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Abstract

In recent years, high power impulse magnetron sputtering (HIPIMS) has caught the
attention of users due to its ability to produce dense coatings. However, microscopic
studieshave shown that HIPIMS deposited coatings can suffer from some surface
imperfections even though the overall number of defects can be significantly lower
compared to, for example, arc depositedtings of similar thickness.

Defects can degrade the coatpgyformance thus any kind of defect is undesirable. To
better understand the nature of these imperfections and the science of their formation,
three sets of chromium nitride/niobium nitride (CrN/NbN) coatings were deposited
using HIPIMS technique combinaslith unbalanced magnetron sputtering (UBM) by
varyingthe deposition parameterse. deposition time (t = 15 to 120 min), bias voltage

(Up = - 40 to- 150 V) and chamber pressure (P = 0.2 to 1 Pa). For each set, one
parameter was varied and other two evé&ept constantAll these experiments were
carried out with chamber conditions close to those found in industrial enviroribhent.
study revealed that the generated defects were similar for all the coatings and with the
increase in deposition time/biasltage/chamber pressure tharface area covered by
optically visible defects surfacedefect density was increased. These defects were
categorised as flakes related defects (nodular, open araictonelike defecty and
defects associated with substratts pinhole defect). Depending on their types, the
defects influenced the corrosion and tribological properties of the coatings. As the
origins of most defects were flakdgenerated from the chamber componenés)
additional study was conducted to urstand the influence of chamber cleanliness on
defect generation. As expectesyrface defect densitgf the coating produced in a
comparatively clean chamberas reducednoticeably (from 3.18 %o 1.37 % after
cleaning) Coating with lower surface defecs performed significantly well during
corrosion and tribological tests. However, the comparison between pure UBM and
combined HIPIMS/UBM deposited coatings suggested that along with the defects,
coating structure also had a major role in corrosion, wedrfaction mechanisms.

Even for deposition conditions where HIPIMS coatings showed higirégice defest

owing to their microstructuee their corrosion resistance and tribological behaviour

were superioto the UBM deposited coatings.
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1 Introduction

1.1 Motivation

In the last few decades, the use of Physical Vapour Deposition (PVD) technique has
increasedsignificanty owing to its capability to deposihetals, alloys, ceramic and
polymer thin films onto a wide range of substrate matefidlsHowever, one major
drawback of PVD process is that deposited coatings are not free from growth defects or
imperfectiong[2 A0]. Any kind of growth defect is undesirable because it can degrade
the coating performancd&he most commonly and industrially used PVD technique,
arc-PVD (also known as cathodic arc depositioitgelf creates droplets which initiate
defects generation in the coatinffs#,11A3]. During corrosion tests, these growth
defects act as potential sites for localised pitting corrofi@l. Also, hard metal

droplets increase the wear during tribological tEkt$.

Recently, High Power Impulse Magnetron Sputtering (HIPIMS) technique has been
proven usefuin depositing droplet fredard (which is comparable witlarc -PVD)
coatings[15]. This novel technique boosts the generation of metal ions and ions of
reactive gases in the plasma which is free from droplet phase when operated under
carefully selected parameters such as the right frequency, pulse width and arc
suppression setting45,16] Previous studies have shown that defects in PVD coatings
can be generated due to external factors. For example, contamination of the agpositin
surface with dust (loose particles of metal/metahpounds) often generated due to the
thermal expansion of chamber components (common for any coating technique
associated with vacuum chambers) and substrate irregularities like pits can initiate
defect formation [2,3,9,10] Defects generated during coating growth using HIPIMS

have notyet been discussed in detail. However, this is of paldicinterest for HIPIMS
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as high power densities are used for etching aladthe plasma during deposition is

highly ionised thus reactive.

To study the defect formation during HIPIMS process, the CrN/NbN coating was
considered because of its wide indigtapplications in recent years as a protective
material due to the high hardness, good wear resistance and anticorrosive properties
[14,1720]. However, the constant development of coatingndustries demard
improved andlong-lasting coatings for advanced applicatipnsuch as coating on
biomedical devicesTherefore a thorough investigation of the coating defectsisch
required to aid better understanding of th@&fluence on the overall coating
performance With this motivation the present thesis is focused on the study of the

defects associated with HIPIMS process.

1.2 Aims and Objectives

The aim of thisproject is to identify the source of the defectsnderstand their
formationanddiscuss possible ways to control their gronaltong with this, we also

investigate the influence of these defects on coating performance.
The objectives of the present work are as foltows

X To dudy the influence of deposim time, bias voltage, chamber pressure and

chamber cleanliness on defects generation during HIPIMS processes.

X To dudy the effects of these defects on corrosion and tribological properties of

the coatings.

X To gudy the effects of defeztind depositiortechniqueson performances of the
coatings deposited by two different PVI[processes pure UBM and

HIPIMS/UBM.
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2 Literature Review

2.1 Thin film deposition techniques

There are several depositiotechnologies forthin film deposition, such as
electroplating, spray coating, chemical vapour deposition (CVD) and physical vapour
deposition (PVD) Depending on the apphtion requirements, coatisgre produced
using the appropriatedeposition techniquekor this study CrN/NbN coating were
deposied by sputtering which is one type of PVD technique. In the following section,

this particulardeposition techniquis discussed in detail.

2.2 Physical Vapour Deposition (PVD)

PVD is the transformation of solid material into a vapour phase via physioegss.
The deposition of vaporised material on the substrate crésepating. In order to
avoid impurities, PVD processes are usually performed in auwacr lowpressure
environment.

PVD techniquesvolved with the evolution of vacuum, electroniasiagnetism, and
plasma technologies as wellagh the advances of gaseous chemistry. A combination
of numerous achievements and inventionghose fieldsopened the door fandustrial
applicatiors of PVD. In 1930s, cathode sputtering was employeditfier fabrication of
coatings (Furth 1932), while sputtering by ion bombardment was reported for
commercial application in the 1950s (Wehner 1955). Evaporation techniqueslsere
developing in paralleINowadays complicatedPVD techniquesare used tgrodice
nanostructured, single and multilayer coatgs with improved propertig21].

The term PVD includeanextensive group odlifferent deposition processgz?], such

as

27



x thermal evaporation

X electron beanfe-beam) evaporation and reactive electron beam evaporation

X sputtering (planar magnetron, cylindrical magnetron, dual magnetron; high
power pulsed magnetron, unbalanced magnetron, closed field magnetron, ion
beam sputtering, diode, triode) and reactivetsping

x filtered and unfiltered cathodic arc deposition (fteactive and reactive)

X ion plating

X pulsed laser deposition

Followings are theariaionsof these processes:
X bias sputtering
X ion-assisted deposition

X hybrid processes

Among them, the ybrid processes combine the best attributes of each PVD process
which are:

X magnetron sputtering anebeam evaporation

X magnetron sputtering and filtered cathodic arc deposition

X e-beam evaporation and filtered cathodic arc depodi#iah

The common PVDprocessg areevaporation cathodic arc deposition (aRVD) and
sputtering. Inthe case of thermal evaporation, the following sequential basic steps take
place: (i) a vapour is generated by boiling or subliming a source material, (ii) the vapour
is transported &m the source to the substrate, and (iii) the vapour is condensed to a
solid film on the substrate surfaf23]. The advantage of this method is the possibility

to obtain a high deposition rate; however, this process is hard to contrglnmalissials
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with low melting temperature cannot be used as the source (tdfgptR.1 shows a
schematic drawing of thermal evaporation process.

Anothercommon PVD coatingechnologyis the cathodic arc deposition or &¥D.

This is very likely the oldesPVD processin contrast to thermal evaporatiarathodic

arcs can operateear room temperatutbus it can be used to produce coatings of the
materials with low melting pointAs the name suggests, cathodic arcsdatermined

by the arcing processest thecathodewherearcs are identified as electrical discharges
characterized by relatively high current (greater than 1 A) and low burning voltage (less
than 50 V)[24]. The arcing generas highly ionized plasma of cathode material.

simple sclematic diagram of the basic @& D process is shown in Fig. 2.2.

Substrate

® P ® Vaporised
@  material

Source Material

N\NNNN N

Heater

Fig. 2.1 Schematic drawing of thermal evaporation.
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Fig. 2.2 Arc-PVD proces$25].

In cathodic arc vaporisan the high current density arc moves over a solid cathodic
electrode ausing local heating and vap@i®n[26]. The arc movement may be

random or "steered" using a magnetic field. In many cathodic arc vapour deposition
systems multiple cathodic arc sources are useeérformdeposition over large areas.
Thevaporisedblasma is generated at one everal locations called ‘cathode spots' on

the cathode. The operation of cathodic arc spots can be considered as a rapid sequence
of microexplosions. In these explosive events, large amounts of electrons can overcome
the potential barrier. The cathode nmatkin the vicinity of the spot experiences phase
transformations, ultimately resulting in fully ionized, rapidly expanding pld2dia
However,thesudden intease in temperature at the cathode spot melts the cathode
materials which are ejected as dropletsacroparticlegFig. 2.2)[25,26] The

formation ofthesedroplesis highly undesirabléecause they can initiate defect

formation in the coatings if they deposit on the substratesgroiming coatingsThese
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droplets create bumps, which, when dislodged, create pinf2éesSuchdefects are
potential sites for localised corrosif#114]. The pores created due to the separation of
droplets from the coating can provide the direct diffusion passes for corrosion medium
[8]. The differences of binding energy and chemical composition between coating
matrix and droplet can cause galvanicrosion[8]. Moreover, the rougness of the

final coating increasesué to the accumulation of droplets during the deposji4].

Thisis undesirabldor engineeringand commerciahpplicationssuch as cutting tools

and artificial jewellery where the smoothness of the finished surface is of prime
importancg27].

The othervery commonly usedVD process is called sputteridgnlike arcPVD, this
processinvolves collisional bombardment of a target material by heavy attintise
energyof the incoming atoms is sufficient, they caject a pdicle from the target
surface. This process minimises tiance of target melting and droplet generations.

In this current work only the technologies based on sputtering phenomena will be

discussed.

2.2.1 Sputtering

Sputtering is simply the process ofosion of the surface, namely target, by the
energetic particles. It is a sort of atomistic sandblasfR®]. The ejected target
materials travel towarda nearby sample (known assubstrate) and create a layee,
coating by condensing an This coating deposition process is called sputter deposition.
In 1852, Sir W. R. Grove used sputtering to depasibating on a silver surface. This
was the first reported study on sputter deposiaaj.

A schematic drawing of sputtering process and coating deposition is shown ir8Fig. 2.

31



@ — Target material Substrate
ions/atoms

@ — Processgas
ions/atoms T
@
® — Electrons 1‘ .
@
e © '. .®
Incidentionsfatom.. e e °
. . .Sputteredions!atom
Ny N7

Fig. 23. Schematic drawing of sputtering process.

The target can be powered in different ways, ranging from dc for conductive targets, to
rf for non conductive targets, to a variety of different ways of applying current and/or
voltage pulses to the targ@8]. The target acts as the cathode and the substrate acts as
the anode and Argon gas is used as a sputtering medium. lons form naturally in the gas
via collision proceses and radiation. In conventional sputter deposition, the target is
connected to a DC power suppBy applyinga potential difference between the two
electrodeghe positively charged gas ions are attracted toward the target (cathode) and
the electronsare attracted towards the substrate (anode). Accelerated particles collide

with other atoms creating more ions. This ionization process can be described as

Atom+e : ,RQ - H Eg.21
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Whenanion collides with the target, the kinetic energy of the isntransferred to the

atom of the target. The series of collisiamishin the target, generated by this primary
collision at the surface, is known as a collision cas§¢2d This collision cascade may

lead to the sputter ejection of an atonnirthe surface depending on the energy of the
impinging ions. If the energy of incoming ions is sufficient, the atomic bonds are broken
and atoms are ejected from the surface. A useful parameter of the sputtering process is
the sputtering yieldS) which isdefined as the number of atoms (or molecules) ejected
per incident ionThe sputtering yield depends on various parameters, such as masses of
the incident and target atoms, surface binding energy of the target material and the
energy of the incident atorians [28]. It is also sensitive to the angbé-incidence of

the bombarding particldBy applyingsufficiently high negative voltage to the cathode,

i.e. the target, positively charged ions are attracted from the plasma towards the target.
The ions gain energy in the electric field and bombard the target with sufficient energy
to initiate sputtering.Thus, the enegy of the incident ionglepends orthe voltage
applied to the target. As a resuhg voltage applied to the targatirectly influences

the sputtering yield.

2.2.2. DC Magnetron Sputtering

The conventional sputtering technique has some limitatisnsh as low ionisation
efficiencies and low deposition rates. Inethputtering process, emitted secondary
electrons can recombine with ions and some of them are drained from the plasma via
the chamber walls. As a result, the ion/electron density in #eanal is decreased and
subsequently the sputtering rate is reduced.

To overcome this problenthe magnetron sputtering process is introduced. By placing
the magnets behind the cathpdkee plasma is confined tthe neartarget region.

According to the Loretz force formula, te magnetic fields reshape the trajectories of
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the secondary electrons into spiliie patterns and trap the secondary electrons in the

neartarget region.

&L “>&E:"&H &? Eqg.2.2

Where q is the chargef the particle &s the electric field ~gis the velocity of the
charged particle perpendicular the magnetic field,8and &s the force experienced by
the particle.

Due to such magnetic arrangement, ionisation rate increasds consequent
improvementdn sputterig and coating deposition ratas compared to conventional
sputtering techniquerig. 24 represents the schematic drawing of magnetic field lines

in magnetron sputtering setup.

Fig. 24. Schematics of balanced field lines in magnetron sputtering.
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2.2.3 Unbalanced Magnetron Sputtering

In aconventional magnetrothe magnetic strengths are balanced which cortfi@e t
plasmamainly tothe target regiorHowever by strengthening the outer magnets
compared to the central magnitte magnetic field lines atBrecedawayfrom the
target regionAs a resultsome of the charged particles are no longer confinedtinear
target butheyare able to follow the magnetic field lines and flow out towards the
substrat¢30]. In this configurationon bombardmenat the substrates increased with a
consequent improvement in coating struc{G@.

Fig. 2.5 shows the schematic drawing of magnetic field linesamunbalancd

magnetron sputtang setup.

Fig. 25. Schematic of magnetic field lines in unbalance magnetron sputtering.

In the previous setup (Fig. 4), the magnetic strengths are balanced. In this current set
up (Fig. 25), the magnetic strengths of the outer magnets are higher compared to the

central magnet. This magnetic configuration directs the charged particles towards the
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substrate. As a result, ion bombardment at the substrate is increased and the structure of

thedeposithg coating is improved.

