rate of nitrogen.
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The values of the COF (Fig. 4.20 (a)—(c)) indicate that the COF of ZrN films is
lower for the steel ball than for the Al,O3; balls at 1 and 2 sccm flow of nitrogen, the
values of the COF are found to be more with the steel ball compared to that of the
ceramic ball, especially at higher flow rate of nitrogen (Fig. 4.20(c)). It is also noticed
that the COF reaches a saturation value at all flow rates of nitrogen, the value of the COF
in the plateau region decreases with increasing nitrogen flow rate. For instance, at 1 sccm
flow rate of nitrogen, the COF measured at a sliding distance of about 1.5 m for the steel
and Al,O; balls are 0.3 and 0.5, respectively. In contrast, the COF measured for the films
deposited at 4 sccm flow rate of nitrogen for the steel and Al,O3 balls are 0.3 and 0.2,
respectively. It is observed that during the initial periods of wear testing, the COF rapidly
increases to a saturation (peak) value and then gradually reaches a constant value (plateau
region). At the beginning of the wear test, there is a severe material transfer between the
film and the ball which leads to a rapid increase in the COF value.

Beyond the saturation value, the COF remains more or less constant in the plateau
region, where the material transfer is slowly reduced and stabilized after the coverage of
a large percentage of the test area with the transferred material. In case of failure of the
films, the saturation value of the COF varies significantly with wear distance.

Fig. 4.21 and 4.22 shows the SEM micrograph of wear tested films deposited at 1
and 4 sccm flow rate of nitrogen, respectively. Fig. 4.21 (a) and 4.22 (a) show the SEM
micrographs corresponding to the 773 K, films deposited at 1 sccm and 4 sccm flow rate
of nitrogen and tested with steel ball, whereas Fig. 4.21 (b) and 4.22 (b) show the SEM
micrograph corresponding to the 773 K, films deposited at 1 sccm and 4sccm flow rate of

nitrogen and tested with Al,O3 ball.
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Micro-Raman spectroscopy was performed to understand the distribution of
phases in the wear tracks for the ZrN film deposited at 773 K at different nitrogen flow
rate. The Raman spectroscopy shows dispersion curves leading to a group of lines
(bands) due to acoustic transitions in the region 150-300 cm* and another set of lines
appear due to optic modes in the 400—650 cm* region as shown in Fig. 4.23. The Raman
lines are found at the frequency band of 166 cm™*, 209 cm * and 502 cm™* for ZrN phase
as shown in Fig. 4.23(a) and (b). At higher spectral region (710 cm™* and 980 cm™),
second order weak peaks of ZrN are also observed. At 4 sccm flow rate of nitrogen and
the film tested with Al,Os ball shows broad and weakly developed peaks at 1370 cm™*
and 1580 cm * which correspond to the vibrational modes of D and G bands of graphitic

phase as reported earlier.

4.4 Discussion
4.4.1 Microstructural Characterisation

The substrate temperature and nitrogen flow rate have profound influence on the
microstructure. It was noticed that there is slight increase in the lattice parameter as a
function of nitrogen flow rate as the excess nitrogen can preferentially occupy interstitial
positions leading to a monotonous increase of the lattice parameter. When the nitrogen
flow rate increases up to 10 sccm, the films are found to be poorly crystallized. This can
be explained by the absence of the stable phases in the nitrogen rich zone of Zr-N system.
From Fig 4.3 (a) it was noticed that Zr;N, phase appears at 2 sccm and not seen at
nitrogen flow rate > 2 sccm. This behaviour can be understood since ZrsN4 phase is a

metastable phase. As the nitrogen flow rate increases up to 10 sccm, crystallinity of the
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films decreases due to the absence of the stable phases in the nitrogen rich zone of Zr-N
system.

The increase in the crystallite size with increasing substrate temperature is noticed
because of the increased adatom mobility at higher temperatures [274]. With increasing
substrate temperature, densification of the films is also promoted due to thermal
diffusion. It was also noticed that there is a slight increase in the lattice parameter. This
small change in the lattice parameter may be due to stresses present in the films. Initially
stress is compressive in nature and the films formed at higher temperature tend to possess
tensile stress. This is clearly evident from the change in the lattice parameter with respect
to bulk value of ZrN. The average surface roughness of the as deposited films was found
to decrease for the substrate temperature from 300 K to 873 K because of the increased
crystallite size and densification with the increasing substrate temperature [275].
However there is a decrease in the crystallite size at > 773 K, which could be related to
diffusion of Si of the substrate into the growing film in agreement with the results
reported in the literature [178].

The decrease in the crystallite size as a function of nitrogen flow rate (Fig 4.3 (b)
may be related to structural disordering. In our thin film  deposition, the increase of
nitrogen partial pressure was accompanied by the decrease of the partial pressure of
argon in order to keep the total flow rate constant. As a result, the overall sputtering yield
of the target decreased due to lower ionization of molecular nitrogen compared to argon,
which causes a continuous decrease in the deposition rate of the films up to 4 sccm and
then becomes constant (Fig.4.2). It is suggested that at higher nitrogen flow rates,

distortions are produced in the lattice due to increased accommodation of nitrogen atoms.
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Therefore, the reduction in the crystallite size with increasing nitrogen flow rate could be
related to tendency for amorphization.

Raman spectra (Fig 4.4) also confirm the presence of ZrN phase at different flow
rates of nitrogen. In a perfect fcc structure, the first order Raman scattering is forbidden
due to selection rules. However in this case due to disorder induced by the deposition
technique, the translation symmetry is lost, and all the modes can participate in the
scattering. Raman spectra will be an “image” of the density of vibrational states (DVS)
[276]. At low frequency range, the bands are attributed to the disorder of single phonons
and second order processes, whereas at higher frequencies the asymmetry of the bands is
due to the superposed contributions of the disorder of the optical phonons and second
order combination of acoustic and optical processes [277]. In this case also the
broadening of the bands indicates the disorder of the crystals. The as-deposited ZrN film
presents a Raman spectrum with the typical broadened bands, due to the disorder induced
by N atoms [278]. However in this case we could not get significant change as a function
of the nitrogen flow rate up to 4 sccm.

Thermal expansion of a solid is a consequence of an-harmonicity of the
interatomic potentials, which are significantly influenced by the material structure. The
value of the CTE increases (Fig 4.10 (b)) as a function of temperature, which is similar to
metallic system. The CTE of ZrN thin films are found to be comparable with the value of

the CTE of bulk ZrN.
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4.4.2 Nanomechanical Characterisation

A protective film such as ZrN not only requires high hardness but also high resistance to
plastic deformation during contact events. The ratio, H/E and H*/E? have been
increasingly applied to evaluate the resistance to plastic deformation from the values of H
and E [201]. The increased value of H*/E? (Fig 4.13), gives information on the resistance
of the material to plastic deformation. From the values of H*/E?, it is evident that ZrN
films deposited at 2 sccm of nitrogen flow rate could offer higher resistance to plastic
deformation. The variation in the resistance to plastic deformation could be discussed in
terms of the microstructure. In the present work, the mean crystallite size is significantly
reduced as nitrogen flow rate is increased and this results in the increase in the hardness
value for the films deposited up to 2 sccm of nitrogen flow rate. However, above 2 sccm
of nitrogen flow rate, films show poor crystallinity and also the formation of impurity
phase of ZrsN4. The present study indicates that the reduction in the value of resistance to
plastic deformation at higher nitrogen flow rates may be related to the change in the
microstructure, especially, the crystallite size and formation of secondary phase.

Scratch test indicates (Fig. 4.14) that films are adherent up to 4.6 N. Generally,
acoustic emission curve (Fig. 4.14 (a)) gives the idea about film failure. The acoustic
emission curve is smooth and when film loss occurs, the signal can increase either
suddenly or steadily as a function of load. The “shoulder” can be correlated to cracking or
to the onset of the cohesive failure. These effects are directly related to the tool life.
Cohesive and adhesive failures of the films are noticed at 4.6 and 4.8 N, respectively. It is

also clear from the SEM micrograph of the scratch tested region that showed flaking at
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4.6 N due to the cohesive failure and exposure of the substrate at 4.8 N due to adhesive

failure.

4.4.3 Tribological Behaviour of ZrN Thin Films

Tribological characterization of the ZrN films tested with ceramic balls show
higher COF than that of the steel balls irrespective of deposition temperature. Also the
value of the COF for the films deposited at higher temperature and tested with steel ball
is lower (Fig 4.15). The behaviour of the above curves can be qualitatively explained in
the following manner: during the initial periods of wear testing, the COF rapidly
increases to a saturation (peak) value and then gradually reaches a steady value (plateau
region). At the beginning of the wear test, there is a severe material transfer between the
film and the ball which leads to a rapid increase in the COF. Beyond the saturation value,
the COF remains more or less constant in the plateau region, where the material transfer
is slowly reduced and stabilized after a large percentage of the test area is covered with
the transferred material. In case of failure of the films, the saturation value of the COF
varies significantly with wear distance and is more evident with the films tested with the
SizNy ball.