The plasma properties can be further improved by arranging UBM cathodes into Closed
Field Unbalanced Magnetron Sputtering (CFUBMS) configuratidh]. Fig. 26
representsueh CFUBMS configuration. In this configuratiomagnetic fields trap the
electronsbetweenthe magnets. As a result, the electron absorption through the walls of
the chamber is reduced. The trapped electrons intensify the plasma by colliding with the
atorrs. The use of CFUBMS leads to improvements in the structure and properties of

the sputtered coating2].

Fig. 26. A schematic of the magnet arrangement and field lines in CFUBMS.
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2.2.4High Powered Impulse Magretron Sputtering (HIPIMS)

DCMS systems are widely used for coating deposition. But these systems need to be
operated at low power to prevent cathodes from overheating and melting. The typical
cathode power densities during DCMS process are less than 5G [B&nHowever,a

higher target power density of up to 900 W&oan beobtained using pulsed D[34].

HIPIMS is also a pulsed sputtering technology that utilises much higher peak target
power. The peak power exceeds the average power by typically two orders of
magnitude[35]. Stable high power discharges with peak powers in the r@ing@0 +

500 kW (target powers densities of 0#2.8 kWcm?) was achieved using this pulsed
magnetron sputtering techniq{&3]. The supply of immense high power in very short
pulses (impulse) enhances the generation of metal iony WM the lower average
power preventshie targets from melting. Because of higher ionisation, the deposited
coatings become denses comparé to conventional magnetron sputterifigh 88].

High ratio ofion to neutral benefits the technique in more ways. The trajectories of ions
can be controlled by applying external electric and magnetic fields. Thus, utilising the
benefit d higher ionisation during HIPIMS process homogeneous coatings can be
produced on compleghaped substrates which is not achievable by conventional
sputtering deposition due to its anisotropic deposition f]|82,40] Dense and
homogeneous microstructure enhances the piepeof HIPIMS deposited coating.
Application of HIPIMS results in denser microstructure, smaller grain size, lower
surface roughness, higher hardness, improved adhesion, excellent wear and corrosion
resistancg4l #3].

In addition HIPIMS deposited coatings are free from droplet related defé8is
Droplets are produced due to the melting of target and they caneirdgétcts irthe
deposiing coatings[44]. HIPIMS utilises lower average power which prevents droplet

formation.
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HIPIMS plasma can also be used to-peat the substrate before coating deposition
[16]. This pretreatment stegnhances the adhesion of the coating with the substrate

[16,35,45] As a resultthe mechanical properties of the coatings improve.

Combined High Power Impulse Magnetron Sputtering and Unbalance Magnebn

Sputtering technique (HIPIMS/UBM)

The higher ion content in HIPIMS plasma also has a disadvantage. The back attraction
of the positively charged metal ions to the cathode redineedeposition rate during
HIPIMS process.lt has been widely publishedat the HIPIMS technique is an
excellent tool talepositcoatings with very dense structure without irtelumnar voids

but shows a relatively lower deposition ra@n the other handhe conventional UBM
technique has higin deposition rate but can produce porous coatjh§s35,4648]. A
combination of both techniques, however can eradicate these problems and produce

coatings with a high deposition rate and very dense stryetti49]

@ — Target material Substrate
ions/atoms

@ — Processgas
ions/atoms

® — Electrons

N S N
<— Magnetron
S \ S

Fig. 2.7. A schematic of HIPIMS process.
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Reactive Spttering

Reactive sputtering is a sputtering process which allows compounds to be deposited by
introducing reactive gases into the plasma. Duthgreactive sputtering process the
UHDFWLYH JDV LV 3SDFWLYDWHG”™ E\ WKH SODVPD DQG F
Using this procesawide range of compounds (oxides, nitrides, carbides, fluorides) thin

films can be producefb0 52].

In this current work, CrN/NbN coatings weregduced by sputtering the Chromium and
Niobium targets in reactive gas atmosphafrérgon (nert ga$ andNitrogen (eactive

gas) using HIPIMS/UBM technique.

2.3 Microstructure of Thin Films

In thin films, growth process controls the microstructure etada [53]. This process
can bedivided into several phases, fnonucleation to growth of continuous film

structure.

Substrate

Fig. 28. Condensation and nucleation of the adatoms
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The growth process hence thacrostructure of thin films deposited by PVD technique

is influenced by a number of deposition conditions and psopasameters such as
substrate temperature, substrate bias, substrate rotation, target arrangement, target
power, chamber pressure, ion to neutral ratio and ion bombardment pHEEBRAHE7].

By varying these parameters systematically, the microstruandaéhus the propeigs

of PVD coating can be modified as required faspecific application. For this unique

feature, PVD has beconaevery important thin film depogon technique.

The influence of process parameters on microstructure evaluation in PVD coatings has
been studied by several scientists. In 1969, Movchan and Demchishin introduced the
concept of structure zone model (SZM) for the first ti8®&). Their M described the
influence of substrate temperaturepresented bthe ratio of substrate temperature T

to the melting point of the materiahYon thecoating morphology. The proposed model

can be divided into thresones Fig. 2.9). Zone 1 (T « Tm) exhibits a porous structure
associated with insufficient adatom surface mobility. With increasing substrate
temperaturethe adatom mobility increases. As a reshié structure becomes densified
(zone 2). In zone 3 (wimeTs is very close to #), the high substrate temperature allows

bulk diffusion and recrystallisation resultingavery dense coating structure.

In 1974, this model was extended by Thornton for sputtered cogffigdn this new

model, the effect of gas (Argon) pressure was added and a new zone, namely Transition
(T) zone, was introduced. Zone T consists of densely packed fibrous grain, which is
wider at low Ar pressure (Fig. 2.10). With the increase in Ar pressure thesnasrows.

The highenergy neutrals bombarded from the sputtering target create this zone.
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Temperature

Fig. 29. Structure zone model according to Movchan and Demchishin, showing the

influence of substrate temperature on microstructure for evaporatedd@dins

TRANSITION STRUCTURE COLUMNAR GRAINS
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Fig. 2.10. Structure zone model by Thornton showing the influences of substrate

temperature and Ar pressure on microstructure for spdégeosited filmg69].
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In 1984, the Structureore model (by Thornton) was further modified by Messier, Giri
and Roy[70]. They replaced thergssure axis by the substrate bias axis. \hth
increag inbias voltage the adatom mobilitycreases, this subsequently suppresses the
formation of zone 1At higher bias voltage, zone 1 transforms to zone T even at very

low temperature (Fig. 21).

Fig. 2.11. Structure zone model by Messier, Giri and Roy showing the influences of
substrate temperature and bias voltage on microstructure for spepiesited films

[70].

In 1998, Barna and Adamik analysed the structure zone models published in the
literature [68 #0]. Based on thafundamental structure forming phenomena, they
discussed the structure evolution in polycrystalline thin films with the thicliid$s

Fig. 2.12 shows thesummarisedtructure zone moderopo®d by them
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Fig. 2.12. Basic structure zone models at various film thickfiésk

Figure shows that the zone 1 is homogeneous along the thickness of thknhfdrmone

is composed of fibres of small diameter £10 nm). With the increase in substrate
temperature zone 1 convertsZone T. In zone T, the structure is inhomogeneous along
the film thickness. It is fine crystalline at the substrate, composedsbfged grains in

the next thickness range while can be columnar in the upper part of thick films. In zone
2, grain boundarie are almost perpendicular to the film plane and the structure is
homogeneous along the thickneBaie to the higher substrate temperature, randomly
oriented small grains (of zone T) dissolve gradually by ¢gh&n coarsening and
produce the wide columnar structure of zone 2 Further increase in substrate
temperature results imecrystalli@tion This structure (zone 3) is characterisely
equiaxed globular three dimensional grains wahdomorientations(Fig. 29, 2.10,

2.11).

With the development in stering technologythe structure zone model was revised

and modified for CFUBMS by Kelly and Arnell in 19982]. This model describes the
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coating morphology as a funeti of ion flux (ion to neutral ratio,/Js) along with the
bias voltage and substrate temperatéig. 2.13 shows the schematic of the structure

zone model for CFUBMS.

Bias
Voltage, V A

.................

Homologous

Temperature,
1.0 T/Tm

Fig. 2.13. Schematic of the structure zone model, proposed by Kelly and Arnell for

CFUBMSJ[72].

As seen from the figure, this thrdamensional SZM only has zone 2 and zonZd&e

1 could not be identified because CFUBMS configuration devedopighly ionised
condition by trapping the electrons within the plasma which subsequently suppresses
the formation of porous columnar zondype structuresThere is a small boundary
insidethe zone 2ut thatdoes not represetite zonel / zone 2 boundary. It shaathe

lower levels of each of the variables usadd marks the lower limits of normal

operatingcondition[31].
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2.4 Coatng Architecture

Recent advances in deposition techniques have allowed enginettiregmaterials to
achieve unique properties which are often not obtainable in bulk materials. In many
casescoatings witha single monolithic layer have provided improved protection to the
bulk substrate material. Fandustrial applicationshard transition metal nitride PVD
coatings witha single monolithic layer have been used successfully. CrN, TiN and NbN
coatings especilgl have shown notable protective properties against corrosion and wear
[73 #5]. Moreover, it las been reported that multilayer nitride coatings deposited by
reactive magnetron sputtering can improve coating properties. For exareN

and TiN/NbN multilayer coatings have shown high coating hardness whereas, TiN/CrN
and CrN/NbN both have improslecorrosion resistance and reduced wear rates due to
their multilayer structure20,7679].

In general, a multilayer structure represents a thin film system composed of layers of
two different materials alternatively and repeatedly deposited on a sulf@djate

Multilayer PVD coatingcan beproducedisinga rotating substrate holder carousel

which sequentially exposes the substrates to different targets for brief periods allowing
layer by layer growth of the target matesial

According to the number @ingle layers and their arrangements, multilayer structure

can be classified into three categofigs)].
x Coating with a limited number of single layers(Fig. 2.14a)

x Coating with a high number of non isostructural single layergFig. 2.14b)

X Superlattice coating(Fig. 2.14c)
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Fig. 2.14. Different types omultilayer coatings: (a) small number of single layers, e.g.
TiC/Ti(CN)/TIN, (b) high number of non isostructural single layers, e.g. TIG/Ti

high number of isostructural single layers (superlattice), e.g. TIJ&IN
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The main concept of multilayer coating is to prevent the columnar grain growth and to
combine different materials for additional benefits. For example, NbN was combined
with CrN (which was alreadgn established coating for tribological applications) to
improve the hardness and corrosion propef8@% The resultingCrN/NbN multilayer
coatings provided enhanced corrosion protection to the substrate when compared to CrN
coatings. Also, the wear resistance was improved significE2Ql33,84]

These superior coating properties were achieved due to the combination of wear
resistant Cr with chemically stable Ndoreover CrN and NbN layers are isostructural,

i.e. they have similar chemical bonding, simil&wraic radii and lattice distances. As a
result, superlattice CrN/NbN coatings were produced. The superlattice structure
hardened the coating, suppressed the columnar growth, and increased the coating
density.The large number of layers in superlattice aogprotected the substrate more
effectively than the bulk material or monolithic coat[8¢].

In 1970, Koehler suggested the ways to fabricate layer structure of two materials in
order to desigma strong solid85] where he explained the reason for increasing hardness

in layer structure. He said that the interfaces between the layers would act as diffusion
barriers to the motion of 'dislocation’, which are the line defects that are mainly
responsible for the plastideformation of crystalline solids. According to Koehler's
model, the critical stress requires to move a dislocation across an abrupt interface is

proportional to

Q=(&G-Gg)/(Ga+Gs) EQq.23

Where, G is the modulus of rigidity of layer A ande@s that oflayer B.
By choosing two materials having a large difference in modulus, multilayer coating

with large critical stress.e. high hardness can be produced.
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The benefit of superlatticenultilayer coating is that it can provide unique properties
which are not achievable using individual layer materials a]8fhfg These properties

can be further improved by changing the thickness of individuald§§&r8693]. The

layer thicknas is a function of the deposition rate which depends mainly on the target
current and target to substrate distance and on the rotation speed of the substrate
arrangemen{94]. By controlling the deposition parameters, the layer tiesk and

hence the coating properties can be modified.

For example, the bilayer thickness/period (the total thickness of two successive layers
which is also known as sup@eDWWLFH VSDFLQJ 0 RI &U1l &US$O01
coatings was varied from 4.4 to 44.1 nm by controlling the rotation speed of the
substrate holdef92]. The study showed that thveear behaviour, microstructund
mechanical properties of the coatings weepahdent on the bilayer thickness. The
coating with a bilayethickness of5.5 nm exhibited the best coating properties. This
shows that a critical bilayehicknessis required to obtain good mechanical properties,
such as high hardness and resistance to plastic deforrfiion
The properties deteriorate for the coatings withilayer thickness below or above that
critical value. This behaviour can be explained using Koshheodel. Inthe case ofa
bilayer thickness lower than the critical value, the hardness reduces due to two
following reasong95]:

1. Small layes nearly interdiffuse and the modulateach layer becomes the same

thus no hardness enhancement can occur.
2. Very close interfaces can ex@pposing forces on a dislocation at an interface

which lowers the stress neededriove the dislocation.
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However, inthe FDVH RI ODUJH G WKH GLVORFDWLRQV FDQ F
which results iradecrease in hardness value.
Fig. 2.15 showsthe variation in mechanical properties with the bilayer thickness of

CrN/CrAIN nanoscale multilayer coatings deposited by CFUBMS.
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Fig. 2.15. The mechanical propertiesthe functions of bilayer thicknes$92].

The studies on multilayer structure suggest that by controlling the deposition process, it
is possible to produce coatings with improved properties over monolithic codthigs.

widens the range of industrial applications for multilayer coatings.
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2.5 Defets in PVD coatings

During the coating growth, different types of defects also grow within the coatieg.

most commonly and industrially used PVD technique;R¥D, itself creates droplets
which initiate the defects generation in the coatifyg§,1143,27,9608]. Apart from
droplets, PVD coatings also suffer from surface imperfections associatedxiatimal
factors. For example, contamination of the depositing surface with flakes and substrate

irregularities like pits can initiate defect formatif3,9,10]

2.5.1 Types of defects

According to shape, size and growth mechanism defects can be categorised as follow

Droplet related defects: Droplet related defects are very common in the coatings
deposited by arVD. These defects are also found tire coatings deposited by
conventional DC sputtering where substr surfaces are etched by higergy metal

ions prior to the coating depositig@9]. Due to the apptation of high bias voltage
during etching, arcs are formed which subsequently initiate defect formation in the

coatings.

Arcing liquefies the target at the arc spot. These lig@iget materialsre ejected from
the target as droplefd3]. Instant solidification of the liquichaterialson the substrate
surface generates droplet related defe€tsese defects stick to the surface in the form

of wide hemispheres with a flattened bottom (Fig62[100].
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Fig. 2.16. SEM image of the titanium ion etched surface of HSS safhp®.