It is suggested that the increased hardness of the ceramic balls could offer severe
abrasive wear and result in the higher values of the COF. The changes in the wear
behaviour of the ZrN films with the sliding bodies can be explained from the
morphology, composition and phase distribution of the of wear tracks. Typical surface
morphology of the wear tracks obtained with the three sliding bodies for the film

deposited at 300 K and 873 K are shown in Figs. 4.16 and 4.17, respectively. Using the
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steel ball, the wear surfaces of the films are found to be plastically deformed leading to
the formation of smooth surfaces as shown in Figs. 4.16(a) and 4.17(a). In this case, a
modified smooth tribolayer is non-uniformly formed on the ZrN film. It is also reported
that the wear testing with the steel ball generates lower amount of wear particles due to
the formation of a smooth surface layer [279].

The formation of tribofilm can be qualitatively explained by the following
process. Initial sliding contact can take place on a limited number of surface asperities,
i.e. the top points of the growth defect grains protruding upon the film surface. The
concentrated compressive and tangential loads result in prompt fracture of these grains
leading to the generation of first wear particles, This process continue until all the
protruding grains inside the wear track are wornoff. Meanwhile, some of the wear
particles entrapped within the sliding contact zone work as a ‘third body’ to make special
contributions to the tribo-system. Firstly, the sliding and rolling motion of the wear
particles result in high-stress abrasive wear of the film. Secondly, these particles are
further broken themselves into progressively smaller sizes. Then taking into account of
the increased surface to volume ratio of the wear debris and the strong ionic chemical
bonding of the ZrN, high compressive and shear loading as well as frictional heating in
the sliding contact zone, would promote both the self agglomeration of the fine wear
debris into clusters and the ionic adhesion of the clusters to the worn surface, which
eventually leads to the formation a continuous film to attach on the parent worn surface.
Afterwards, further sliding is more restricted within the tribofilm and results in
continuous powdering or amorphorisation. The friction curve shows that the coefficient

of friction is about 0.1 -0.3 in the temperature range 300 — 873 K and for the films tested
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with steel balls in the beginning prior to the tribofilm formation. Then it is increased to
0.5 — 0.6 for the films tested with ceramic balls due to the entrapped wear particles
arising from the mechanical wear. The high friction arises from the severe shear
deformation and adhesive interaction of the tribofilms. Such adhesive interaction is
attributed to the ionic bonding of the tribofilm. It is known that adhesive interaction is
one of the major components forming the frictional resistance in a sliding process. The
adhesive interaction depends on the inter-atomic bonding, for which strong ionic,
metallic and covalent bondings result in strong adhesion whereas weak bonding, such as
van der Waals inter-molecule forces, lead to weak adhesion [ 280].

With the Si3N4 ball, the films are subjected to severe abrasive wear (Fig. 4.16(c))
and the latter is evident from the distribution of fine wear particles (Fig. 4.17(c)). The
observation of the increased wear rate of the films with the ceramic balls by SEM could
be related to significant increase in the COF values. It is also reported that such ceramic
balls can easily react with moisture and form oxides of the respective metals and cause a
change in the wear mechanism [281].

The intensity profiles of the elements across the wear tracks show a non-uniform
distribution of the elements due to the wear testing. It is clear from Fig. 4.18 that there is
an increase in the amount of oxygen in the wear track for all the samples, while the
carbon is absent in the wear track tested with the steel ball. Also, the films tested with the
ceramic balls show more enrichment in the substrate elements such as Fe, Ni and C (Fig.
4.18(b) and (c)). The observation of a significant quantity of the substrate elements in the
samples tested with the ceramic balls indicates that the surface of the substrate is exposed

as a consequence of cracking and delamination of the film. It is suggested that the
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ceramic balls which cause severe deformation of the films seem to promote carbon
segregation to the surface of the substrate during the tribo-testing.

Position of these peaks obtained at 170 cm*, 211 cm and 503 cm™* from the
wear tracks is found to be shifted slightly towards the higher wave number for the films
tested with all the three sliding balls as shown in Fig. 4.19(b)—(d). A slight shift in the
position of these peaks to higher wave number could be related to accumulation of tribo
induced stress. In addition, there is a broadening and reduction in the intensity of the
peaks indicating a tendency to amorphisation due to tribo-induced structural disordering
and defect accumulation. Formation of these bands is clearly observed in Fig. 4.19(c) and
(d). Pashechko and Lenik [282] have reported the segregation of C, B, and Si to the wear
tested surface due to thermal diffusion activated by frictional heating in accordance with
our EPMA data for carbon. Therefore, it is reasonable to consider the segregation of
carbon from the substrate to the wear tested surface due to tribo-induced heating
activated by contacting stress of the hard ceramic balls.

However, the above peaks are not observed in the wear tested surface formed with
steel ball. Hertzian contact stress for the tribo-system of ZrN/steel ball is found to be
lower (0.98 GPa) and this stress may not be adequate to segregate the carbon to the
surface. However, this stress is found to be 1.84 GPa and 2.27 GPa for ZrN/Al,O3; and
ZrN/SisNg tribo systems, respectively. It is possible that with increase in the contact
stress of the ceramic balls, the temperature of the contacting surfaces also increases
which may further promote the segregation of the carbon from the substrate to the

surface. Though, the amount of such carbon phases formed using the ceramic balls in the
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present study is minimal, the role of such phases on the tribological properties of
materials is still ambiguous and may need further investigation.

The COF value is lower for the films deposited at 1 sccm of nitrogen flow rate
and tested with the steel. In contrast the films deposited at 4 sccm flow rate of nitrogen
shows higher COF value with the steel ball than that obtained with Al,O3 ball ( Fig 4.20).
This behaviour may be attributed to the presence of insulating impurity phase of SisNg4
along with ZrN present in the films deposited at higher flow rate of nitrogen. Micro-
Raman spectroscopy has been performed to understand the distribution of phases in the
wear tracks for the ZrN film. A slight shift in the position of Raman peaks to higher wave
number has been related to accumulation of tribo-induced stress. In addition, there was a
broadening and reduction in the intensity of the peaks indicating a tendency to

amorphisation due to tribo-induced structural disordering and defect accumulation.

4.5 Conclusions

ZrN films were deposited on Si and D-9 alloy substrates at different substrate
temperatures, as a function of nitrogen flow rate using the pulsed magnetron sputtering
technique.

(1) The nanostructured crystalline films with (200) preferred orientation were observed at
all deposition temperatures. Films deposited up to 1 sccm of nitrogen flow rate showed a
single phase fcc-ZrN, while films deposited at nitrogen flow rate > 1 sccm and up to 6
sccm revealed the growth of ZrN along with ZrsN,4 secondary phase. Films deposited > 6

sccm have poor crystallinity.
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(if) TEM studies also confirmed the presence of ZrN along with small amount of 0-Zr3N,4
phase at higher nitrogen flow rates. However, XPS analysis of these films indicated the

presence of ZrO, along with ZrN phase.

(iif) HTXRD study showed that ZrN films were stable up to 1073 K. The average linear

thermal expansion coefficient of ZrN film was found to be ar(K™)=6.81 x 10 + 9.26
x 1070 x (T)

(iv) The effect of nitrogen flow rate on the nanomechnical properties indicated an
enhancement in hardness and elastic modulus and showed a peak value for the resistance

to plastic deformation at lower flow rates of nitrogen.

(v) The tribological properties of these films were found to be influenced by the
deposition temperature and sliding counter bodies. The COF is found to be lower at 873
K and with steel ball. EPMA techniques suggested an increased amount of elements such
as Fe, Ni and C, while Raman spectroscopy indicated the presence of carbon related
phases in the wear tracks obtained using the ceramic balls. At higher flow rate of
nitrogen, steel ball shows higher COF than that obtained at lower flow rates of nitrogen.
The variation in the COF has been also discussed in relation with the microstructure of the

wear tracks.
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Chapter 5

Studies of Alloyed ZrAIN

Thin Films




5.1 Introduction

Among the ternary M-AI-N (M = transition metal) systems, Ti-Al-N and Cr—
AI-N coatings have been the most widely investigated [56-66], whereas a very few
studies have been devoted to the Zr—Al-N system [67-69]. ZrN has a lower coefficient of
friction than TiN and other transition metal nitrides, and is relatively hard. However, its
poor oxidation resistance hampers a broader range of applications. Therefore, alloying
ZrN with Al was suggested in order to improve the oxidation resistance and possibly also
the mechanical properties [283]. The crystal structure of ZrN is B1 fcc structure and it is
similar to TiN. However, there is a difference in the lattice parameter values of ZrN and
TiN. Also, ZrN has a larger lattice parameter (a = 4.58 A JCPDS: 30-0753) than that of
TiN (a = 4.24 A JCPDS: 38-1420). It is also reported that the lattice parameter value of
AIN is ~4.05 A (JCPDS: 46-1200). Therefore, the mismatch between ZrN and AIN is
higher than that of TiN, if forced into the B1 structure. AIN is immiscible in TiN and
ZrN, and experiments indicate that the driving force for segregation is larger in the case
of Zr-Al-N. However, alloyed ZrAIN films with lower concentration of Al exhibit fcc
structure similar to ZrN [133].

Thermal expansion of material plays an important role in the areas of
microelectronics and microelectromechanical systems (MEMS). There are several
problems that arise from the thermal expansion effect. For instance, the mismatch of
thermal expansion between the thin films and the substrate may lead to residual stresses
in the thin films [284-286]. Thus, the electronic devices as well as the micromachined
structures will be damaged or deformed by this effect. On the other hand, the thermal

expansion effect can be exploited to drive microactuators [287-288]. In order to design
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micromachined components as well as microelectronics devices properly, it is necessary
to characterize the coefficient of thermal expansion (CTE) for thin film materials. There
are several techniques used to measure the CTE of bulk materials. However, the
thickness of the films are too small to be determined using the conventional optical
techniques [289-292]. The X-ray diffraction method can be used to measure the CTE of
thin film materials but it is only appropriate for crystalline structures [293-295].

In this Chapter, the studies of alloyed thin films of ZrAIN deposited on Si and
D-9 alloy substrate have been presented. In the present work, four different compositions
of alloyed films of Zri4 ANy (Zroa7Noss, ZrossAloisNoss, ZrozsAlo2sNos7 and
Zro20Alp36No44) have been studied to understand their mechanical, tribological and
thermal expansion properties. These compositions have been selected based on the
equilibrium phase diagram of Zr-Al-N system, which suggests that Al is in the solid
solution up to 42 at.%. In the present study only alloyed films of ZrAIN have been
investigated, therefore two extreme and one intermediate compositions of Al were

selected.

5.2 Experimental Methods

ZrAl and alloyed films of ZrAIN were deposited on Si (100) and D-9 alloy
substrates by sputtering from composite targets of Zr-Al and ZrN-Al.

ZrAl films with 13 at.% of Al was prepared by placing a suitable Al strip of 1 mm
thickness and surface area of ~ 5.7 cm? over Zr target of ~ 45.34 cm?. This composition
was realized by trial and error based on the composition obtained from EPMA analysis.

In addition, alloyed ZrAIN thin films were also prepared on Si (100) and D-9 alloy
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substrates by sputtering from a composite target of ZrN - Al target using a single pulsed
power supply in a gas mixture of argon and nitrogen. In order to study the effect of Al
addition on the properties of ZrAIN thin films, films with different Al concentrations
were prepared at 773 K and nitrogen flow rate of 0.2 sccm. The experimental conditions

are given in Table 5.1.

Table 5.1 Deposition parameters of ZrAl and ZrAlIN thin films

Base pressure 8 x10"Pa

Operating pressure 7.5x10™ Pa

Substrate to target distance 60 mm

Target voltage 220-320V

Substrate temperature 300-773 K

Pulse power 100 W

Duty cycle 20%

Pulse frequency 100 kHz

Argon flow rate 50-40 sccm (with Zr target);
50-48 sccm (with ZrN target)

Nitrogen flow rate 0-10 sccm (with Zr target);
0-2 sccm (with ZrN target)

Al Area 2.851t022.8 cm’

The surface area of Al strip was varied from 2.85 to 22.8 cm? over zirconium nitride
target of 45.34 cm? to realize the above alloyed films. The effect of substrate temperature,
nitrogen flow rate at constant Al composition and Al addition at constant temperature and
nitrogen flow rate on the microstructure, nanomechanical and tribological properties were

also studied.
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In addition to EPMA analysis, the composition of ZrAIN films was determined by
proton elastic back scattering (PEBS), which is sensitive for light elements [296]. An
analyzing beam of ,H* at energy of 2.1 MeV, backscattered by 165°, was used during the
backscattering measurements. The experimental spectra were fitted using SIMNRA code
[297]. SIMNRA is a Microsoft Windows program for the simulation of back or forward
scattering spectra for ion beam analysis with MeV ions. SIMNRA is mainly intended for
the simulation of spectra with non-Rutherford backscattering cross-sections,

nuclear reactions and elastic recoil detection analysis.

5.3 Characterisation of ZrAl and Alloyed ZrAIN Films

Firstly, the results of ZrAl and alloyed ZrAIN thin films sputtered from the
composite target of Zr-Al on Si and D-9 alloy substrate are given. Secondly, the results
of alloyed ZrAlIN thin films prepared from a composite target of ZrN-Al as a function of
processing condition and Al addition are presented. The last section discusses the thermal
expansion behaviour and phase stability of the alloyed films.
5.3.1 ZrAl and Alloyed ZrAIN Thin Films Prepared from Composite Target of
Zr-Al

Fig. 5.1 (a) shows the XRD pattern of ZrAl thin film deposited on Si (100)
substrate as a function of substrate temperature in the range 300-773 K. These films were
deposited by sputtering from a composite target of Zr-Al. The composite target of Zr-Al
was prepared by an Al strip of surface area 5.7 cm?®on Zr target as discussed in Chapter 2.
The composition of these films were estimated by EPMA and it was found to be

(12.6 at. %) 13 at. % of Al present in the film. The films were generally polycrystalline in
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Fig. 5.1 (a) XRD pattern of ZrAl (13 at.% Al) thin films as a function of substrate
temperature, (b) Lattice parameters and (c) Crystallite size variation.
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nature and were crystalline even at room temperature. Formation of a - ZrAl phase of
zirconium with [001] preferred orientation was noticed in the temperature range 300773
K. It was found that crystallite size increased with increasing temperature up to 773 K.
No traces of Al was noticed indicating the fact that Al atoms formed solid solution with
Zr. Two strong peaks (002) and (103) of ZrAl were observed at all substrate temperatures
and were used to calculate the crystallite size. It is also evident that at 773 K, the films
were well crystalline. Similar behaviour has been reported for transition metal nitrides
[271].

Fig. 5.1 (b) and (c) show the lattice parameters and crystallite size of ZrAl films
as a function of substrate temperature. The lattice parameter values of ZrAl thin films
were a = 3.195-3.262 +0.002 A and ¢ = 5.131-5.170 + 0.002 A. The crystallite size was
calculated using full width at half maximum (FWHM) of (002) and (103) reflection of
XRD pattern and it was found to be increasing with increasing substrate temperature.

Fig.5.2 (a) shows the XRD pattern of ZrAIN thin films deposited on Si (100)
substrate as a function of nitrogen flow rate in the range of 1-10 sccm and at 773 K. With
addition of small amount of nitrogen, only fcc - ZrAIN phase was noticed at nitrogen
flow rate < 2 sccm. Also, a slight shift towards higher angle side in the 20 values is also
noticed. From the figure it is clear that as the nitrogen flow rate increases, film
crystallinity decreases and films deposited at nitrogen flow rate >2 sccm of nitrogen are
found to be x-ray amorphous. The broad peak seen above 32° (20) also tends to shift
toward lower angle. The crystalline size was calculated for the plane (200) and it was

found to be decreasing with increasing flow rate of nitrogen (Fig. 5.2 (b)).
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Fig. 5.3 (a) and (b) show the AFM micrograph of ZrAl and ZrAlIN thin films deposited on
Si substrate. AFM micrograph shows a uniform surface morphology and the films are
more crystalline at 773 K (Fig. 5.3 (a)) than at room temperature. It is also noticed that as
the nitrogen flow rate increases films are tending to amorphisation (Fig. 5.3 b) in

accordance with XRD results.

'40.28 nm

Fig. 5.3 AFM micrographs of (a) ZrAl (13 at. % Al ) thin films as a function of substrate
temperature and (b) ZrAIN (13 at. % Al) films at 773 K and as a function of nitrogen
flow rate.

The hardness and elastic modulus of the ZrAIN (13 at.%Al ) thin films were
measured by nano-indentation method (Fig. 5.4). The figure shows that hardness and

elastic modulus of the zirconium aluminum nitride thin films increase with the increase in

the nitrogen flow rate <2 sccm. Beyond 2 sccm flow rate of N, both the hardness and
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Young’s modulus are decreased possibly due to the formation of x-ray amorphous

ZrAIN.
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Fig. 5.4 Hardness and elastic modulus of ZrAIN (13 at.%Al) thin films as a function of
nitrogen flow rate.