Flakes related defectsFlakes related defects can be found in any coating deposited in

a vacuum chamber. During the fast pumping phase from the atmospheric pressure to the
base pressure, turbulent flow may pick up some small particles from the chamber parts
[101]. Some of the flakes generate due to the thermal and structural stresses on the
chamber components (shields, heaters) during coating depd&tioRurther sources

for small seed particles and wedebris are the sputter flux bombardment on chamber
(walls and other componenti)id the rotation of the substrates holders.

According to the appearance, these defects can be divided into subgrowgaiilar
shaped defects, cotike defects and open wbdefectd2].

Due to the deposition of coating materials on the flakes attached to the substrate,

nodular shaped and cotike defects are formed (Fig. Zd,)). Nodular shaped defects
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start to grow at the intermediate stage during coating depositi@neas corndike

defect generate when relatively small foreign particles get attached to the substrate at
very initial stage of coating deposition. Due to the shadowing effects, these defects are
weakly attached to the surrounding coating. Thereforekenayof stresses (thermal or
mechanical) can easily deform and delaminate these defects from the coating thus leave
a void. These voids are called open void defects (Figgp.1

A significant difference between arc droplet anithlke-defect is that theoatinggrows

over timeon top of the flakevhereas arc droplets either solidify outside the coating or

on the surface instantaneously.

Pinhole defects:These defects generate due to the substrate surface imperfesiiins

as small craters, pitstc During the condensation process, these pits and craters lead to
the formation of pinhole defecfg]. Deposition of coating materials can cover most of
the surface imperfections. However, larger cavities may not be closed fully and remain
as voids withn the coatings. These kinds of defects extend through the whole coating

from substrate to the top surface of the coating (Figk2.1
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Fig. 2.17. Plan view (a,b,c,d,h), crosectional SEM (e,q,i,j,k) and FIB images (f,l) of

the following types of defés: (a) circular flatopped morphological features at carbide
inclusions in ASP30 tool steel (b) irregular ftapped morphological features at
carbide inclusions in D2 tool steel, (c) nodular or flake defect, (d) foreign particles
preventing etching ahe surface covered by them (e) cresstion of flake defect (f)
FIB image of flake crossection, (g) open void defect, (h) dikke craters (i,j) cone
like defects (k) SEM image of pimole fracture crossection (I) FIB image of pimole

crosssection[2].
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Inter columnar voids are another type of coating imperfection. Unlike, pinhole defects
which generate due to the peristence of the substrate pits, inter columnar voids are
the drawbacks of coating technology. During low energy sputtering pesssh as
conventional UBMthese voids are created due to the lower adatom mdhiiig]. The
adatom mobility can be increased by suitably biasing the substrate to increase the
energy of adatoms and/or by increasing the metal ion flux incioerthe substrate
surface[102]. In HIPIMS, the metal ion to neutral ratio is much higher which prevents
the void formation and hence can be used to deposit void free dense c{@birgs
37,102] The benefits of using HIPIMS arachigher bia voltage can be observed from

the Fig. 2.8.

The coating deposited by pure UBM (Fig. &) had a coarse microstructure with
pronounced open column boundaries. In contrast, HIPIMS deposited sathibited

wide columnar structure with very smooth colurtops (Fig. 2.8d) [46]. This study
suggested that sufficiently high metal ionisation can eradicate these defects (i.e.

technology related drawbacks).
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Fig. 2.18. Effect of bias voltage on the microstructure of TiN cogdideposited with
different source combinations: (a) Pure UBM,3J 75V, (b) 1HIPIMS+ 3UBM, Y =
- 75V, (c) 2HIPIMS+ 2UBM, Y=-50V, (d) Pure HIPIMS, W=-50 V, and (e)

1HIPIMS+ 3UBM, U, = - 50 VV [46].
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2.5.2 Effed of defects on coating performance

Any kind of growth defects are undesirable ay tten restrain the coating functionality
[2,4,7,11,14,44,103]They can affect the surface roughness and surface fthish the
tribological performance of the coatings can also be aff¢dt@@3] During sliding, the
applied force can smash the defects onto the coating sydhc&ubsequently the
formation of debris increases due to the three hothplogical contactmechanism
[104]. This can affect the friction behaviour of the coatings. Fig9 2lows the as
deposited TIAIN coating surface (a), the same surface after 128 cycles using Alumina

ball (b) and thelependence of friction coefficient ommber of ball cyclegc).

(a) As deposited (b) After 128 cycles

e

"0 20 40 60 80 100 120
no. of cycles

Fig. 2.19. The coating surface (a) before and (b) after 128 cycleg tise alumina ba

and F &RHIILFLH Q WasRalfundtiof biunmer of ball cyclep].
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As seen from the figure, coefficient of friction (COkasincreased with the cycle. The
breaking and the spallation of the nodular defects initiatethtleebody abrasion with

a consequenhcrease in the COF value.

Fig. 220 shows the smashed defects within the wear track of TiAIN coptingycle
to-cycle imaging shows the formation of fine abrasive particles and oxidation at the

positions of the nodular defects.

as-deposited

> J

/ :’,' . - .
‘B4, Cycles =¥

Fig. 220. SEM images of the nodular defects in wear track. The defects were

subjected to 1 to 128 sliding cyclesfjd4].
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Also, hard metal droplets can damage the surfaces of both the coating and the
counterpart (under the test) and increase the virearexamplein case ofNb Hi &N
coatings deposited by cathodic arc from TiNb compound cathodes, the Nb rich metallic
droplets increased the wear of the counterpart (UHMWPE) in hip simulator test liquid
during wear testfl1].

Not only the tribological properties, the corrosion properties are also affected by the
coating defects. The defects like pores, holes and voids can expose the substrate
material to the corrosive medand accelerate the corrosion procgs44]. Fig. 2.21

shows the schematic diagram of localised corrosion relatedating defects.

*- 'solution

coating

1
£
E dll'oplet columnar
inhole grain
2 ’ Me pit d
(substrate Me)

@ anodic: Me —» Me +e (a) cathodic: 2H + 2¢ > H, (S))
@ anodic:'Me —»'Me + e (b) cathodic: 2H + 2¢ > H, (S,)
@ anodic:'Me —p'Me + e (¢) cathodic: 2H + 2e —» H, )
anodic: Me —» M€ + e (d) cathodic: 2H + 2e H,(,/S,)

a: substrate at interface; b: droplet rim; c: droplet interior;
d: pit substrate; §;: adjacent coating grains; m: droplet top.

Fig. 2.21. Schematic diagram outlining the corrosion mechanisms of macroparticle and
growth defects (reaction 2 and 3) and the galvanic corrosion of the substrate associated
with these (reaction 4) and other defects such as dsipiekage pinholes (reaction 1)

[7].

58



The cavitation erosion study of TiN coatings produdsdarcPVD revealed the
important role of dropletelated defects on the cavitation erosion danjage]. During

the tests, deep cavitiegere formed by the detachment of conical droplets. Fig22.2
represents the schematic drawing of cavitation erosion damage on different droplet

related defects.

remained flat-topped conical burried
burried droplet droplet
cavity
Substrate Substrate Substrate
damage on droplet circular
horizontal flaking | droplet trace | \
deepenin
! J
Substrate Substrate Substrate
W&% Evolution of Cavitation Erosion Damage on Different Droplet-Related Defects
Sul
Substrate 5,,;:“,2&

Fig. 2.2. Schematic presentation of the evolution of cavitation erosion damage on

different droplet related defedts00].

In optical coatings, nodulaefectswvere found tdnfluence laseeaduced damagg.05+
108]. Electricfield modelling ha shownthatthe light intensifed at the defedpotsdue
to the geometric and interference nature of these ddfga8$ Therefore to minimise
the locaised damage,the defectrelated absorptioand hencethe defect generation

need to be reduced.
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All these studies suggested that coating defects deteriorate the coating properties in
most cases. Thus, for improved and advanced industrial applicatocd as
biomedical, a detailed understanding about coating defects and their influence on

coating performance is very crucial.

2.6 CrN/NbN coatings

To investigate the coating defects associatgth HIPIMS, nanoscale multilayer
CrN/NbN coatings are considered becatisse oatings have performed notably well

in various applicationgpump impellers, hydraulic valves, nozzles, pistons and sharp
edges / cutting blades)here corrosion, oxidation and intense wear are exp¢tgt

20]. Thus, in recent years, CrN/NbN coatings have becpatential candidates for
industrial application§l4,17,18]

Due to the high hardness, good wear resistance and anticorrosive properties, PVD
CrN/NbN multilayer coatings have already substituted the electroplated hard chromium
and PVD monolithic CrN [14,82] Table 2.1 represents the properties of CrN/NbN
coatings deposited by various tedjures.

However, stutts on arecPVD CrN/NbN showed that the droplet related defects can
deteriorate the corrosioperformancesof the coatings[7,14]. To prevent droplet
formation, HIPIMS has been usedhese recent studies demonstrated the benefits of
using HIPIMS over conventional PVD to deposit CrN/NbN coatfd§s102] HIPIMS
etched and HIPIMS/UBM deposited {H) CrN/NbN coating exhibited better corrosion
resistance as compared to th&JH{HIPIMS etched and UBM deposited) and ABS (arc
etched and UBM deposited) coatin@sy. 2.28) [102].

During erosioncorrosion analysis, the volume loss oHicoating was found to be the

lowest(Fig. 2.20) [18].
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Fig. 2.2. Potentiodynamic potaation curves for the HH, H-U, ABS coating, and
uncoated SS polarized frorh000 to +1000 mV in a % NaCl solution aerated for 25

min [102].

1.4E+08 - -+—UBM coating

1.2E+08 -#-H-H coating
1.0E+08 -
8.0E+07 -

6.0E+07 1

Volume loss (um3)

4.0E+07 -

2.0E+07 -

0.0E+00 T T T ]
-1200 -700 -200 300 800

E (mV)

Fig. 2.24. Volume loss measured for nanoscale CrN/NbN multilayer coated substrates at

different dectrochemical potentiald 8].
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Nevertheless, the friction coefficient and wear rate dfl ldoating were significantly
lower than the HJ and ABS coating§l02]. The lower number of intercolumnar voids
in the HH case improved the tribological properties of thélldoatng over HU and

ABS coatings.

None of the stués mentioned the influence of defects in CrN/NbN coatings deposited
using HIPIMS. However, it is important to study thfermation of defectsaand their
influence on the overall coating performance ddwanced coating applicatiorigo the
best of our knowledge, there are very few literatanesilable on the defects associated
with HIPIMS coatingsThe presentesearch invesiates the effects of defects on

HIPIMS deposited CrN/NbN coatings.
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[20] ABS +UBM, 400 150 -75 0.31to |4.23 | FCC | 3400 Pitting potentials was
Cr-ion preetching 0.38 kgmn? higher up to 500 mV
(mentioned as compared with 304L
CN45) steel substrate.
[19] ABS + UBM, 400 150 -75 0.35 6.6 FCC | 3580 HK Pitting potential (mV)

Cr-ion preetching
(mentioned as

coating 1)

was 230 mV in acetate
buffer solution, pH 4.5
(where 30 mV was for

304L steel substrate).
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[7,109] | ABS + UBM 50 N2, 5 Compared with the
(Ring samples, 32 partial uncoated substrate, the
mm o.d, 2 mm wall pressure coatedsample had lower
thickness, 10 mm of 0.11 corrosion current values
height) to 0.18 in 3.5% NacCl solution.
[110] UBM, 3.5 2700 Hv Passivating current

special ion pre

treatment

densities was lower than
the uncoated substrates
The relativeprotection
was dependent on the

impact angle.
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[111] UBM, -95 3 2488 HK, The substrate surface
special ion pre 25 GPa appeared more damage
treatment than the coated surface
for all the potentials and
impact angles.
[112] UBM -120 4.5 FCC | 33.3GPa The least corrosion 0.95 9.2 x 10%
resistance was provided m*N-tmt
ABS -100 5.8 35.3 GPa by the UBM coating 0.3 6.2 x 10'°
m3N-tmrt
ARC -120 4.5 36.3 GPa 0.9 5.0 x 10%
m3N-tmrt
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[14] ABS 250 -75 3.5 FCC | 51 GPa Increases in the bias
voltage from-75 V to
.95 3.25 69 GPa -95 V resulted in lower

corrosion current density
and higher pitting
potential. The corrosion
resistance of coatings
were superior to the 304

steel substrate.
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[83] Reactive cathodic | 350 -160 | N2 3.6 FCC | 1690 H\k, Rotating wheel
arc deposition pressure 35 GPa
of 3 pUm3N-tmnr?
Ball-cratering
pm3N-tmnr?
[94] CFUBMS -60, Samples
-100, with highest
-200 bias were
hardest (~35
GPa).
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[84] UBM deposition 400 75 0.4 4 FCC | Hardness Coating (b) showed high
with values were | capability to protect the
a) Nb HIPIMS pre similar for M2 HSS substrates
treatment, all three
b) Nb HIPIMS pre coatings

treatment + Nb
interlayer by
HIPIMS,

c) Nb CA pre
treatment + Nb

interlayer by CA
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HIPIMS 3.9 FCC | 3526 + 30 HIPIMS deposited 1.22 x 10
HKo.25n, coatings exhibited mN-tm?t
34 + 4.2 GPq enhanced wear,
erosion,corrosion and
hence erosioteorrosion
resistance compared wit
the UBM deposited
coatings (Fig. 2.24).
UBM 3049+67 4.06 x 10
HKo.25 N, MmNt

31+6.6 GPa
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[102] a) HH (HIPIMS 400 -75 2.9 FCC | 3025 HKyo2s | The coatings deposited | 0.32 1.8 x 10'°
pretreatment + V. by the HH technique mN-tm?t
HIPIMS/UBM demonstrated better
deposition) corrosion resistance as
b) H-U (HIPIMS 4.2 2725 HKy 025 | compared to the #) and | 0.46 3.0 x 10%
pretreatment + ABS coatings (Fig. meN-tm?
UBM deposition) 2.23).
c) ABS 3.6 3300 HKo.025 0.63 2.2 x 10
m3N-tmrt
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[113] Cathodic arc, 20+ | FCC | ~3200 HV /IRZ IRU 0 "

Rotation of 25 a QP +LJKHVW DW
substrate holder ~ 2000 HV
was vared DW @

[114] PVD technique 450 2.7 FCC | 24 +3 GPa Against 0.01 2.6 x 10/
using magnetron Al20s mmeEN-tmt
sputtering Against 0.17 8.2 x 10/

100Cr6 mmeN-tm?
Against 0.3 3.4 x 10
SiC mmeN-t?
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[115] CAPVD, 15 ~ 3200HV
Rotation of DW @
substrate holder ~ 1900 HV
was varied DW @
[116] HIPIMS 400 -65 10 FCC Thermogravimetric
a) Low Nb & studies showed that in
CrN/NbN #46 6 high temperature steam

b) High Nb
CrN/NbN #46
c) High Nb

CrN/NbN #1000

atmosphere attoatings
had significantly higher
corrosion resistance
compared to the P92

steel substrate.
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[117] PVD 200 180 -75 Ar Nz 13 FCC | 28 GPa CrN/NbN coating stable values betwee| 4.32 mni/m
25:6 showed best corrosion | 0.5 and 0.55 (where it was

resistance compared to | (where it was 0.6for | 6.65 mni/m
CrAITiN-coated and bar{ bare 304 SS sampleg for bare 304 SS
304 SS samples. samples)
COR (mml/year)
2.688x10° - CrN/NbN
2.691x1@- CrAITiN

3.23x10% 304 SS
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[118] UBM 40 3 FCC 0.18 to 2.07
Cr:Nb:N was mm¥/m
varied from (maximum was
5.5:0:4.5to for Cr:Nb:N =
0:5.5:5.5 0.5:4:5.5)
[119] PVD + MPII After the Nb
*Not CrN/NbN implantation, the

coating, Nb ions
were implanted
into CrN PVD

coating using MPII

value decreased frofin

x107 to (2:8) x108

Acnmr?