5.3.2 Preparation of ZrAIN Thin Films from ZrN-Al Composite Target
Alloyed ZrAlIN thin films were prepared by co sputtering of ZrN-Al composite
target. The behaviour of ZrAIN films were studied as a function of processing

parameters ( substrate temperature and nitrogen flow rate) and Al addition.

5.3.2.1 Effect of substrate temperature
The growth characteristics of ZrAIN (13 at.% Al) as a function of temperature

was studied at constant flow rate of 0.2 sccm of nitrogen.
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Fig. 5.5 (a) shows the XRD pattern of ZrAIN thin films deposited on Si (100)
substrate and at 0.2 sccm flow rate of nitrogen in the range 300 — 873 K. Only the
reflections of (111), (200), (220), (311) and (222) corresponding to fcc- ZrAIN was
noticed. At 300 K, films were poorly crystalline and as the substrate temperature
increased the crystallinity also improved.

The lattice parameter (Fig. 5.5 (b)) was calculated using unit cell program.
Determination of the lattice parameter of ZrAIN films showed a slight increase from
4.490 to 4.494 + 0.002 A in the temperature range 300-873 K, and were found to be
lower than the lattice parameter value of ZrN. The full width at half maximum of the
(200) reflection was used to estimate the crystallite size using Scherrer’s equation.
However, strain in the films was not taken into consideration while measuring the
crystallite size. The crystallite size was found to be increasing up to 773 K and then

decreasing at 873 K.
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and (c) Crystallite size versus temperature.
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5.3.2.2 Effect of nitrogen flow rate
The ZrAIN (13 at. %Al) films were deposited at 773 K by reactive sputtering in
the mixture of nitrogen and argon as a function of nitrogen flow rates in the range 0 - 2

sccm for a constant time of deposition.

. 270
< 260] " @
E |
'S 250+ \
c | |
< 240
(O]
T 230+
xx
= 220-
(@]
= 2104 "
3
S 200 4
G) [ |
A 1904
0.0 0.5 1.0 1.5 2.0
Nitrogen Flow Rate (sccm)
—
= < N [N
= S N a4
5 = 9= o
4scem g < a?( £ =2
' ~N = = < <
Mot N2 NN
()]
=
(e : :
S Lo o e
O |1scem e : J\‘
= WMW : .
> c .
=
wn
c
(D]
+—
(e
= | 0.2sccm

20 30 40 50 60 70 80
2 theta (degrees)

Fig. 5.6 (a) Deposition rate and (b) XRD pattern of ZrAIN films as a function of nitrogen
flow rate.
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Substrate temperature was selected at 773 K, since at this temperature well grown
crystallite was noticed. The thickness and the deposition rate were found to decrease
with increasing flow rate of nitrogen (Fig.5.6 (a)). Typical thicknesses of the films were
in the range 1-2 pum. Films showed light golden colour for the films deposited at
nitrogen flow rates < 0.2 sccm and exhibited light gray colour for those deposited at
nitrogen flow rate > 0.2 sccm. Fig. 5.6 (b) shows the XRD pattern of ZrAIN (13 at. %Al)
thin films deposited at 773 K; in varying flow rate of nitrogen in the range of 0 to 4 sccm.
It is noticed that films deposited at lower flow rates of nitrogen ( < 0.2 sccm) show
(111), (200), (220) , (311) and (222) planes corresponding to fcc- ZrAIN phase. The
films deposited at nitrogen flow rates >0.2 sccm show broadening and reduction in the
intensities of (111) and (311) reflections. Films show (200) orientation at nitrogen flow
rates < 0.5 sccm and beyond 0.5 sccm flow rate of nitrogen, intensity of (200) reflection
also decreases significantly and at 4 sccm flow rate of nitrogen it disappears. Also, the
crystallite size of the films decreases with increasing nitrogen flow rate.

The Raman spectra of the films deposited in the nitrogen flow rate range of 0 to 2
sccm is shown in Fig. 5.7 and indicates the presence of ZrAIN phase. The spectra show
the frequency band at 172 cm™, 210 cm™ and 510 cm™ of ZrAIN. The band positions
obtained from the film is found to be consistent with the reported values of ZrN [32].
There is a slight shift in the Raman band from the ZrN band positions noticed due to Al
content of 13 at.% of Al content. Also, with increasing nitrogen flow rate broadening in

the Raman band is also present.

139|Page



0.5 sccm
Wy i FTNNRY

0.2 sccm
ot b Al il Lol

idh "

Intensity (arb. units)

200 400 600 800 1000 1200
Wavenumber (cm'l)

Fig. 5.7 Raman spectra of ZrAIN thin films as a function of nitrogen flow rate.

5.3.2.3 Effect of Al addition

In order to study the effect of Al addition on the ZrAIN films, the substrate
temperature and nitrogen flow rate were kept constant at 773 K and 0.2 sccm,
respectively, based on the experimental results reported in earlier sections.

The composition of the films was determined by PEBS and EPMA. PEBS
analysis was carried out for all the films to determine the elemental composition in the

film. The experimental data was fitted using SIMNRA code [296]. Typical PEBS curves
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for the Al percentage of 13 at.% and 28 at. % respectively, are shown in Fig. 5.8 (a) and

(b). EPMA analysis was also carried out for ZrAIN thin films to get the composition of

the films. The elemental composition obtained from PEBS and EPMA study are given in

Table 5.2 and 5.3 respectively. An histogram for the variation in the Zr, Al and N are also

shown in the Fig. 5.9.

Table 5.2 Elemental composition (at.%) obtained from PEBS

Area of Al Zr Al 0 Si
strip (cm?)
0 45.0 0 52.0 0 0
5.7 36.0 15.0 49.0 0 0
11.4 26.5 24.5 45.0 0 5
22.8 18.0 30.0 39.0 8 5
Table 5.3 Elemental composition obtained from EPMA
Area of Al Zr Al Standard
H 2
strip (cm’) deviation (%)
wt% | at% |wt% |at% |wt% |at% | Zr Al N
0 82.4 | 46.5 0 0 146 | 53.5 | 0.45 0 3.45
5.7 726 | 338 | 7.8 126 | 176 | 53.6 | 0.49 | 0.37 | 3.03
11.4 614 | 249 | 20.7 | 284 | 17.7| 46.7 | 0.55 | 0.22 | 2.92
22.8 51.2 | 205 | 26.4 | 357 | 16.8 | 43.8 | 0.61 | 0.19 | 3.06
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Fig. 5.8 PEBS curve for (a) 13 at. % Al and (b) 28 at. % Al containing ZrAIN films.
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8o

Fig. 5.9 Histogram of the elements of Zr, Al and N obtained for the ZrAIN films from
EPMA analysis.

The thickness and the deposition rate were found to increase slightly with
increasing Al concentration (Fig.5.10 (a)). Typical thickness of the films was in the range
1-2 um. Films showed golden colour for the films deposited at 0% of Al and exhibited
light gray to dark gray colour as the Al content increased up to 36 at. %. Fig. 5.10 (b)
shows the XRD pattern of ZrAIN thin films with different amounts of Al deposited on Si

(100) substrate at nitrogen flow rate 0.2 sccm and substrate temperature of 773 K.
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Fig.5.10 (a) Deposition rate of ZrAIN thin films with Al addition and (b) XRD pattern of
ZrAlIN films as a function of Al deposited at 773 K and 0.2 sccm of nitrogen flow rate.
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ZrAIN was noticed with the reflections of (111), (200), (220), (311) and (222)
corresponding to fcc structure. No traces of Al were present in the XRD pattern. As the
Al at. % increased up to 28 at. % of Al, reduction in the intensity and peak broadening
was noticed for the (200), (220) and (311) reflections. At 36 at. % of Al, there was a
severe peak broadening for lower angle reflections and ZrAIN tended to form x-ray
amorphous structure. In addition, a weak reflection of (111) of AIN was also noticed

The lattice parameter, a of any alloyed films were deduced from ZrAIN film. Fig.
5.11 (a) showed a linear relationship, a=ao - 0.0028 x (where a;=0.455 nm for ZrN and x
is the concentration of Al in at. %. It was also found that the value of lattice parameter
decreased with increasing Al content. The crystallite sizes were calculated from (200)
and (111) reflection of the ZrAIN patterns. The crystallite size of the ZrN films for (200)
reflection deposited without any Al addition was ~32 nm, and it decreased from ~32
nm to ~3 nm with an increase in the Al content from 0 to 36 at. % (Fig. 5.11 (b)). The
above crystallite sizes were calculated using Scherrer’s formula which does not take

strain into consideration.
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Fig. 5.11 (a) Lattice parameter and (b) Crystallite size variation as a function of Al
content.

Raman analysis (Fig. 5.12) also showed alloyed ZrAIN peaks and there was a
shift in the Raman peaks as Al concentration increases up to 36 at. %. The spectra

indicate the frequency band of 172 cm™, 210 cm™, 510 cm™ and 980 cm™ of ZrN. The
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band positions obtained from the film is found to be consistent with the reported values

of ZrN.
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Fig.5.12 Raman spectra of ZrAIN films as a function of Al content.

The variation in surface morphology and crystallite size using AFM have been
also investigated (Fig. 5.13) and it is found that as the Al % increased, the crystallite size
decreased. It was also noticed that at higher percentage of Al, the crystallites formed

agglomerates and grew in size. Unlike XRD, the crystallite sizes could not be measured
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accurately owing to the overlapping of the crystallites. Also, the films did not contain any

cracks in any of the above films.

0.00 nm 0.00 nm

0.00 nm
0.00 nm

Fig. 5.13 AFM micrographs of ZrAIN films with different Al contents.

TEM studies show that the ZrAIN with 28 at. % of Al film deposited at 773 K and
0.2 sccm flow rate of nitrogen reveal fcc-ZrAIN phase of equiaxed nanocrystallites of
sizes in the range 2-6 nm (Fig. 5.14 (a)). Diffraction pattern corresponding to first, second
and third rings of the inset of Fig. 5.14 (a) gives evidence of SiO,, ZrO, and ZrAIN phase

(Table 5.4). Similar SAD pattern were obtained at different regions of the sample.
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Table 5.4 Calculated d-spacings of different phases obtained in the ZrAIN (28 at.%
Al) from the selected area diffraction patterns of the films deposited at 773 K and
nitrogen flow rate of 0.2 sccm

S. ZrN(cF8) ZrO,(mP12) SiOy(hP9)

No. |R(hm™) |d(nm) |(04-004-2860) (01-070-2491) (00-012-0708)
d(nm) hkl d(nm) hkl d(nm) | hkl

1 2.742 0.3647 | - - - - 0.338 101

2 3.160 0.3164 |- - 0.3164 |-111 - -

3 4.408 0.2268 | 0.2292 200 |- - - -

Table 5.5 Calculated d-spacings of different phases obtained in the ZrAIN (36 at.%
Al) from the selected area diffraction patterns of the films deposited at 773 K and
nitrogen flow rate of 0.2 sccm

S, ZrN(cF8) SiO,(hP9) AIN(cF8)

No. |R(m™) |d(nm) |(04-004-2860) | (00-012-0708) | (00-046-1200)
dinm) |[nhkI |d(nm) |[hkl |d(nm) | hk

1 |29 0.3390 | - - 0338 |101 |- -

2 [3.42 02924 | 0.2647 |111 |- - - -

3 |481 02079 |0.2292 |200 |- - 0.2023 | 200

4 |589 0.1698 | 0.1621 |220 |- - - -

5 680 0.1470 |0.1382 |31l |- - 0.1430 | 220
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Flg 5.14 Brlght field TEM images from (a) Zro.25A|o.28N0.47 and (b) Zr0.20A|0.36N0.44 film
deposited at 773 K and nitrogen flow rate of 0.2 sccm. The corresponding selected area
diffraction patterns are shown in the inset.
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Fig. 5.14 (b) shows TEM results on the ZrAIN films with 36 at. % Al deposited at
773 K and 0.2 sccm flow rate of nitrogen. It reveals fcc-ZrAIN and AIN phase of
equiaxed nanocrystallites of sizes in the range 2-6 nm (Fig. 5.14 (b)). Diffraction pattern
corresponding to second and fourth rings of the inset of Fig. 5.14 (b) gives evidence of
ZrAIN phase (Table 5.5). Third and fifth ring of the diffraction pattern shown in the inset
correspond to AIN phase. It is clear small amount of AIN phase is noticed with ZrAIN

films with 36 at. % of Al content.

5.3.3 Thermal Expansion Behaviour of ZrAIN Thin Films

The phase stability and linear thermal expansion behaviour of alloyed ZrAIN thin
films with different Al concentration ZrozsAlo13Noss, and Zrg2sAlp2sNoa7 Were
investigated. Fig. 5.15 (a) shows the HTXRD pattern of ZrgzsAlo13Noss in the
temperature range of 300-1473 K. The figure also shows that addition of 13 at. % of Al
did not promote the formation of any oxide phase of Zr. However, there is a slight inter-
diffusion of the film as it is evident from the reduction in the peak intensities of (200) and
(311) reflections. The plot of lattice parameter and CTE as a function of temperature are
also shown in Fig. 5.15 (b) and (c), respectively. Second order polynomial fit was used
for the non linear fitting of the lattice parameter. Average and instantaneous CTE was
calculated and it was found that average CTE was slightly higher than that of

instantaneous CTE.
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The lattice parameter of Zrg34Aly.13No 53 was found to be:

ar(A) = 4.513 x 10 + 4.381 x 107 (T) + 3.922 x 107%(T?)
in the temperature range 300-1373 K and the average linear thermal expansion
coefficients are found to be:

or (K1) =9.3%x10° +2.7 x 10° (T)
Fig. 5.16 (a) shows the HTXRD pattern of Zry2sAlp28No47 in the temperature range of
300-1373 K. Lattice parameter and CTE versus temperature plots are also shown in Fig.
5.16 (b) and (c) respectively. Second order polynomial fit was used for the non linear
fitting of the lattice parameter. Average and instantaneous CTE was calculated and it is
found that average CTE was slightly lower than that of instantaneous CTE. The thermal
expansion coefficient was determined from the change in the lattice parameter as a
function of temperature. It was found that the ZrAIN thin film was stable up to 1373 K
and there was no signature for the formation of any secondary phase. The following is the
lattice parameter of Zrg25Aly 2sNo 47. It is in the temperature range 300-1373 K:

ar(A) = 4.454 x 10" + 4.139 x 10™%° (T) + 9.416 x 10™° (T?)
and the average linear thermal expansion coefficient were found to be:

or(K?) =10.01 x 10° +1.9 x 107 (T)
The CTE values of alloyed ZrAlIN thin films show higher values for the 13 and 28 at. %
of Al alloyed films of ZrAIN than that of the ZrN films (7.2 x 10° K™) reported in the

previous chapter.
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Fig. 5.16 (@) HTXRD pattern of Zrp2sAlo2sNo47 films, (b) Variation in the lattice
parameter and (c) CTE of the films as a function of temperature.
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Fig. 5.17 A comparative plots of average CTE of ZrN and ZrAlIN alloyed thin films as a
function of temperature.

Fig. 5.17 presents a comparative data of the CTE for ZrN and alloyed ZrAlIN thin films
measured in the present investigation. From the figure it is clear that Al addition

increases the CTE compared to that of ZrN films.

5.3.4 Nanomechanical Properties of Alloyed ZrAIN Thin Films
Nano-indentation measurements were carried out to estimate the mechanical
properties of the films. The indentation load and displacement were continuously

recorded during one complete cycle of loading and unloading [229] for measuring the
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hardness and modulus of the films. The nanohardness and Young’s modulus were

evaluated using the approach by Oliver and Pharr [196].
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Fig. 5.18 Hardness and elastic modulus of the alloyed ZrAIN films deposited on D-9
alloy at 773 K and nitrogen flow rate of 0.2 sccm.
The load displacement response obtained by nano-indentation contains information about
the elastic and plastic deformation of the films. The nanohardness of ZrAIN thin films
deposited on D-9 alloy was measured with various amount of Al.

It is observed that the values of hardness and Young’s modulus of the ZrAIN
films were in the range 9-18 GPa + 2 GPa and 235-364 GPa + 25 GPa, respectively

(Fig. 5.18). It is also noticed that with increasing Al addition, hardness value decreases.

156 |Page



0.045 -
0.040-
0,035
0.030-
0,025 .-
0.020-
0.015- \
0010 by
5 0 5 10 15 20 25 30 35 40

Aluminium (at.%)

~—~
@©
ol
O
~—~
o~
L
o
L

Fig. 5.19 H¥/E? values of ZrAIN alloyed films as a function of Al content.

Fig. 5.19 shows the values of H*/E? of the ZrAIN thin films as a function of Al
H3/E? of ZrAIN films has a value 0.025 for the films with 13 at. % of Al. It is also noticed
that H3/E? value decreases with Al addition. This suggests that the resistance to plastic
deformation decreases as the Al content increases.

Scratch test was carried out to determine the films adhesion with the substrate and
the film failure, if any. After scratch test, tested region was further assessed by optical
microscopy and scanning electron microscopy. The tangential force, friction coefficient
and acoustic emission signals were measured as a function of scratch length and used as a

supplementary test to identify different film damage levels.
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Fig. 5.20 (a) Scratch test result of Zrg34Al013No 53 films, (b) optical micrograph of scratch
tested region and (c) SEM micrograph of the corresponding scratch tested region.
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Fig. 5.21 (a) Scratch test result of Zrg20Alp3sNo.44 films and (b) Optical micrograph of
scratch tested region.