Table 2.1. Propertiesf CrN/NbN coatings deposited by various processes
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3 Methodology

This chapter consists of two sections. Section 3.1 presentspd@@menpreparation
procedures prior to the coating deposition and the coating deposémuence. In

section 3.2coating characterisation techniques are described.

3.1 Specimerpreparation and coating deposition

3.1.1 Substrate materials, specimen preparation

Substrate material®04 stainless steel (SS), M2 high speed steel (HSS) anaf&i w
were used as the substrate materials. Table 3.1 represents the dimensions of these

substrates and the tests for which they were used.

Substrate Dimension Test

304 stainless steg @ 30 mm x 6 mm | XRD, SEM, AFM, Optical microscopy
Profilometry, Potenddynamic polarisation

Raman.

M2 high speeqg g 30 mm x 6 mm | Nanohardness, Pin on disc, Raman, S}

steel Optical microscopy.

Silicon wafer 15 mm x 5 mmx | SEM.

0.3 mm

Table 3.1Substratenaterials used for various tests and analytical methods.
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Specimen preparation: The stainless steel anddpgkd steel disks were ground with
JULW SDSHU DQG WKHQ SROLVKHG WR D PLUURU ILQL"
deposition process, the polished disks and the silicon wafers were cleaned in an
auomated ultrasonic cleaning line with industrial detergents (alkaline cleaning agents
from Borer chemicals) to remove surface contaminants. Finally, all substrates were
washed with deonized water, followed by drying in heatedvacuumdryer. After

drying, samples were loaded into the PVD unit chamber immediately. This substrate
cleaning is a very important part of the whole process because any kexidofal dust,

dirt can lead to defect generatidaring coating growth.

3.1.2 Deposition technique andystem geometry

The substrates were coated in an industrial sized machine (Hauzer 10G@dozes

PVD system) at Sheffield Hallam University (Fig. 3.1). The machine has a chamber size
of 1 n?® with four rectangular planar targets (sized 600 x 200 mmg. Shistem is fitted

with a 250 ni’h roots pump and a 500°%h rotary vane pump, in addition to two
Blazers TPH 2200 turbo molecular pumps used to evacuate the chamber. The machine
is equipped with two HIPIMS power supplies (Huttinger Elektronik Sp. z b/arsaw,

Poland) a dedicated bias power supjlgdactive arc suppression units on cathode and
substrate bias supplies. There is a sample holder carousel in the centre of the chamber
which can operate with ongwo- or threefold orbital rotational motiorfFig. 3.2). The
machine is heated using two heaters located on the inside wall of the chamber doors, in
EHWZHHQ WDUJHWYV DQG DQG WKH RWKHU EHWZHH¢«
cathodes are water cooled during operation. Gas inlets allowugbeof Ar as a

sputtering medium, and>Ns reactive gas during deposition.
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Fig. 3.1. Hauzer 1000 fowourcePVD system.

Cr (HIPIMS)

Fig. 3.2. Schematic cross section of the chamber of Hauzer 1008oimeePVD
system.
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3.1.3 Deposition Process Sequence

3.1.3.1 Evacuation othe Chamber

In order to deposit coatings with a low level of impuritiess necessary to evacuate the
chamber to a relatively low pressure. The chamber was evacuated into two stages. First,
the pressure was reduced to 8 Pa using the roots and rotary vane pumpgmal

pressure o7.5 x 10° Pa was obtained using turbo lecular pumps.
3.1.3.2 Heating

During processesthe temperature was maintained at 200 °C. Heating causes out
gassing of components within the chamber and thus increases the pressure. For these
reasons, the chamber was heated up for a few hours befodeplsition process

commencd.
3.1.3.3 Target Cleaning

To sputter out the impurities and the contaminations from target surfaces, high cathode
voltages were applied to the targets in an Ar atmosphere (with constant flow of 200
sccm). The targets wesputtered in two steps of 5 minutes, increasing the voltage in
the secod step. During this step, the shuttevere placed in front of the targeto

protect the substrates from impurities.
3.1.3.4 Metal lon etching

Prior to the coating deposition, thebstrate surfaces were gireated with a HIPIMS
plasma discharge enriched with Cr ions. In this step, the substrate surfaces are
bombarded with highly energised positive ions by applying high bias voltage of
- 1200 V to the substrate. These bombardmestsove the impurities which could not

be removed during the sample cleaning process. Nevertheless, some metal ions are
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implanted into the substrate during the process. Both surface cleaning and implantation

improve the adhesion of the coating with the swabsf45].
3.1.3.5 Deposition of coatings

The multilayer coatings were deposited usatigfour targets in UBM or HIPIMS and
UBM combination modes in a gas mix of Ar and. é section 3.1.4, the deposition

processes are described in detail.
3.1.3.6 Cooling dowrand venting the chamber

Before ventingthe chamber was allowed to cool dowrrdom temperature.

3.1.4 Deposition of CrN/NbN coating

3.1.4.1 HIPIMS/UBM coating

CrN/NbN nanestructured multilayer coatings were deposited using the combined
HIPIMS/UBM technique. During this nanoscale multilayer coating deposition step, one
Cr and oneé\b target were operated in HIPIMS mode, while the other two targets (1 Cr
and 1 Nb) were operated in UBM mode. The machine was operated in constant power
mode and the average power on the individual cathode was maintained at 8 kW
irrespective of the techfagy (UBM or HIPIMS). Rectangular pulses of 200 us at a
frequency ofl00 Hz, with a duty cycle of 1 %ere employed to generate the HIPIMS
plasma for coating deposition. During depositions, Ar andI\l) were used as the
process gas. The deposition temgpere was maintained at 200 °C. Three sets of
coatings were deposited by varying deposition parametarselydeposition time (t),

bias voltage () and chamber total pressure (P). The details of the deposition

79



conditions are given in the table 3.2. For each @®fings were produced by varying

one parameter while othewo parameters were kept fixed.

Coating Varied Parameter Fixed Parameters

Set 1 t=0, 15, 30, 60, 120 min Upb=-65V, P =0.35Pa
Set 2 Up=-40,-65,-100,- 150 V t=120 min, P = 0.35 Pa
Set 3 P=0.2,0.35 1Pa t=120 min, Y=-65V

Table 3.2. Process parameters for HIPIMS/UBM CrN/NbN coating deposition.

3.1.4.2 UBM coating

During pure UBM coating deposition, all four targetsre operated in UBM mode with
8 kW cathode power applied on each of them. The maximum deposition time for the
coating was 100 min. During this process, the deposition temperature and chamber

pressure were maintained at Z@and at 0.35 Pa respectively.

In this work properties of the coatings deposited by HIPIMS/UBM and pure UBM
coatingarestudied. Table 3.3 represents the process parameters for HIPIMSAd8M

pure UBM coatings which are compared in the result section 4.5.
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Deposition Depositon time (t)in Bias voltage (&) | Chamber total pressur,

technique min inV (P)in Pa
HIPIMS/UBM | 120 - 65 0.35
Pure UBM 100 - 65 0.35

Table 3.3. Process parameters for CrN/NbN coatings deposited by HIPIMS/UBM and

pure UBM technique.

3.2 CharacterisationTechnique

3.2.1 XRay Diffraction Analysis

X-ray diffraction (XRD) technique is a nafestructive characterisation technique. This
technique was used to determine the crystallographic structure and bilayer thickness of

the deposited coatings.

Wavelengths bx-rays are approximately in the same range agtkeatomic gacing

When xrays pass through a crystal, they are scattered in all directions by the electrons
DVVRFLDWHG ZLWK HDFK DWRP RU URQ. W&dDaver€dixHYV Z L\
rays can interfere witeach other and the resultant intensity distribution is modulated by

this interaction. If the scatteredrays are in phase, constructive interference occurs. In
1912, W. L. Bragg gave relation which elucidates the condition for constructive
interference.In that case, path length difference between two consecutregsxis
HTXDO WR D ZDYHOHQJWK RU DQ LQWHJHU QmiXPEHU

the followingequation Eq.3.1).
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Q meVLQ Eq. 3.1

This equation iscalledthe Bragg'squation or X-ray diffraction. Here n is the order of

UHIOHFWLRQ LV WKH ZDYHOHQJW Ky is th¥ intéridlelar D Q J O H

spacing.
Incident Reflected
X-rays X-rays

Fig. 3.3. A schematic drawing of-pays scattering from tha@lanes of atoms.

JRU SUDFWLFDO UHDVRQV WKH GLIIUDFWRPHWHU PHD
diffractometers, the Xay wavelength( ) is fixed. Consequently, a family of planes

SURGXFH D GLITUDFWLRQ SHDN RQO\ DW D VSHFLILF DC

In this VWXG\ D 3%$1DO\WLFDO (PS\UHDQ 3,;FHO ' DXWR
Bragg8Brentano (BB) andGlancing Angle (GA) beam geometry were used to
determine the crystal structure configuration. The scanning range for BB XRD was
VHOHFWHG DV h a gtep/dize of P.2B°L Poér GA XRD the incident angle

ZDV IL[HG DW f RYHU D VFDQQLQJ UDQJH RI f WR
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GA XRD technique is a convenient method for stress analysis and phase identification
studies inthe case of thenanostructured coatings. Due to the reduced penetration depth
of the X-rays in GA geometry, the contribution related to the substrate is eliminated in
comparison to standard-pay diffraction[121]. In this geometry, the incidence angle

LV IL[HG DW W\SLFDOO\ EHWZHHQ f DQG f 7KH DQ
diffracted beam LV YDULHG PRYLQJ RQO\ WKH GHWHFWR
beam penetrates shallow but gains information from a significant proportion of the
coating which reinforces the diffraction pattern. The Miller indices for all the phases
present in botlthe BB and GA XRD patterns were calculated by X'Pert HighScore Plus

Software.

Tomeasurethe®® D\HU WKLFNQHVYV 0 RI WKH FRDWdn@e %% .
/$ JHRPHWU\ ZDV XVHG 7KH VHOH-FWHWINY BtBnQard) D JH

Bragg's lav, the bilayer thickness was calculated.

VLQ (T

()
O

For all the experiments, monochromatic-Cu UDGLDWLRQ ZLWK D ZDYHO
nm was used as the-Pdy source. The voltage and current of thea}{ generation tube

were 45kV and 40 mA respectively.

3.2.2 Microstructural study of coating surface and defects

Scanning Electron Microscope (SEM) and Atomic Force Microscope (AFM) were used

to study the microstructure and topography of the coating. Defect morphology was
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investigated using Focused lon Beam (FIB) and SEM. Optical Microscope was used to

examine the coating surface and to quantify the defects.

3.2.2.1 Scanning electron microscopy

SEM isawidely employed coating characterization instrument. Electron beams having
energies ranging from a few thousand to 50 keV, scan across the surface of the
specimen. Upon impinging on the specimen, the electrons interact with the atomic
electrons and then scatter due to inelastic and elastic collisions. Fig. 3.4 represents the

schematic drawing of a scanning electron beam incident on a solid sample.

Incident
Backscattered ~ Electrons
Electrons X-ray
EDS/WDS
Secondary
Electrons —
Electrons
Cathodoluminesence

% |

Absorbed Transmitted
Electrons Electrons

|
1

Fig. 3.4. Schematic drawing of a scanning electron beam incident on a solid sample

[122].
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Using a detector these deflected and emitted electrons are collected to enap th

topographyand chemistry of a sample.

In this studyFEI-Nova NanoSEM 200 was used to capture the secondary electron (SE)
images of planar and fractural cresesctional view of the coatings. SE emission occurs
due to the inelastic collisions. When agident electron with sufficient energy collides

with an atom, an electron can be ejected from that atom due to energy transfer from the
incident electron. These emitted electrons have relatively low energies; theosigre,

the electrons of the atoms hetsurface escape from the sample andigetcted. Thus,

SE images provide necessary informatitmp@graphyand density) about the coating
surface. To capture the SE images ETD (EvefFldrnley detector) was used at lower
magnification whereas TLD (Thugh the Lens Detector) was used to capture images at
higher magnification. The working distance was in the range of 4 to 5 mm and the beam

voltage was in the range of 5 to 20 kV in the process to capture clear images.

Characteristic Xray is generatedlue to the transition of electrerirom a higher to a
lower electronshell. Theincidentelectronwith sufficient energy caejectaninner shell
electron fom the specimen atom. As a resuhe electron from outer shell transito
inner shell. In the praess characteristic-¥ay with a specific energy and wavelenggh
emitted.Due to this, each atom has its own characteristrayXradiation which can be
used to identify the material compositioFhis characterisationechnique is known as
Energy Dispersive Xay Spectrometry (EDS or EDX). Using Aztec software
(OXFORD Instruments) EDX dataereanalysed to assess the cheshicomposition of

the coating.
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3.2.2.2 Focused lon beam

Focused lon beanmF[B) works in a simila fashion to SEM except it uses a finely
focused beam of gallium ions rather than a beam of electrons. FIB is capable to capture
images when operated at low beam currents. By applying high beam currents, it can be
used for fast and precise milling of thpesimen material. The milling reveals the
internal structure of the coating specimen and-suface defects ifexist A
combination of FIB and SEM, minimises any contamination effects, and produces clear,
prominent images of cross sections which are somestnot possible for fracture cross

sections by conventional technique.