Fig. 5.20 (a) shows scratch test results for the ZrAIN films with 13 at. % of Al
Scratch tests were carried out with progressive load to determine the critical scratch load
and friction coefficient for a given damage level. Fig. 5.21 (a) shows scratch test results
for the ZrAIN films with 36 at. % of Al. From the acoustic emission signals and friction
coefficient curves, first critical loads for Zry3sAlo13Noss and Zrg20Alo36No.4s films was
about ~ 4.9 N and 4.2 N, respectively. Fig. 5.20 (b) and Fig. 5.21 (b) show the optical

images taken during the scratch testing. A typical SEM image corresponding to scratch
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tested region is also shown in Fig. 5.20 (c) for the Zrp34Alo13Nos3 film. Both optical and
SEM images of the scratch test regions indicate chipping and flaking of film close to the
region where there is a change in the friction coefficient as a function of normal load.
From the Fig. 5.20 and 5.21, it is evident that during the failure there is a change in the
friction coefficient value as indicated by arrows. However, the variation in the acoustic
signal as a function of scan length is more with Zrp3sAlo13Noss: than that of

Z10.20Alp 36No .44 films.

5.3.5 Tribological Behaviour of Alloyed ZrAIN Films

Fig. 5.22 shows the COF versus wear distance plots of Zrg47No 53, Zro34Alp.13Nos3,
Zro25Alp28No47 and Zrg20Alo36No4s alloyed films of ZrAIN. It is seen that the COF
values initially increase and then saturates after 2 meter of wear distance. The COF
values were tested with steel and Al,O3 counterbodies. Tribological studies of the ZrAIN
thin film showed that the COF of ZrAIN thin films is lower for the steel ball (100Cr6
steel) than that for the Al,O3 ball irrespective of Al concentration.

The COF values were measured at 5 meter of wear distance for all the
composition and it was found to be 0.7, 0.65, 0.75 and 0.55 for steel balls and 0.7, 0.85,
0.9 and 0.75 for Al,O3 balls for Zrga7Noss, ZrozaAloisNoss, Zro2sAlo2sNos7 and
Zro20Alp36No.44 cOmpositions respectively. Though the COF value obtained from the
alumina ball is always higher than those obtained with steel ball, no clear trend is
obtained for the COF with increasing amount of Al addition in the present work. The
behaviour measured from wear test appeared to be quite complex and not fully

understood.
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Fig. 5.22 COF versus wear distance plots of Zrg47Nos3, Zro34Al13Nos3, Zro25Alp 28No 47
and Zro,20A|o,36No,44 films of ZrAIN.
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Fig. 5.23 Wear track width versus Al concentration in the ZrAIN thin films tested with
steel and alumina balls.
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Fig. 5.24 SEM micrograpg of wear tracks tested with (a) steel and (b) alumina balls for
ZrAlIN alloyed films.

Fig. 5.23 shows a plot between change in the wear track width as a function of Al
concentration for the films tested with steel and alumina balls. Wear rates could not be

directly measured due to inaccuracy in the measurement of the depth inside the wear
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track. Width of the wear track can be qualitatively related to wear rate. The wear rates
measured for ZrN using steel and alumina balls were generally higher than that of ZrAIN
alloyed films. The wear rate decreased significantly to lower values with addition of Al
concentration and remains steady at higher Al concentration. The pot clearly
demonstrates that the wear rates are significantly higher with Al,O3; ball than those
obtained with steel ball. There is a slight increase in the COF values at higher
concentration of Al for both the balls. SEM micrograph of wear tested region is also
shown in Fig.5.24. From Fig. 5.24 (a) and (b), it is clear that track widths are higher with

Al,O3 tested samples than that of steel ball tested samples.
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Fig. 5.25 Raman analysis of wear track for (a) ZrossAlo13Noss and (b) Zro20Alo36No.44
alloyed films.
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In order to understand the wear track morphology, Raman analysis was also
carried out inside the wear tracks in all the samples. Fig. 5.25 shows the Raman curves
for two extreme cases of alloyed films of ZrAIN. It is observed that the prominent Raman
band of ZrAIN observed at 212 cm™, 550 cm™, 720 cm™ for 13 at. % of Al and slightly
shifted to 200 cm™, 512 cm™ for 36 at. % of Al added film. It is also seen that films
tested with alumina balls show higher order Raman band at 1360 cm™ and 1582 cm™,
which may correspond to carbon segregation from the substrate as observed for ZrN thin

films. Also, with higher addition of Al content intensity of Raman bands decrease.

5.4 Discussion
5.4.1 Growth Characteristics of ZrAl from Zr-Al Target and a Comparative Study
of ZrAIN Films from Zr-Al and ZrN-Al Composite Targets.

ZrAl films were synthesized from the composite target of Zr-Al prior to the
synthesis of ZrAIN films to understand the growth process of ZrAl (13 at. %) film.

The crystallite size of ZrAl thin films were found to be increasing with increasing
temperature (Fig. 5.1 (b)). This behaviour can be explained with the increase in mobility
of the adatoms with increasing substrate temperature. Similar behaviour has been also
reported for other transition metal nitrides.

The decrease in the crystallite size as a function of nitrogen flow rate (Fig 5.2 (b)
is due to structural disordering leading to amorphization. As the nitrogen flow rate
increases, the overall sputtering yield of the target decreased due to lower ionization of
molecular nitrogen compared to argon, which causes a continuous decrease in the
deposition rate of the films. It is suggested that at higher nitrogen flow rates, distortions

are produced in the lattice due to increased accommodation of nitrogen atoms. Therefore,
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the reduction in the crystallite size with increasing nitrogen flow rate could be related to
tendency for amorphization.

A comparative study was made for alloyed ZrAIN (13 at.%) films deposited at
constant temperature of 773 K from the composite target of Zr-Al and ZrN-Al. It was
found that ZrAIN films sputtered with Zr target needed 1 sccm flow rate of nitrogen,
whereas films sputtered with ZrN-Al target consumed only 0.2 sccm flow rate of nitrogen
to obtain alloyed film of ZrAIN. This is obvious because of the sputtering from a N rich
target. Excess nitrogen was required for the films sputtered with Zr —Al target, in order to
obtain the stoichiometric ZrAIN films.

The variation in crystallite size was showing similar trend for the ZrAIN films
sputtered from both the targets. Raman spectra (Fig 5.7) also confirmed the presence of
ZrAIN phases at different flow rate of nitrogen. The as-deposited ZrAIN film showed
Raman spectrum with the typical broadened bands due to the disorder induced by N
vacancies [278].

A significant increase in the hardness and elastic modulus (Fig. 5.4) is found at
lower N, flow rates of 1 to 2 sccm. Beyond 2 sccm flow rate of N, both the hardness
and Young’s modulus are decreased. The observed low hardness at 0 sccm of nitrogen is
due to the metallic phase formation of ZrAl (hcp structure). This phase when converted
into ZrAIN ( fcc structure) at 1-2sccm of  nitrogen flow rate, shows a large increase in
hardness and elastic modulus and > 2 sccm of nitrogen, this phase gets distorted and
has a tendency to form amorphous phase as evident from XRD analysis. The formation
of amorphous like ZrAIN shows a decreasing hardness and elastic modulus, however

higher than the nano mechanical properties of metallic phase of ZrAl.
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5.4.2 Effect of Al Addition on Thermal Expansion, Nanomechanical and
Tribological Properties of ZrAIN Alloyed Films

The addition of Al has shown significant influence on the thermal,
nanomechanical and tribological properties. To study the effect of Al addition, ZrAIN
films were deposited at 773 K and 0.2 sccm of nitrogen flow rate as these processing
conditions promote films with good crystalinity.

The addition of Al was substituted in the cationic sub-lattice of Zr leading to a
single phase with shrinkage of the lattice because of the lower ionic radius of Al (0.5A)
compared to that of Zr (1.6 A) upto an Al concentration of 36 at.%. Therefore lattice
parameter values were found to be decreasing (Fig. 5.11(a)) for the Al concentration
range 0 < x < 0.36. Besides the formation of ZrAIN, a weak reflection of AIN for ZrAIN
films with 36 at. % Al indicated an onset of phase separation in accordance with the
phase diagram for Zr-Al-N system as explained in Chapter 1.

In the present work, the CTE of alloyed ZrAIN films was calculated and it was
found to be higher than that of CTE values of ZrN films. In general, thermal expansion of
a solid is a consequence of an-harmonicity of the interatomic potentials [298], which are
significantly influenced by the material structure. The displacement of individual atoms
from their equilibrium sites with temperature depends additionally on structural
imperfections, which dramatically influence the atomic behavior (e.g. vibrational
frequencies). Structural defects such as vacancies, interstitials and dislocations locally
alter the interatomic potential as they induce strain fields and change the chemical
environment in their vicinity. The reduction in grain size influences the number of atoms

in grain boundary and the volume fraction of the defective GB area. This means that the
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higher the volume fraction of GB the more pronounced is the effect on the thermal
properties of the whole system [238]. Since the atoms in the GB region have lower
average coordination numbers than the atoms in the grain interior, and are thus more
weakly bonded, their interatomic potential becomes shallower and more asymmetric
[299]. Due to the necessary enhancement of thermal vibration and anharmonicity of the
interatomic potential, the thermal expansion of the nanocrystalline material is higher than
that of the single crystal material. The enhancement of CTE is indeed more pronounced
for lower grain sizes, since the contribution of GB atoms to thermal expansion increases
dramatically with increasing volume fraction.

There are, however, additional effects which can affect thermal expansion. For
instance, defective GB enhances the heat capacity of nanocrystalline materials [300],
which in turn contributes to increased thermal expansion according to the Gruneisen
relation. Porosity is also expected to alter the thermal expansion of a solid. All these
effects should be taken into account and discussed before offering an interpretation of the
variation in CTE compared with the coarse-grained polycrystalline and single crystal
counterparts.

The CTE of the films is, however, not only a structure dependent but also a stress-
dependent parameter, since internal stress modifies the interatomic equilibrium positions
and thus the anharmonic thermal vibrational amplitudes. High compressive stresses are
known to reduce the CTE by restricting the vibrational movement of atoms [298]. Tensile
stress, on the other hand, tends to increase the interatomic distances and contributes to the
pronounced anharmonicity of the interatomic potential around the minimum. However, in

the case of thin films under compressive stress, which is predominantly related to the
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local volume change due to irradiation-induced defect generation, the film is not
compressed in the same way. Although the defect concentration in the films is sufficient
to explain the development of relatively high compressive stresses, the local change in
the atomic arrangement seems not to affect the CTE on the macroscopic scale [298].

In the case of nanocrystalline materials atoms at the surface of a crystal or at an
incoherent interface (grain boundary) are not saturated with respect to their bonding
states and their coordination number (i.e. the number of nearest neighbours) is less than
that of bulk materials. Hence, the curve of potential energy per atom versus interatomic
distance for a surface/interface atom shows a less deep potential energy minimum well
than for a bulk material. Consequently, in view of the asymmetry of the potential energy
minimum wells, the thermal expansion pertaining to the surface/ interface atoms of the
crystal is larger than for the bulk atoms [237]. Theoretically it has been shown that the
potential energy well is less deep and more asymmetric for surface atoms than for the
atoms in the bulk [300]. The smaller the crystal, the larger the ratio of the number of
surface/interface atoms and therefore smaller crystals show larger average linear
coefficient of thermal expansion. Therefore in the present work, the CTE of ZrAIN is
significantly higher than that of bulk ZrN (7.2 x 10°® K™).

The ratio H¥/E? has been increasingly applied to evaluate the resistance to plastic
deformation from the values of H and E [201]. The increased value of H*/E? (Fig 5.19),
gives information on the resistance of the material to plastic deformation. From the
values of H¥/E?, it is evident that ZrAIN films deposited with lower Al % could offer
higher resistance to plastic deformation. The variation in the resistance to plastic

deformation could be discussed in terms of the microstructure. In the present work, the

168 |Page



mean crystallite size is significantly reduced as Al concentration is increased and this
should result in the increase in the hardness value for the films deposited at higher Al %.
However, in this case the hardness values were found to be decreasing (Fig.5.18) due to
the presence of higher amount of a soft phase in the matrix. In addition, at higher Al
concentration, the crystallite sizes are quite low and may not follow the Hall-Petch
relation [301-302]. For too small grain sizes however, the Hall-Petch relation is no longer
valid and the hardness can even decrease according to the inverse Hall-Petch relation
[303]. For magnetron sputtered CrN thin films, the hardness has been observed to
decrease when the grain size is below ~15 nm [304]. Also ZrN thin films exhibit a
decreased hardness when the grain size is reduced to below ~5 nm [305]. The reason for
the decreased hardness may be due to the increased grain boundary sliding [306-307] as
the volume fraction of boundaries increases with decreased grain size. A small grain size
also results in an overall increased porosity of the film. In addition, dislocation motion
through several grains or enhanced grain boundary diffusion can reduce the hardness
[308]. The present study indicates a reduction in the hardness and a low value of
resistance to plastic deformation at higher Al concentration. This may be related to very
low crystallite size and the presence of large amount of the soft phase of Al.

Scratch test is intended to assess the mechanical integrity, failure modes, and
adhesion strength of hard films on a metal or ceramic substrate. The test method does not
measure the fundamental “adhesion strength” of the bond between the film and the
substrate. Rather, the test method gives a quantitative engineering measurement of the
practical (extrinsic) adhesion strength and damage resistance of the film-substrate system

as a function of the applied normal force. The adhesion strength and the damage modes
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depend on the complex interaction of the coating/substrate properties (hardness, fracture
strength, modulus of elasticity, damage mechanisms, microstructure, flaw population,
surface roughness, and so forth) and the test parameters (stylus properties and geometry,
loading rate, displacement rate). Brittle damage events (cracking, delamination, chipping,
spalling, buckling, and so forth) can produce high frequency elastic waves in the coating
and substrate which can be detected by acoustic emission (AE) originating from the
films. As the applied normal force increases in the scratch test, film damage events occur
with increasing frequency and severity and the resulting elastic waves can be detected. It
should be noted that the changes in acoustic emission events at given normal force levels
cannot discriminate apriori between the different damage events and coating failure
modes.

Scratch test indicates (Fig 5.19(a)) that films are intact up to 4.6 N. Generally
acoustic emission curve (Fig. 5.19 (b)) gives the idea about film failure. At low loads the
curve is smooth and when film loss occurs, the signal increases suddenly as a function of
the load. The “shoulder” can be correlated to cracking or the onset of the cohesive failure.
Cohesive and adhesive failure of the films were noticed at 4.6 and 4.3 N respectively for
the ZrAIN films with 13 and 36 at. % of Al respectively.

However, the COF values were slightly lower than the COF values of ZrN thin
films. Similar behaviour was also reported by Lopez and Staia [309]. Low values of the
COF (0.5-0.6) at 973 K for Zr ¢.72Alp2sN and Zr o.42Alp:ssN were also reported in the
literature and it was explained with the presence of Fe oxides in the wear tracks [310].
They also reported that at 300 K, there was generally an increased wear rate for all the

ZrAIN films which decreased with low Al content if the temperature is increased to 773
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K. This behaviour was similar to observation made in the case TiAIN [311] and HfAIN
[312].

In our case it is suggested that the increased hardness of the ceramic balls could
offer severe abrasive wear and result in the higher values of the COF than that of steel
balls. This is also evident from the wider wear tracks obtained with the alumina balls than

that of steel balls.

5.5 Conclusions

ZrAl and alloyed ZrAIN films were deposited on Si (100) and D-9 alloy substrate from
the composite targets of Zr-Al and ZrN-Al. The effect of deposition temperature and
nitrogen flow rate was studied at constant Al content of 13 at. %. Also, the effect of Al
addition on the microstructural, thermal expansion behaviour, nanomechanical and
tribological properties were reported at 773 K and 0.2 sccm flow rate of nitrogen.

e Only a-phase of ZrAl with [001] preferred orientation was noticed in the
temperature range 300-773 K. It was found that the crystallite size increases with
increasing temperature.

e It was found that (Zr,Al) N is in solid solution up to 36 at. % of Al. ZrAIN thin
films were a single phasic fcc structure. As the Al content was increased up to 36
at. % , lattice parameter decreased due to the substitution of Zr by Al of lower
atomic radius.

e High temperature results of Zr,..AlxNy thin films indicated that the addition of Al

improved the phase stability at higher temperature. The average linear thermal
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expansion coefficient of Zry.AlyNy thin films showed an increase in the thermal
expansion coefficient with increasing Al content up to 28 at.%Al.

It was also observed that values of hardness and Young’s modulus of the alloyed
ZrAIN films were in the range of 9-18 GPa and 235-364 GPa, respectively as a
function of Al in the range of 0 to 36 at. %.