SEM column

backscattered
electrons

block face

focused
ion beam

Fig. 3.5. Schematic drawing of focused ion beam milling scanning electron microscopy

(FIB-SEM) [123].
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In this study, FEI Quanta 650 3D Dual Beam FIB FEEM was used to produce cross
sections of specific growth defects on the surface and obtairghigity images. The
Quanta 3D used for this study is a comboratof two systems: a focused ion beam
(FIB) comprising of Gallium (Ga) ion gun system and a field emission gun (FEG). 30
kV voltage was appliediuring milling. After milling, ETD was used to capture the
crosssectional SEM images of the defects. The wagkdlistance was fixed at 10 mm

and the applied voltage was 10 kV.

3.2.2.3 Atomic Force Microscopy

The Atomic Force Microscope (AFM) is one kind of scanning probe microscopes
(SPM)[124]. A probe with a very fine sensor tip mounted on a flexible cantilever scans
the surface of the sample (Fig. 3.6). The forces between the atoms on the surface of the
sample and those on the tip cause the tip to deflect. The magnitude ofl¢dotiate
depends on the separation between the surface atoms and the tip atoms and on the
atomic forcegVan der Waals forces)etween themrThis deflection can be recorded in
various ways, the most common of which uses a laser beam focused on the top of the
cantilever and reflected onto photodetectors. The photodetector signals are used to map
the surface topography of samples with resolgtidawn to the atomic and nanoscales.

The feedback signal and position of the probe are electronically recorded to produce a
three dimensional map of the samplbese AFM maps/images are suitable for further
investigationof the surfacesuch asmeasurementf surface roughnesgnalysis of
particle and grain size etc. AFM can also be used to measure magnetic and electrical

properties of thenaterial[125].
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Diode laser

Photodiode
Cantilever

Sample

Fig. 3.6. Schematic drawing of an Atomic Force Microscope.

In this study, the Anton PaarCSM atomic force microscope was used to examine the
surface morphology. The AFM images were produced by scanning the sample surface

using a silicon nitride stylus which was operated by CSM software.

3.2.2.4 Optical microscopy

An optical microscope is the primary tdol scientists and engineers for morphological
characterization. It creates a magnified image of an object specimen with an objective
lens and magnifies the image furthermore with an eyepiece. Microscope magnification

is themultiplication of the lens magniiation and the eyepiece magnification.
The resolution of a microscope is a function of its parameters and can be stated as:

5 1$ 3 (T
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KHUH 13% VLQ . LV FDOOHG WKH QXPHULFDO DSHUW
D Q G theLhalfangle of the maximum cone of light that can enter or exit the lens.
Optical microscopy is very useful for fast analysis of m&roictures and the influence

of the destructive tests on the coating.

Unlike an optical microscope used for biologisgbktens which works on transmitted
light principle, the microscope for metallurgical syssamoperated usinthe reflected
light principle. Since the metal samples are -tramsparent, they are illuminated by
frontal lighting. Fig. 3.7 represents a sotaic drawing ofan optical microscope used

in metallurgical tudy.

i Eyepiece
Plain glass |
reflector - +--+-
——
E Condensing system
: Obective
E— recine

Fig. 3.7. A schematic drawing of optical microscope Usednetallurgical systes|126].
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To calculatesurface defect density a Huvitz 3D optical microscope and ImageJ
software were usedh this studysurface defect densitf the coating was estimated by

aralysingthe fraction of surface area of the sample covered by the inoperfe

The optical microscope used to examine the surface of the coating was equipped with a
Plan Fluor semi Apochromat optical lens with a magnification of tild@s Then the
LPDIJHV RI WKH FRDWLQJ VXUIDFHYV P i canferaZHUH
at a magnification of 1000 times&lsing ImageJ software, those optical microscope
images were converted into black and white binary imagesseldonversios turned

the surface defects into prominent black features with respect toottivertedwhite
background. Using the analysing tool of the softwtre surface area occupied by the

black features which represent the actual surface imperfeatamcalculated. For each
coating, this process was repeated for ten times to calculate the asarfage defect

density This study was conducted to determine the effect of deposition parameters on

defect formation.

3.23 Coating roughness measurement

The surface roughness of deposited coatings was measured by scanning a diamond

stylus over the surfac&he working principle o profilometer is similar to AFM.

A contact profilomedr uses a diamond stylus to measure the topological features of a
sample.The stylus scans across the sample surface. Depending on the surface texture of
the sample, the stylusxperiences a vertical displacement which is converted into a
height value in Z127]. The mechanical movements oktktylus are then converted

into an electrical signal by a transducer attached to it, and then amplified and
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demodulated. Finally, the signal is passed to a computer where, bythsinglevant

software, itis analysed and stored.

In this studya DEKTAK 150 was used to measure the surface roughness. The radius of
WKH VW\OXV ZDa¥ mg (39 R 100 Q)Goad was applied on it during all scans.
For each sample five scamgere recorded. During thesscans,the probe travelled a
OHQJWK Rlonthe suPfacaunder examinationvith a spatial resolution of 0.033

P DQG WKH VXUIDFH URXJKQHVYVY RI WKH VFDQQHG SL

software. Roughness values were calculated by averaging all five scans.

Propagation

&

| |
ﬁ Displacement

Fig. 3.8.A schematic of @rofilometer tip in contact with a surface as it processes; the

displacement due to the topography of the sample is recorded.
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3.2.4. Nanohardness &

Hardness is a measure of the resistance to permanent deformation or damage. Young's
modulus, also know as the elastic modulus, is a measure of the stiffness of a solid
material.

The nanohardness and the elastic modulus of the coatings were measuradd&iihg
nanoindentation tester. A normal load 2if mN was applied to the coated samples
through the Bdwvich diamond indenter. 15 indentations were conducted for each
coating. To avoid substrate contribution, only those measurements were considered
where the indentation depth was %0of the total coating thickness. Then the average
values of nanohardnessnd the elastic modulus were calculated by the associated
software usingthe Oliver and Pharr method from the resultant ladigplacement
curves. Fig. 3.9 shows the surface under maximum load and a typicakt load
displacement curve of nanoindentation.test

TKH QHFHVVDU\ IRUPXODV IRU FDOFXODWLQJ KDUGQH

given by

H= Pmax/A(hc) Eq 34
L e Eq. 35
230
v 6

Where Raxis the maximum load, Ah LV WKH SURMHFWHNGWARH BVROLPWW R
ratio of theVDP SiQHW WKH 3RLVVRQYV U Dswhe RedidedWigdiilus QfG H Q V

the indentation contactand EV WKH <RXQJfV PRGXOXV RI WKH LQG
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Fig. 3.9. Schematic illustrations of (a) the indentation geometry at maximum force for

an ideal conical indenter and (b) an indentation teagblacement curvi28,129]

3.2.5 Potentiodynanic polarisation corrosion test

Corrosion is based on the reaction of a metallic material or layer with its environment.
The metal(M) atoms of a component change frone tmetallic state into an oxidized
state. The driving force of this process has the tendency to lower the free energy of the

system[130].
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In the corrosion process, tvigpes of reactions take place. In one typeeaiction which
is calledanodicreaction (Eq. &) metal atomgransform to ions by losing number of
electronslin the othertype ofreaction those free electrons are consumedbyO, and

H20. These reactions akemown ascathodicreactiors (Eq. 37, 3.8 and 39).

M: 0"™+ne Eq. 36
H'+e : + Eq. 37
+ ¥ Eg. 38

2HO+ O +4e : 2+  Eq. 39

Equations ¥ and 38 represent a twstep process in which hydrogen gas is formed.
Hydrogen ions (F) are always present in water to a greater or less eatertherefore
these two reactions (Eq.73and 38) are always possibl@he reaction presented by the
Eq. 39 dependsipon the level of dissolved oxygen in solutivvthen the level of
dissolved oxygen varies locally in a corrosion cell, differergeaton corrosion may

result[130].

When a ample is immersed in a corrosive solutian the absence of electrical
connections, gpotential relative toa referenceelectrode is generatedue to the
electrochemical reactions ahet sample solution interface. This potential is called
electrochemicalcorrosion potential (&r) which is also referred as 'open circuit
potential. At Ecorr the rates of anodic reaction andthodicreaction are exactly equal

thus the net current flow isero. The corrosion potential is a characteristic of the
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specific amplesolution system since it is determined by the specific chemistry of the

system.

As seen from the Eq. 3.5, the surface mass affecterichyrosionprocesss directly
proportional to lhe generation of electrons. Thus, by measuring the flow of electrons,
i.e. current, the corrosion activity (ratae) the sample can be obtainethe critical
potential above which the current density increases suddenigrised as pitting
potential (kit). The damagein coating (pitting) can exposefresh metallicsubstrate
surfaceand enhancehe electrochemical reaction kineticBitting can also occur a
potential below Ekt but those pits are metastalple31]. Howeve, the pitting observed
above Ei is stable which continues to grow in a destructive fashion and resuts in

continuousncrease in current density

Fig. 3.10 shows a schematic diagram of wet corrosion cell used for the laboratory tests.
This corrosion ést involves three types of electrodes: a working electrode, a reference
electrode, and two auxiliary electrodes. In this system, the coated sample represents the
working electrode. For potentiodynamic experiments, the applied potential on the
working elet¢rode is increased with time and corresponding change in the current is

constantly monitored.
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Fig. 3.10. A schematic drawing atorrosion cell.

Fig. 3.11 representa schematic'potential vs log current density (Bg i) plot' for a

metal sample ina corrosive solution. Thigplot is known as potentiodynamic
polarisation curve In this plot, AB represents cathodic behaviour and B is the
electrochemical corrosion potential. In the range BC, the metal is passive. Such a
situation is regarded as exhibij resistance to localised corrosion because the metal is
well protected by its passive filfl30]. In this passive zone, the current density is
maintained at low and steady level, until breakdown of the protective film begins at C.
This potential is called the breakdown potential. It is also known as pitting potential
because taC, the pitting activityis likely to be the highes{130]. At potentials more
positive than C, the current density begins to fimeause more pits propagate.

However, the current density can also increase due to the new anodic processes rather

96



than becaues of the pitting. In that situatiotihe region CD is called transpassive region

[130].

Potential

Cathodic

Log current density

Fig. 3.11. An example ofgtentiodynamic polarisation curve showing stable passivity

(after ref[130]).

The corro®on behaviour ofthe CrN/NbN coating was examined usiregGill AC
Potentiostat. A saturated calomel electrode (SCE) was used as the reference electrode.
At room temperature26 °O), all the electrochemical experiments were conducted by
polarising thesample fron - 2000 mV to +1000 mV at a scan rate of 0.5 mV per sec in

3.5 % NaCl solution. The exposed surface area of the coated CrN/NbN 304 stainless
steels was 1 cfn The aim of hese measurementvasto study the role of coating

defects on the corrasn resistance of the coatings.
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3.2.6 Pinon-disc test

The friction and sliding wear coefficients are important mechampiczperties of the
coating.Friction is the resistance to motion which occurs when one solid body slides
over anothef132]. The resistive force, which acts in a direction directly opposite to the
direction of motion, is known as the friction force. Amonton's secondiates that the

friction force(F) is prgoortional to the normal load (W). Hence

F=pw Eqg. 310

Where p is tle constant of proportionality and is known as the coefficient of friction.
The value of p depends on various factors, suctthasntrinsic properties of the

materias involved, operating conditions, sliding speed, load and lubricant.

Wear is defined athe progressive loss of substance from the operating surfaces as a
result of relative motion. Tribological processes involve different kinds of wear. Most
commonly referred wear mechanisms are: (1) adhesive, {Banbrasive wear(3)

surface fatiguand(4) corrosive weaf132].

1. Adhesive wear:When two surfaces are loaded together, they can adhere over some
pars of the true contact area, to form friction junctions. If the relative slidgdsto

take place, these junctiorigave tobe broke&. This wear mechanism is known as
adhesive wear. Surface topography plays an important role in adhesivia Wesasense

thatthe smootbkrarethe surface feweraretheinteractions betweethem

2. Abrasive wear: The term 'abrasive wear' covers twpds of situatiog which are

known as twebody abrasion and thrdeody abrasion. In twody abrasiona rough
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surface slides against a relatively soft opposing surface, wherdagsabody abrasion
rough hard particles trapped between the two slidimfpses cause one or both of them

to be abraded.

3. Surface fatigue:Surface fatigue is associated with the formation of fatigue cracks

due to repeated elastic and plastic deformations.

4. Corrosive wea: Corrosive wear is the removal of material dueskectrochemical
reactions.

To study the friction and wear behaviour of the deposited coatings in dry sliding
condition a CSM(Anton Paaryoom temperature pion-disc tribometer was used. The
tribometer consists of a stationary ball as counterpart, vefidbs against the coated
disc sample clamped to a rotating sample holder under the influence of a stafihad.
ball is mounted in contact with the rotating sample via an elastic arm which can move
laterally and therefore measure the tangential fdffcetion) between sample and ball
with a sensof133].

The rotation of the disc creates a circular scar on the sunfevenkas the wear track.
The linear speed of rotation was fixed at 0.1'n#d O3 ballseach of6 mm diameter
were used as counterpart. For all éx@erimentsthe number otycles was fixedat

2000 cyclesanda5 N load was used to meastine friction rates. The room
temperature and the relative humidity recorded for the experiments wetea2isl15

% respectivelyAfter the test, the wear coefficient {Kwas calalated using Archard's

equation, given by

Ke=—% Eq. 311
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Where Vis wear volume in f) Fy is normal load in Newtons and d is the sliding

distance in meters.
The wear volume V was calculated as
9 E5$ 12 (T

Where R stands for wear track radius and A is esassonal area of the wear track.

A Veeco Dektak 150 surface profilometer was used to me&sanel A after the test.

Force
Wear track v Counterpart

Rotation

Fig. 3.12. A schematic drawing of pion-disk test

3.2.7. Raman spectroscopy

Raman spectroscopy was used to investigate the chemistry of the tribolayer formed

duringsliding. This technique is based on the 'Raman scattering' which is defined as the
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inelastic scattering of a photon by tatons of the sample§l34]. The shift in the
wavelength of photon radiation due to this inetastiattering provides the chemical and
structural information of the samples. Depending on the interaction between photon and
atoms the energy of the scattered photon can be higher or lower than the energy of the
incident photon. Fig. 33.represents a iplified energy diagram of Raman scattering.

If the energy of the scattered photon is lower than the energy of the incident photon, the
scattering is calle@®tokes scatteringOn the other hand, the energy of the scattered
photon is higher than &b of the incident photon, the scattering is calkenti-Stokes
scattering. Some of the incident photons do not interact witlattimasof the sample.

Thus, they scattefrom the sample with the same wavelength as the original incident

wave. This is called Rayilgh scattering.

A A
Virtual State
""" AT B G i
P
20 hvy |hvythy,
()
uc_:] hve |hv, hvg| [hvy=hv,,
Eythv,,
A 4 \ 4 EU
Rayleigh Stokes Anti-Stokes
Scattering Scattering Scattering
(elastic) L .
Raman
(inelastic)

Fig. 3.13. Schematic illustration of Raman scattering (http://bwtek.com/rahneory

of-ramanscattering).
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The energy differenceEHWZHHQ VFDWWHDRAG S§RRIWRHY) W SKRW

different types of scattering agéven below.