Tribological studies of the alloyed ZrAIN thin film showed that the COF of
ZrAIN films was lower for the steel ball (100Cr6 steel) than that for the Al,O3
ball up to 36 at. % of Al. However, no clear trend was observed in the COF value

as a function of Al content.
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Chapter 6

Summary, Conclusions

and Future Directions
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6. 1 Summary and Conclusions

Pulsed DC magnetron sputtering technique has been used to deposit the Zr, ZrN
and alloyed films of ZrAIN on Si (100) substrates with native oxide film and D-9 alloy
substrates. Following are the summary and conclusions obtained from the investigations
on Zr, ZrN and alloyed ZrAlIN films:
6.1.1 Zr thin films
The present study has demonstrated that magnetron sputtering could be used for the
development of Zr films on metallic and semiconducting substrates to obtain desired
mechanical properties.

(1) The role of pulsed parameters such as pulse frequency, duty cycle and pulse
power of the pulsed DC power source was investigated on the deposition rate and
crystallite size of the Zr films. Higher pulse frequencies and duty cycle have been
found to produce lower crystallite size. The reduction in the mobility of the
sputtered species caused the production of crystallites of lower sizes. Whereas,
deposition rate has been found to decrease with in increasing pulse frequencies
and increase with increasing duty cycle. The effect of pulsed power in the range
50-125 W indicated an increase in both the deposition rate and the crystallite
size with increasing pulse power energy.

(i) Formation of a-hcp phase of zirconium with [0 O 1] preferred orientation was
noticed in the temperature range 300-873 K.

(iii) The increase in the crystallite size as a function of substrate temperature has been
noticed for Si and D-9 alloy substrates but the increase in the crystallite size of the

films deposited on D-9 alloy substrate was higher than that of the films deposited
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on Si substrates. This behaviour can be attributed to the increased mobility of the
adatoms on the conducting surface of D-9 alloy compared to that of
semiconducting substrate.

(iv) HTXRD showed that Zr films were stable up to 773 K. The average thermal
expansion coefficient of Zr film is found to be ora(K™) = 5.63 x 10° + 1.08 x 10
x (T) and ore(K") = 6.25 x 10° + 7.36 x 10® x (T) along the a and ¢ axis,
respectively. The increase in the value of the CTE as a function of temperature in
the present study is in agreement with several metallic materials.

(v) Nanoindentation and microhardness measurements showed that the hardness of
the films was in the range 6-10 GPa for films deposited in the temperature of
300-873 K. The decreased hardness of the Zr films deposited at higher
temperature could be correlated with the stress relaxation in larger crystallites
formed at higher growth temperatures. Scratch test results indicated that the films
have better adhesion at higher substrate temperature. The load for the first critical
failure was 20 N for the films deposited at 773 K compared to that of 7 N for the
film deposited at room temperature. The better performance of the Zr films
prepared at higher temperature could be related to better adhesion of the film with
the substrate.

(vi) Tribological measurement indicates that films tested with steel and alumina balls
showed a very small increase in the COF values for the films tested with alumina
balls due to their increased hardness value. It is suggested that plastic deformation
of the film due to ploughing is the dominant mechanism of friction for thin soft

coatings under low loads.
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6.1.2 ZrN thin films

ZrN films were deposited on Si (100) and D-9 alloy substrates at different
substrate temperatures as a function of nitrogen flow rate using the pulsed magnetron
sputtering technique.

(1) The substrate temperature and nitrogen flow rate have shown profound influence
on the microstructure. The nanostructured crystalline films with (2 0 0) preferred
orientation were observed at all deposition temperatures. Films deposited up to 1
sccm of nitrogen flow rate showed single phase fcc-ZrN, while films deposited at
nitrogen flow rate > 1 sccm and up to 6 sccm revealed the growth of ZrN along
with ZrsN4 secondary phase. Films deposited > 6 sccm have poor crystallinity.
TEM studies also confirmed the presence of ZrN along with small amount of o-
Zr3N4 phase at higher nitrogen flow rates. The increase in the crystallite size with
increasing substrate temperature was noticed because of increased adatom
mobility at higher temperatures. In contrast, there was a decrease in the crystallite
size as a function of nitrogen flow rate due to structural disordering. It is
suggested that at higher nitrogen flow rates, distortions could be produced in the
lattice due to increased accommodation of nitrogen atoms which results in the
reduction in the crystallite size and tendency for amorphization .

(i) HTXRD study showed that ZrN films were stable up to 1073 K. The average
linear thermal expansion coefficient of ZrN film was found to be ar(K?)= 6.81 x
10° +9.26x 10™ x (T).

(iii) The effect of nitrogen flow rate on the nanomechnical properties indicated an

enhancement in hardness (25 GPa) and elastic modulus (460 GPa) and showed a
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peak value for the resistance to plastic deformation (H*/E?) at 2 sccm of nitrogen
flow rate. However, above 2 sccm of nitrogen flow rate, there is a reduction in
the value of resistance to plastic deformation because of the change in the
microstructure, especially, the crystallite size and formation of secondary phase.
(iv)The tribological properties of these films were found to be influenced by the
deposition temperature and sliding counter bodies. The COF was found to be
lower at higher deposition temperature and with steel ball regardless of the
deposition temperature. EPMA suggested an increased amount of elements such
as Fe, Ni and C, while Raman spectroscopy indicated the presence of carbon
related phases in the wear tracks obtained using the ceramic balls. At higher flow
rates of nitrogen, the steel ball showed higher COF than that obtained at lower
flow rates of nitrogen. The variation in the COF was also discussed in relation
with the difference in the microstructure of the wear track obtained with steel ball

and ceramic balls.

6.1.3 ZrAlIN alloyed thin films

ZrAl and ZrAIN films were deposited on Si (100) and D-9 alloy substrates from the
composite targets of Zr-Al and ZrN-Al. The content of Al of the alloyed films was varied
by clamping Al strips of different surface area on the targets of Zr and ZrN. The effect of
deposition temperature and nitrogen flow rate was studied at constant Al content of 13 at.
%. Also, the effect of Al addition on the microstructural, thermal expansion behaviour,
nanomechanical and tribological properties were reported at 773 K and 0.2 sccm flow

rate of nitrogen. The following are the important conclusions on alloyed films:
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() Only a-phase of ZrAl with [0 0 1] preferred orientation was noticed in the
temperature range 300—773 K, when deposited with high pure argon as the sputter
gas. It was found that the crystallite size increased with increasing temperature.

(i) (Zr,Al) N formed solid solution up to 36 at. % of Al. ZrAIN thin films were
single phasic fcc structure. As the Al content was increased up to 36 at. %, lattice
parameter decreased due to the substitution of Zr with ionic radius of 1.6 A by Al
of lower atomic radius (0.5A). Besides, with 36 at. % of Al addition, the presence
of a small amount of AIN phase was also noticed. This may be due to the onset of
phase separation in ZrAIN due to solubility limit of Al in Zr-N system.

(ii1) High temperature results of Zr,.,AlxNy thin films indicated that the addition of Al
improved the phase stability at higher temperature. The average linear thermal
expansion coefficient of Zri.,AlxNy thin films showed an increase in the thermal
expansion coefficient with increasing Al content up to 28 at.%Al than that of ZrN
films. Since, the crystallite size of ZrAIN was found to be decreasing with Al
addition, an increasing CTE was noticed due to the increased grain boundary
effects. Therefore, in the present work, for instance with 13 at. % Al the CTE of
ZrAIN (9.3 x 10° K* ) was significantly higher than that of the bulk
ZrN (7.2 x 10° K™Y,

(iv) The hardness and Young’s modulus of the alloyed ZrAIN films were found to
decrease from 18 GPa to 9 GPa and from 364 GPa to 265 GPa, respectively as a
function of Al in the range of 0 to 36 at. %. As a consequence, the resistance to

plastic deformation (H*/E?) also was found to decrease with Al addition. This may
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be related to very low crystallite size (< 10 nm) and presence of large amount of

the soft phase of Al

(v) Tribological studies of the alloyed ZrAIN thin film showed that the COF of

ZrAIN films was lower for the steel ball (100Cr6 steel) than that for the Al,O3
ball up to 36 at. % of Al because the ceramic balls produce severe abrasive wear
and resulted in the higher values of the COF than that of steel balls. This was also
evident from the wider wear tracks obtained with the alumina balls than that of

steel balls.

6. 2 Future Directions

(i)

(i)

(i)

There are reports which suggest that very small amount of Al addition (< 5 at. %
Al) could increase the hardness of alloyed films of ZrAIN. We could not perform
the experiments with lower content of Al because of the practical limitation in the
preparation of the composite target and sputtering from a single power source.
Though, a few reports suggest better oxidation resistance for Al alloyed ZrN
films, a systematic investigation on the oxidation resistance of ZrAIN must be
taken up.

Synthesis of Zr/ZrN and ZrN/ZrAIN multilayers will be investigated with the
support of HRTEM to understand the mechanical properties as a function of

bilayer thickness.
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