For Rayleigh scattering,

Ks- Ki K- Ko=0 Eq. 313

For Stokes scattering,

Ks- Ki kK - Km)‘ Ko=- Km Eqg. 3.4

For Anti - Stokes scattering,

Ks- Ki K K- Ko Kn Eq. 3.5

Each atom within the material is bonded to its neighbour; these bonds can be modelled
as springs which resonate when energy is provided. Atoms within the lattice can
therefore vibrate around their bonds. These vibratimmales can be quantised as

energy levelsln the case o$tokes scattering (center diagram), the energy from the
photon is absorbed and the targetmis promoted to a higher (virtual) energy state

from ground state (& Therelaxation of tis atomfrom virtual energy state another
energy stat¢higher than the ground staf€o  Km)) cause radiationwhich is known
Stokes scatteringhnti-Stokes scatter {@gram on right) results when an atoman

excited stat§Eo  Kmn) gains energy from thiecident photon and then decays back to
ground statéEo). In this case, the scattered photon has the higher energy than the
incident photon. At room temperature most atoms are in the ground state and hence the
intersity of the $okes peak is generally roln greater than the Ar8tokes and

therefore more useful for measurements. In practice, during calibration, the Rayleigh

line is centred at zero and the Stokes peaks detected are described as being Raman
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shifted in wavelength (ct) from the zero poinfThe vibrational modes of a molecule
depend on the bond strength among the atoms, atomic size and molecular orientation.
By analysing the Raman spectra, a spetifind structure thus threoleculecan be
identified.For this reason Raman Spectroscopy isrg useful toolto detect a wide

range of compounds from inorganic to organic materials.

In this study, a HoribdobinYvon LabRam HR800 integrated Raman spectrometer
fitted with a green laser ( 532 nm) was used to collect the Raman spectra of the wear
track and wear debris. To reduce the intensityhefncident beam and to avoid

irradiation damage, a 1% transmission filter was applied.
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4 Result and discussion

This chapter is divided intovie sections. The first four sections describe the effect of
deposition time, substrate bias voltage, chamber total pressure and chamber cleanliness
respectivelyon defect formation and their influerscen corrosion and tribological
properties of HIPIMS/UBMleposited CrN/NbN coatings.otparison between coating
defects in HIPIMS/UBM and pure UBM deposited coatimgsliscussed in the fifth

chapter.

4.1 Influence of deposition time on HIPIMS/UBM deposited

CrN/NbN coatings

4.1.1 Overview of the experiments

For this study, four sets of CrN/NbN coatings were deposited by varying deposition
time (t) from 15 to 120 min. During all deposition processesas voltage (W) and
chamber pressure (P) were maintained@ V and at 0.35 Pa respectively. The aim of

this study was to investigate the defect formation at different stages during the coating
deposition. To recognise the sources of the defects and to better understand the coating

growth and defedbrmation Cr ion etchedubstrates were also examined irs #tudy.

4.1.2 Coating thickness

The coatingghickness was measured on fractured Silicon wafer @@s$ons using
SEM. For each coatindive images were capturddom which the average value of

thickness was calculated.

104



Fig. 4.1 shows the coatirtbickness as a function of the deposition time. Relevant cross
section SEM images are included in insets to support the thickness data. As expected,
the coating thickness increased with the deposition, #xigbiting a linear relationship.

This indicatesconstant coating deposition conditions and deposition rate, which was

calFXODWHG WR EH P SHU PLQ
2.2 -
2.0 - 1.26 £ 0.01 pm

Thickness (um)

Deposition time, t (min)

Fig. 4.1. Thickness variation of the HIPIMS/UBM coatings with the deposition time and

the related crossection SEM images.

4.1.3 Physicaproperties

4.1.3.1 Hardness
Table 4.1shows he hardness and Young's Modulus values of the costidg

observed, each coating has a nearly similar value in the hardness as well as in the
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Young's ModulusThis result was expected as all the coatings wep®sited at similar
deposition process conditions apart from the deposition time. As the applied power on
the sputtering sources, the total chamber pressure, substrate bias voltage as well as the
primary rotation speed of the samples remained constamigdati the depositions,
coatings with similar stoichiometry and nanoscale multilayer structure were produced.
Hence, the hardness value was not influenced by the coating depositionTtiene.
hardness values of these coatings vieneer than the previousisepored results where
coatings were deposited using similar technology i.e. combined HIPIMS and UBM
[18,102] However, note that there was no base layer and the thickness ofdhgsgsc

was also lower as compared to the mentiawatings $eethe Table 2.1)

Deposition time (min) Hardness Vickers <RXQJTV O
(GPa) (Hw) (GPa)

15 23.57£ 0.6 1997+ 62 | 295+ 18

30 25.37+£ 3.2 2349+ 303 | 298+ 21

60 26.23+ 3.5 | 2421+ 330 | 304+ 15

120 25.85+ 2.4 2394+ 228 | 312+ 17

Table 41. HardnessVickers Hardness, Young's modulus values of deposited coatings.

4.1.3.2 Roughness

Table 4.2 presents the raefis from surface roughness (Raneasurements of the
polished substrate, etched substrate and deposited coating surfec&a value of the
polished substrate was measured to be the lowest (0.012ltumgreased rapidlyo
almosttwice (Ra = 0.023 um) when the samples were subjected to the etching process.

This transformationcan be explained by the substrate material removal due to the
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sputtering producedybthe bombardment with the higinergy ions generated in the
HIPIMS discharge. fis sputtering can be aggressive in some plalks, grain
boundaries or specific microstructural phases as compared ts, ethah give rise to

an uneven surface on a nanometer scale.

During the analysis of 15 min deposited coating, it was observédhiaoughness

value initially decreased slightlp P GXH WR FRYHULQJ RI WKH X
the depositing material. However, further increase of the deposition time lad to
increase of the surface roughness. For the maximum deposition ftitr9 anin, the
URXJKQHVY YDOXH 5D ZDV REVHUYHG WR EH WKH KL
attributed to the natural increase in column diameter and their dome shaped tops with

the increase of the coating thickness which is typical for a competiviatng growth

mechanisnj135].
Samples RoughnessRa (um)
Polished Substrate 0.012+ 0.003
Etched Substrate 0.023+ 0.000
Deposition time = 15nin 0.021+ 0.002
Deposition time = 30 min 0.018+ 0.001
Deposition time = 60 min 0.038+ 0.002
Deposition time = 120 min 0.039+ 0.002

Table 42. Roughness of the polishedbstrateetched substrate and deposited coatings.

4.1.4 Crystallographic structure

The crystallographic structure of CrN/NbN coatings has been investigated usayg X

diffraction (XRD). BB XRD peak patterns of the coatings are shown in Fig. 4.2. These
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XRD patterngevealed that all CrN/NbN nanoscale tilaler coatings had single phase

fcc lattice structure. The diffraction pattern of the etched sample corresponds to the 304
stainless steel substrate. Coating reflectmmgd beobserved from a 15 min deposited
coating The thickness of this coating w&s28 pm thusthe @ntribution from the

substrate waprominent.
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Fig. 4.2. BB Diffraction patterns of an etched substrate and CrN/NbN nanoscale

multilayer coatings with different deposition &m
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Fig. 4.3. GA Diffraction patterns of an etched substrate and CrN/NbN nanoscale

multilayer coatingsvith different deposition time.

To better understand the influence of the deposition time on the crystallographic
structure, XRD data of CrN/NbN coatings neecollected in GA mode. In this mode,

due to the reduced penetration depth of theys, contribution related to the substrate
can be eliminated in comparison to standard BB XRD (Detail in sec 3138) Fig.

4.3 shows GA XRD peak patterns of the CrN/NbN coatings, which clearly indicates that
the intensityof the peaks increased with increase of coating deposition time, and hence
with the coating thickness. This is an expected result. However, the coating structure did

not change with the coating deposition time (or thickness) as the other coating
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depositionparameters (power applied on the magnetrons, bias voltage, and chamber
pressure as well as reactive gas partial pressure) remained constant for all deposition
processes.

As seen from theFig. 4.3, the XRD peaks of CrN/NbN multilayer coatings were
incorported with the reflections from both the CrN and NbN. For example, the peak
around 36 °corresponds to the combination of (111) reflections from CrN and NbN
while the individual peak of CrN (111) and NbN (111) reflection occurs &037and

35.36 ° respduvely.

4.1.5 Topography and Microstructure

Topography and microstructure of the etched substrate and the coating surface were
studied using AFM and SEM techniques. Fig. 4.4a shows a 2D AFM image of the Cr
ion etched substrate surfaces over an area of 20 un?. The colour intensity depicts

the surface features of the coatings. In these AFM images, the lighter shaded regions
represent the highest points and the darker shaded regions represent pores and cavities.
Fig. 4.4ashows cavities and scratchesgwoed during the mechanical polishing step of

the samples. Although during the HIPIMS etching step, a thin surfacedaf@r nm
thicknessis removed by sputterinque tothe bombardment of accelerated Cr ions, a
complete removal of all surface imperfects is not achieved as the etching process
itself is not meant to be very aggressive. Therefore, surface defects such as pinholes and
scratches inherited from the substrate were apparently visible (Fig. 4.4a) even after the
etching step. These defects aegarded as one of the main sources /sites for generation

of growth defect$2,14].
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Fig. 4.4. (a) AFM image of ioatched sample.

Low magnification SEM image of the same ion etched substrate difterent area

(Fig. 4.4b) shows no evidence of droplet formation when HIPIMS was used for etching.
This is in stark contrast @narc etched surface where, at the enthefetching step the
surface is covered with droplefSig. 2.16) [5 #,100] This superior surface finish after
HIPIMS etching was a result of careful parameter selection and effective use of arc
suppression units on cathodes and bias power suppigdb,46] However, he surface
roughness associated with the preferential etching of the grain boundaries and

protruding grains was clearly visible in the high magnification SEM image (Fig. 4.4c).

111



Fig. 4.4. (b) Low magnification and (bjgh magnification SEM image abn etched

sample.

Fig. 4.5ah show the AFM and SEM images of the coated surface deposited by
HIPIMS/UBM with varying deposition time. For the 15 min deposited coating (Fig.
4.5a,b), it was evident that the coating deposition had started and coveredfdabe s
extensively. However, the imprints of preferential etching of the substrate can still be
observed even after a coating thickness of 0.28 um. Coating morphology, which was
dependent on both the grain orientation and grain size of the substratetediggkigh

epitaxy in coating growth, which is a finger print of HIPINIS,35,46]

For 30 min deposition timéFig. 4.59, most of the surface was covered with coating
flux engulfing most of themaller substrate imperfections, however imprints of some of
the deep scratches and pits were still vis{big. 4.5c)as the coating simply follows the
topography. With an increase in the deposition tifoeinstance, fol60 min deposition
(Fig. 4.5€f), the majority of the surface imperfections were found to be covered and
infused within the coating2,3] and the morphology appeared more homogase

Growth of a columnar stoture with rounded column tops, whichtygical for sputter
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coatings could be observed from th@an view of the coating surface in Fig. 4.5f
However,all the coating structusaverefound to be homogeneous, densely packed, and
fine grained in the crossectional microscopic studies (Fig. 4.This densificationcan

be attributed to the higanergy ion bombardment from the HIPIMS plasma. This is
significant since low substrate biasltage ¢ 65 V) and low deposition temperature
(200 °C) were used. Some evidence of contamination defects (explained in the

following section) was also evident.

For 120 min deposition time (Fig.5g,h), the basic columnar morphology remained
unchanged, heever the grain size increased noticeably; more peculiar dome shaped
column tops were visible. In this study, two targets were running in HIPIMS mode and
two other targets were operated in UBM mode. The benefit of using HIPIMS was
clearly visible as the ¢tomns were found to be very densely packed (Fig. 4.1) ttan

columns ofpure UBM coating deposited in similar conditida82].

Although the coating morphology becomes homogeneous with the inciease
deposition time, the larger cavities on gubstrate surface may never get covered with
the coating materials if the coating is thin especially when conditions such as atomic
shadowing dominate. These cavities can be apparent on the surface of tigeofuily

coating, as visible in the case of Ir&ih deposited coating (Fig. 4.59).
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Fig. 4.5. (a) AFM image and (b) SEM image of 15 min deposited coating; (c) AFM
image and (d) SEM image of 30 min deposited coating; (e) AFM image and
() SEM image of 60 mimleposited coating; (g) AFM image and (h) SEM image of 120

min deposited coating produced using HIPIMS/UBM.

4.1.6 Coating defects

4.1.6.1 Defect types

Defect formation and defect types associated with PVD coatings have been described
before by various autiis [2,3,9,10] In this research, extensive SEM studies were
conducted to investigate the defects in HIPIMS/UBM deposited CrN/NbN coafihgs.

types of defects identified were very similar in nature to those reported earlier for
conventional magnetron sputtering proessmnd already described in detail in section

25.1.
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Fig. 4.6. (a) Cross section of nodutdrapediefectand(b) conelike defect top view of
(c) open void defeci(d) pinhole defectg¢e) nodular/condike defect in HIPIMS/UBM

deposited coatings and (f) droplet in Ateposited coating (commercially available)
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Fig. 4.6ae shows the SEM images of different &gof defects found in HIPIMS/UBM
coatings.Depending on their origins, these defects were categorised intgroumps

flakes related defectand defects associated with substrate pitse flakes related
defects includenodular shaped defect (Fig. 4.6ednelike defect (Fig. 4.6b) and open
void defect (Fig. 4.6¢)while pinhole defects (Fig. 4.6d) are associated with substrate
pits. Fig. 4.6e shows a nodular/coliee defect on the surface of HIPIMS/UBM
deposited coating whereas Fig. 4.6f shows thestwface view of an arc droplet.

The detail observation of the SEM images of a nodular defect andikerdefect of
HIPIMS/UBM coating (Fig. 4.6&,6) demonstrate that the morphology of these defects
and the coatings is similar. This indicatdhat the growthstes for the coatings and
these defectsvere the same and most likely these defestye generatd due to the
deposition of coating materials on the top of foreign particles attached to the substrate.
Thus, to verify the elemental compadsins of these defectsEDX analysis was
conducted. Fig. 4.7a,b shows SEM image of such flakes related defect and

corresponding EDX spectra
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Fig. 4.7. (aFlakes relatedefect in HIPIMS/UBM coating and (b) EDX spectra of the

defect;

EDX analysis confmed that the elemental compositions of the nodular defect were
same as the coating. Atomic percentages of Cr, Nb and N were found to be 39 %, 14 %
and 47 % respectively for both the coating and the nodular defect. This emphasised the
fact that defects irHIPIMS/UBM coatings grow over the course of time due to the

deposition of coating materials on flakes.

118



For comparison, SEM image of a droplet on commercially availabiE\aiz CrN/NbN
coating was taken. Significant differences in morphologies and sigegedn arc
droplet and nodular defect can be seen fromRige 4.6e,f andrig. 4.7a,c. The arc
droples in the both casewere bigger in size and had a continuous solid structure
whereas the grain boundaries and columnar coating growth could be clesetyanb

from the magnified image of the nodular defect (Fig. #)6a

E IE‘J W Spectrum 1
' d
10=
- Atoenic % 80
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b o | W [
0 5 10 15 eV

Fig. 4.7. (c) Droplet in Ardeposited coatingcommercially availableand (d) EDX

spectra of the droplet.
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Moreover, Fig.4.7c also exhibits the morphological differeneebetween thearc
depositedcoating surface andrc droplet which suggests th#te growthsteps of the
coating and the droplet were different. Arc droplet did not grow over the time eather
instant solidification of cluster of materials ejected from the targettdedroplet
formation in arePVD. EDX analysis(Fig. 4.7d)supporéd ths growth mechanisnof
arcdroplet As observed from the spectrum, the droples mostly made of Crafomic
percentage30 %) indicating that the droplet was generated due to the expudsiGn

from Cr targetatthe cathode sppivhich solidified instantly on the coating.

Microscopic images of the deposited coating surfa€igs 4.5ah) anda cross sectional

view of a nodular defectKig. 4.6a) suggested that flakes related defects gemera
around the intermediate stages during coating growth, whereas, the voids associated
with the substrate pits were more common for the coatings deposited for shorter time
(Fig. 4.5a,c). Thusan additional SEM study was conducted to understand the defect
growth mechanisrmas a function ofhe deposition time.

Fig. 4.8a,b represents the SEM images of 15 min and 120deyosited coating
surfaces (plaar surface view at low magnification) which ingfies that the density of
defects and type of defects present on the coatings vary with the deposition time. For 15
min deposited coatings, grooves and pits are visible whereas flakes related nodular

defects are more noticabbn 120 min deposited coatings.
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Fig. 4.8. (a) SEM image of 15 min deposited coating; (b) SEM image of 120 min

deposited coating.
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Fig. 4.8. (c) SEM image of stainless steel substrate showing substrate pits, (d) surface of
15 min deposited coating exhibiting substrate(git,surface of 60 min deposited
coating showing partially coved substrate pits and (f) Csestional view of open void

defects in 120 min deposited coating.

Fig. 4.8c shows the SEM image of the stainless steel substrate exhibiting the pits on it.
With the deposition of coating materials, most of these pits get covEnedcoating
preferentially deposstto the flat front side of the substrate, while the deposition rate on
the sidewall of the cavity is much smaller (shadowing eff@jt) Thus for thel5 min
deposited coatingFig. 4.8d) the pitis more apparenas compared to & on 60 min

deposited coating (Fig. 4.8é)lthough, the size of these two pits (Fig. 4.8d,e) should
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not be compared because the size of the initial substrate pits couliifférent.
However, in Fig. 4.8e deposition of coating flux can been seen clearly. These two
images imply that the longer deposition process/time could fill most of the substrate pits
which are not very deep or larde. that casethey may not be fully dsed even after

120 min of coating deposition and can exist as a pinftade 4.6d).

Apart from the pinhole defects, another type of void can be seen on the coatings
deposited for longer time. These voids are associated with the nodular defects. From
Fig. 4.6a, it can be clearly seen that the nodular defects are very loosly attached to the
surrounding coating thus it can be easily expelled and open void defects caffrifprm (
4.6¢c). These defects can degrade the coating barrier properties by decreasing the

effective thickness of thenatings Fig. 4.8f).

4.1.6.2Surface defect density
The extensive SEM study on coating defects (section 4.1.6.1) suggested that the
deposition time as an influence on defect formatiorhus,this studyinvestigated the

effectof deposition time on theurface defect density

Fig. 4.9. (a) Optical microscopic image of coating surface and (b) Converted binary

image of the same surface.
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Images captured by the Huvitz microscope and the Image J software were used to study
therelationship between the deposition time and defects visible on the skifacé9a

shows the surface of the deposited coating captured by optical microscopy and Fig. 4.9b
represents the converted binary image of the same surface.

In the optical imagedhe surface imperfections, i.e., both the protrusions and voids are
seen aslark featuresFor comparisongpticalimages of polished steel substrate were

also capturedn the previous section, the SEM imagestaiinlessteelsubstrate

surface (Fig. 8¢) and 15 min deposited coating (4.8a) exhibited similar type of surface
imperfections whiclwerecategorised agits. The optical microscopic images also

revealed that both the substrate and 15 min deposited coatings hadtgpesasfdark

dots on tleir surfaceThe surface defect densif{Aqd) of the coatings and the substrate

was calculated as a percentage of the surface area covered by optically visible
imperfections. Thstudy indicated that the substrate and 15 min deposited coatings had
similar Aqvalues, 0.39 + 0.04 and 0.48 £ 0.02 respectively which were nthiatp

the presence of pits on their surface. With the increase in deposition time, the number of
dark features increased on the surfaéeg.4.10 showshepercentage of surface area
covered by optically visible defects a function ofhe coating deposition timé was

clearly observed that there was a direct proportionality between these two factors; as the
coating deposition time increased the greecentagef defects also incread.The

increase in growth defecigth time wasbelieved to be due to the increase of the

number of small flakes (seed) in the chamber during the deposition process. Some of the
seed particles generate from the chamber components of the coating system du

thermal and structural stresses or fombardment on therm further source for small

seed particles and wear debris is the rotation of the substrates hblaeraimber of

flakesis increasedh the chamber with time because of all these contispoacesses

When flakes of significant size fall on the substrate, they may effectively alter the
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coating growth direction as compared to that of the rest of thengpttus forming
nodularfconelike defectg2,3]. During or after the deposition, some nodular defects can
be expelled due to high compressive stresses prigszatreating a different type of

defect such as cavities (Fig. 4.6b, 4.8f).

Fig. 4.10. Variation o$urface area coved by optically visillefect as a function of

deposition time.

4.1.7 Corrosion resistance

It has been suggested that, the corrogoopertiesof CrN/NbN superlaticesre a

function of their chemical compositisnresidual stress levels armbating defects
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[2,3,7,8,14,1820,112,137]Fig. 4.11 shows potentiodynamic polarisation curves for the

CrN/NbN nanascale multilayer coatings.
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Fig. 4.11. Potentiodynamic polarisation curves for the HIPIMS/UBM CrN/NbN-ano

scalemultilayer coatings deposited by varying deposition time (min).

In general, all coated specimens aboverEalue exhibited an increase in corrosion

currents with increasing anodic potentials. This can be attributed to the dissolution of Cr

phase from the coating and/or the substrate as well as corrosion of the substrate, since

Nb has been found to be passivéh@se conditions of pH and potentifll87].

All the coatings shoed increased fluctuation in corrosion currents in the anodic

potential ranges of around 50virand 400 mV. This fluctuation was observed to be
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severe for the thinnest coatifgs min deposite@nd 0.28 um thickne¥sConsidering

the thin and uneven nature of this coatifgg( 4.5ab and Fig. 4.8a)J it can be
speculated that with increasing anodic potential and hence time, there was an increase in
the number of sites where coating dissolution took place leading to the exposure of the
substrate. In optical microscopic images of the CrN/NbN, coatirfgcas were found

to be severely damaged with large pits visually evident (Fig. 4.12). Thus, the corrosion
current fluctuation was a result of active dissolution, passivation -pr@ssvation and
re-passivation events happening on the newly exposedratéstirfaces through pits as

well as the coating. With the increase of coating thickrnssrapid occurrence of these
events wa reducedFor example, the fluctuations in curreténsityin 30 min and 60

min deposited coatirggwere occurredonly a few tmes. These fluctuationsvere
believed to beassociated with théefects in the coatingsvhich were preferentially
removed by the galvanic effedis8,112,137]and exposed the substrate surface to the
corrosive mediaThe corrosion response observedhe 120 mindeposited 2.15 um

thick coating was purely due to the events of the corrosion/passivation of the coating.
As evident, though the number of defects increased with coating thickness, the
corrosion tests suggested that these defects were not extendeddhtabghthickness
rather originated during the intermediate stage of coating deposition. Any defect
initiated at the substrate level, could act as a direct pathway for corrosive media to reach

the substrate and increase the corrosion rate significantly.
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Fig. 4.12.0Optical microscopic images @) 15 min deposited, (b) 30 mileposited, (c)

60 min deposited an@) 120 min deposited coating surface after corrosion test.

4.1.8 Tribological properties

4.1.8.1 Determination of wear and friction coficients

The wear and friction behaviour of CrN/NbN coatings were evaluated by pin on disc
tests in dry sliding conditions. The frictiamoefficient COF (1) of CrN/NbN coatings

and uncoated HSS substratgainstnumber of revolutions (friction cycle$jas been
plotted in Fig. 4.13Fig. 4.14 shows the wear tracks of the coatidgposited by

varying deposition timandanuncoated HSS substrate
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Fig. 4.13. Dependence of friction coefficient on number of revolutions (friction cycles)

for the coatingsleposited by varying deposition timad uncoated HSS substrate

Fig. 4.14. Wear track profiles of the coatings deposited by varying depositioariane

the uncoated HSS substrate
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As observed in the Fig. 4.13, thevalues of thecoating deposited forl5, 60 and 120
min were similar up to 100@ycles After that, u of 120 min deposited coating
decreasedignificantlyto 0.4 at 300@yclesand again increased to Gabaround 9000
cycles Also, the fluctuation in p value in the range of @00 and 20000 cycles can be
observedThe tribological behavior of thi$20 min coatingvas a typical sliding wear
process with a large amount of debris involved in a three titmycontact mechanism

[104,138]

During the tribological tesivo types of wear are prevalent in coated samples. They are
progressive (abrasive, adhegivend catastrophic (spalling) weft39]. Due to the
compettive growth the stress within thaatingincreases with ththickness This stress
could result in the spallation of some parts from the top surface of the thadasigs
(120 min deposition and 2.15 um th)ckwhen loadwas applied The wear particles
trapped between the coating and the counterpaitiénitially decrease the friction by
causingthreebody rollingmechanismHowever this coating had the highest number of
surface defectsAy = 3.18%). During the tribology test, due to the interactlmtween

the alumina ball and coating surface, loosely bonded defects could be expunged and
these defects could ireaise the wear debris formatiofhe continuous generation of
weardebrk initiated thethree body abrasive wear mechanism alidnately raisal the
friction value. The p value of this coating is comparable with the resepored by

other author$18,102,117]

For the other coatings, a twbody abrasive wear mechanism was found to be dominant
and theCOF increased continuouslizor comparison, dependence of COF value on
number of cycles in case of uncoated HSS substrasealgo plotted. The similarly jn
values and the nature of the "dependencg wélues on friction cycles" betweehet
uncoated HSS substrate aih@ CrN/NbN coated substratés ” 60 min)indicated that

the friction behaviours of thee coated substratewere influenced by the substrate
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materials It could also be confirmed from the wear track profiles of the coated
substrategFig. 4.19 which shows the depths of the wear tracks were higher than the
coating thickness for 15 min and 30nmueposited coatingd.his implies thafor these

two coatings (t” 30 min) the counterpart, D3 ball reached the substrate during the
tribo tests Although, for 60 min depositedoatings the wear depth was léban the
coating thickness, this coatirggll exhibited higher p value. Thuse tetter understand

the friction behaviour of the coatings, images of the wear tracks were captured using

optical microscop (Fig. 4.15).

(Fig. 4.15. Continue )
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Fig. 4.15. Optical image of wear track of tt&@® 15 min deposited, (b) 30 min deposited,

(c) 60 min depositedd) 120 min deposited coating and (e) uncoated HSS substrate.

These optical microscopic imageslicaed that theu values of the coatings deposited

| R U60" min were influenced byxides produced within the wear trackdthough the
wear depth of 60 min deposited coating wessthan the coating thicknesthe sign of
oxideformation ould also be observedithin the wear track othis coating This could
happendue to breakdown of the coating in some places during thelnesbntrast, a
smooth wear track with an unremarkable colour can be seémed20 min deposited
coating (Fig 4.15d) which indicates thatie COF value of this coating was mairdye

to the sliding properties of the CrN/NbN coating againsOAball and layer by layer
material removal mechanisfh7]. However because of the three body wear mechanism
the wear rate (K) of 120 min deposited coating wimaind to behigher Kc =2.68 x 10

5 m3NIm?) than that of 15 and 60 min deposited coatirngsrprisingly 30 min
deposited coatings had the highest wessfficientvalue (Kc = 13.57 x 16° m®Ntm?)

with the highest wear depth of 3 um and wear width of 400 um. As discussed in the
section4.1.3.2, the roughness value of this coating was the lowest @) 8vhich

could increase the contact area of the interfaces during the initial sliding passiesrand
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the wear track width and depth increased due to the continuous wear loss. Also, the
nature of the oxides produceduring the tribological test could affect the wear

mechanisnof this coatind114,118]

4.1.8.2 Raman Spectroscopy

To evaluate the nature of the oxides produced during the tribological test, Raman
spectra were obtained from the wear tracks and debris.4Hi§ shows the Raman
spectra obtained from wear tradks the coating deposited fo W ” min and from the

wear debris beside the wear track of 120 min deposited coating. Because for this coating

(t = 120 min) there was no trace of wear debris formatithin the wear track.

Fig. 4.16. Raman spectratbie tribolayer formed at the tribological contact.
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In Fig 4.16 several intense peaks can be observed on the wear tracks of the coatings
GHSRVLWHG IRU 7 PLQ 7KH 5DPDQ VSHFWUD RI
uncoated HSSubstrate were exactlynslar. Interestingly, their 4 values were nearly
equal(0.89 and 0.87 respectively). On the other h&aman spectra of 15 min and 60

min deposited coatingsere sameln this case also thejx valueswere equal0.74).

This study confirmed that the u values of these coatings were influenced by the oxides
produced at the tribological contacts. The peaks (222, 300 405 and 69®bserved

for 30 min deposited coating and the substrate corresponds@; [A€0,141] Iron

oxides are known as ngotective oxides which justifies the higher p values of the
coating and the uncoated substrate. Although, D carbon peak at 1320asvisible

for both cases, producean oxidesdominated the friction behaviours a result of its
(Fe03) formations, wear track was badly damaged and the p values of the coating and
the substrate reached the higher values of 0.89 and 0.87.

For 15 and 60 min deposited coatings the formation eDfwas not very evident.
Rather, both these coatings showed pronounced Raman peaks ¥ Ithspeak could

result from the overlapping of several peaks. Most probably this peak correspands to
mixture of oxides like GOs, CrNbQy coming from the coatingand FeOs coming

from the substratfl18,140842]. Along with FeOs the formation of Crbased oxides

was beneficial for these coatindse€auseéCr.0s is a protective oxide]118]. As a result

the u values of these coatings decreased from 0.89 to a lower value of 0.74.

In addition, the 15 min deposited coating showeohounced peaks 4870 and 1590

cm! which corespond to D and G carbon peaks respectiiii,143] coming from

the substrate. This carbon layer could act as a solid lubricant thus increasing the wear
resistance (K= 0.87 x 10*°® m®N*m) of the 15 min deposited coating. Raman spectra

of the wear debris of 60 min deposited coating did not show G carbon peak but it

showed a peak at around 1370%which correspond to D peak of carbon
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The wear track ofhe 120 min deposited coating did not show any intense peak like the
wear tracks othe other coatings. Thus, to compare the nature of the dedaisof this

coating with the virgin sample, Raman spectra were plottédy. 4.17

Fig. 4.17. Raman spectohthe wear track and the coating surface.

This figure shows that the Raman spectra obtained from the deanisof 120 min
deposited coating and the as deposited coating surface are very similar. This result
confirmed that withthe increase in theleposition time (orthickness)the coating

provided better protectioio the substrate during tribological tests
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4.1.9Summary

x The microstructures of the nanoscale CrN/NbN coatings were influenced by the
deposition time. However, SEM cressctional images confirmed that
irrespective of the thickness, all the coatings were densdreeadrom intef
columnar voids.

x Comprehensivestudy of the coating surfaces and cresstions suggest that
defects were mostly generated due to the interruption of the systematic coating
growth by external factorssuch as chamber dust or substrate surface
imperfectionssuch as pits or protrusions

x Depositiontime had a strong effect on defect formatidrhe critical time
required for contamination related defects (foreign particles such as flake and
chamber dust) to appear was between 30 and 60 min of deposition. However, the
defects associateditlv substrate pitwere reduced with the deposition time.
Thus,the increase isurface defect densityith the deposition time was mainly
due of the formation of flakes related defects.

X Results from corrosion experiments revealed that though visibleessutface,
these defects may not extend all the way to the substrate thereby providing
effective barrier against a corrosive medium.

x Friction and wear values were mostly influenced by the coating deposition time
(or thickness) and the nature of tribolaygoduced during the tribological tests.
The oting deposited for the longest time of 120 rhiad the highessurface
defect density(Aq = 3.18 % but due to the highest thickne$2.15 pm), it
provided better protection apdvalueof this coatingvasfound to bethe lowest

value (1 =0.48).
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4.2 Influence of substrate bias voltage on HIPIMS/UBM
deposited CrN/NbN coatings

4.2.1 Overview of the experiments

The substrate bias voltage is one of the most influential deposition paraiftater
parameter dectly controk the acétom mobility duringthe growth of thecoating
[53,55458,61,62] To study the influence othe bias voltageon the formation of
morphdogical defects in the coatingour sets of CrN/NbN coatings were deposited by
varying the bias voltage (b) from - 40 V to- 150 V. The chamber pressure (P) was

maintained at 0.35 Randthe deposition time was 120 min for all the coatings.

4.2.2 Coatingthickness

The thicknesof deposited coating & measured to study the influence of bias voltage

on the deposition rate. The thickness values are summarised in Table 4.

Bias Voltage (V) Thickness (um)

- 2.02+ 0.03

- 2.15+ 0.02

- 2.05+0.01

- 1.80+ 0.04

Table 43. Coatings thickness as a function of substrate bias voltage

This study revealed that the coating thickness slightly increased when the bias value
was raised fromm40 V to- 65V. Further increasef bias voltage resulte the

decrease in coating thickness. At the bias voltagel60 V, thinnest coating was
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produced (1.80 um). Similar behaviour was observed for CrN and other transition metal
nitride coating$55,144446]. Thedecrease in thiicknessvas more likely due tthe
re-sputtering of the coating materials with the increasing bias voltage. Thganteh
applying negative bias voltage sihcreaseéheadatom mobilityin order to produca

dense coating. Howeveatthe higher bias voltage efL50 V, the reemission of the
deposited materials by the energetic neutral or ion bombardraested thelecrease the

coatingthickness

4.2.3 Chenical composition

It wasfound inthe previoussection(sec 4.2.2)hat there was significant influence of

bias voltage on coating deposition rafdaus chemical compositions of the coatings
were evaluated to understand the effect of the bias voltage on the coating growth
mechanism in more detail. From the Talld, it is clear that the decrease in coating
thickness was due to the decrease in metal@gonsentration in the ingrowing coating.

The highest metal to nitrogen ratio was achieved at the bias voltaggbd¥ and the

coating produced at this bias voltage had the highest thickness value (2.15 pm).

%LDV 9R( &KHPLFDO FRBWRWILWLRQ
9 &U 1E 1
- +0.3 +0.2 +0.6
- +1.3 +0.5 +0.8
- +04 +0.7 +0.5
- +0.8 +0.5 +0.2

Table 44. Chemical compositions of the deposited coatings as a furafteubstrate

bias voltage.
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4.2.4 Physical properties

4.2.4.1 Hardness

Coating hardness and Young's Modulus were determined using CSM nano hardness

tester. Tabled.5 presents the results from the hardness measurements of the coatings

depositedht variousbias voltages

% LDV 9R Hardness Vickers <RXQJYV O
9 (GPa) (Hvk) (GPa)

- 19.74+ 2.4 1828+ 381 | 296+ 16

- 25.85+ 3.2 2394+ 228 | 312+ 27

- 27.39+ 38 2537+ 326 | 326+ 45

- 26.04+ 3.9 2412+ 352 | 316+ 48

Table 45. HardnessVickers Hardness, Young's modulus values of the coatings

deposited by varying substrate bias voltage.

As seen from the table, the coating produced with the lowest bias voltag® &f had

the lowest hardness valuelgrdness= 19.74 GPa). Furdlr increase of bias voltage
raised the bombarding energy which led to a higher adhesion between the sputtered
atoms andhe substrate. As a result, the hardness of the coatings was increased and
reached the maximum value gHiness= 27.39 GPa for b= - 100 V). However, a

slight decrease in the hardness value was observed in case of the coating produced at
150 V substrate bias. This could be due to the stress relaxation caused by the increased
movenents of the implanted atoms édm mobility) at higher ias voltage. The
exclusion of bigger atoms (Nb) from the lattice can also reduce the stress 4Fable

and decrease the hardness of the coating deposHé@&@tv/ [147].
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4.2.4.2 Roughness

The roughness values of the coatings are summarised in Z.8blas seen from the

table, roughness values of the coatings deposited at bias gottkgé0 V and- 65 V

were similar. When the bias voltage increased fr@® V to- 100 V, the roughness of

the coating increased abruptly reaching the highest value (0.083 um). Further increase
in the bias voltage to 150 V decreased the roughness to 0,073 Theinitial increase

in roughness with the increage bias voltage is believed to be associated with the
surface damage due to the intensespuettering. It is well known that the roughness
value of the coating depends not only on the coating masgidiut also on thsurface

defect density{53]. In later sectios (4.2.6 and 4.2.7}he effects of bias voltage on

coating morphology and defects generation were thoroughly studied.

Bias Voltage (V) RoughnessRa(um)

- 0.040+ 0.004

- 0.039+ 0.002

- 0.083+ 0.005

- 0.073+ 0.001

Table 46. Roughness of the coatings deposited by varying substrate bias voltage.

4.2.5 Crystallographic structure

Fig. 4.18 shows the XRD patterns as a function of the substrate bias voltage during the
deposition. This study revieal that the fcc lattice structud the coatings remained
same but the orientation of crystallographic planes changed with the variation of bias
voltage. The coating deposited-ab5 V, displayed a pronounced (111) orientation of

nitride phase whereas all other coatings (deposited@/, - 100 V,- 150 V) showed
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(200) preferred orientation. The c¢ige in the chemical compositiodue to the
preferential resputtering of coating materials at different bias voltage can cause the
variationin the structure othe chromium nitride and nialm nitride layers(see Fig.
4.19) [94]. As a resultpreferentialcrystallographicorientatiors of the coatings ere

changed.

Fig. 4.18. XRD patrns CrN/NbN nanoscale multilayer coatirysvarying substrate

biasvoltage

To evaluate the effect of bias voltage on the bilayer thickness of the multilayer
CrN/NbN coatings/RZ $QJOH f-ray Biffractipn (LAXRD) was used.

Fig. 4.19 shows the LA XRD patterns of the coatings.
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The superlattice spacing is a function of the deposition[gdfie As discussed in this
study, the bias voltage applied to the substrate influenced the deposition rate (sec 4.2.2).

Subsequently, it caused similar variatiorihebilayer thicknes®f the coatings.

Fig. 4.19. Low agle diffraction peaks from the coatings deposited by varying substrate

biasvoltage

4.2.6 Topography and Microstructure

SEM was used to study the coating morphology and microstrudtige4.20 (ah)

shows the plamraand crossectional SEM images oféltoatings.
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Fig. 4.20. (Continue)
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Fig. 4.20.(a) Planar and (b) cros®ctional SEM image of coating deposited 40 V;
(c) Planar and (d) crosectional SEM image of coating deposited @6 V; (e) Planar
and (f) crosssectional SEMmage of coating deposited-at00 V; (g) Planar and (h)

crosssectional SEM image of coating deposited H50 V bias voltage

The ®ating deposited at 40 V substrate bias exhibited a columnar structure with
rounded columnar tops (Fig. 4.20a,b). NVén increase of bias voltage frerd0 V to

- 65 V, coalescence of adatoms increased leading to an increabe golumnar
densities (Fig. 4.20chowever,the columnar morphologsemained samé-ig. 4.2@l).
As the bias voltagerasfurtherincreased te 100 V,the columnar graingeredissolved
gradually by the grain coarseningocess(Fig. 4.20e) Fig. 4.20f shows the cross
sectional view of tts coating (U, = - 100 V) which clearly exhibits he influence of
increasing bias voltage on enostructure densificatiothe column microstructure in
the case of the coating deposited at=J 150 V was even harder to resolve giving an
impression of a bulk material (Fig. 4@0The changes in theoatingmicrostructure
and surface morphologyith the bias voltagean be attributed to thiacreasd surface
mobility of acatomson the growing film[53,55568,61,62] This increasedadatom

movement promotedhé grain refinement by filling the voids between the grains,
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breaking down the large columnar grain growth and creating more nucleation sites. As a
result, columnar grain freea very dense coating was produced at the highest bias
voltage of-150 V.

The microstructural evolution of these coatings can be correlakeely with the SZM
proposedby Messier, Giri and Roy70]. However, the HIPIMS/UBM deposition
process is an energetic procgg2,102] thus the zone 1 could not eced. The
coating deposited atd¥ - 40 V and- 65 V exhibitel inhomogeneous structure along

the film thicknesgFig 4.20b,d)which corresponds to Zone T. The upper parts of both
coatingsshowed wide columnar structure while at the substfate grainscould be
observed. However, with the increase of negadiviestrate bias from40 V to- 65 V,

the adatom mobility was increased. As a result, the columns became wider for the
coating deposited atl# - 65 V. Further increase in negative substrate bias frf6fV

to - 100 V promoted grain boundary migration wh transformedthe structurefrom

Zone T to Zone ZThe coating deposited abB - 150 V had randoiy orientaedgrains

(Fig. 4.20h which was the result of recrystallisatigmmocess. Thestructure of this

coating represeat Zone 3 structuref SZM.

4.2.7 Surface defect density

SEM images revealed that all the coatings have similar type of defects (similar defects
werediscussed in sec 4.1.6), but the number of defects increased with the increase of
bias voltage. To quantify the defect population, dgnef the coating defects was

calculated using optical microscopy and Image J software (described in the earlier

sections 3.2.2.4 and 4.1.6.2).
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Fig. 4.21.Variation of surface area coved by optically visible defects as a function of

substrate biagoltage.

The calculated defect densitiesq]Af the coatings deposited at bias volage- 40 V

and- 65 V were similar Aq = 3.13 %and 3.18 %respectively). Whereas, a sudden
increase in Avalue (4.14 %was observed whemhigher bias voltage ({= - 100 V)

was applied to the substrate. This result justifies the roughness values of the coatings
(Table 4.6). The increase irsurface defect densityith the increasen bias voltage
resultedin rougher surfacesAs a result the roughness value suddenly increased from
0.039 to 0083 um. Although, there was a slight decrease in roughness value from 0.083
to 0.073 um when bias voltage increased frob®0 V to- 150 V. This could be due to

the densification of the coating asetfgrain boundaries and columnar morphology
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disappearedt - 150 V substrate bias (Fig. 4.20g). Thus, the roughness of the coating
was attributed to thseurface defect densis well as the coating morphology.

The increase isurface defect densityith the increase of substrate bias was associated
with two factors. At higher bias voltages, theigh-energy flux bombardments on
chamber components can increase the flakes generatiese Tlakes can produce more
defects in the coatingNeverthelessre-sputteing phenomenaan also be responsible

for raising thesurface defect densitit very high negative bs voltages, the extremely
high-energy bombardmentn the growing coatingsan expose the already formed
defects andhenceincrease the area under thdedts. Alsg some loosely bound nodular

defects can be expelled from the coatingsiteamore visible void.

4.2.8 Corrosion resistance

Fig. 4.22 shows thd>otentiodynamic polarisation curves of the coatings depoaited
various bias voltagedt is clear from the curves that the increased substrate bias
improved the corrosion resistance of the coatings. As observed from the SEM images,
increased negative bias densified the coafirigs, the higher corrosion resistance of
the coatings was attributeéo the densification of coatings with the increase of substrate
bias voltageThe coatings produced by ABS technique also showed similar fttdhd

The increase in negative bias voltage froem5 V to - 95 V improvedthe corrosion
performance of the coatings.

In the anodic potential rangg from - 248 mV to +475 mV, the corrosion cuent
density was notably higher (one order of magnitude) for the coating depositéd %t

bias voltage than that of the coatings deposited at higher bias voldd#s V, - 150

V). Althoughsurface defect densityf this coating (Y = - 40 V) was thedwest (A=

3.13 %), the underdense structure of the coating played the most importantimole
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determining corrosion resistance. The coatings deposited at higher substrate bias
Y RO W D-J83 W) exhibited similar corrosion current values in Hredic potential
rangng from 3.4 mV to + 38 mV which suggested that65 V can be used as the

optimum bias voltage to produce dense coatiagcorrosion applications.

Fig. 4.22. Potentiodynamic polarisation curves of the coatings depasiadous bias

voltages

Apparently, the effect of the higher number of defects on coating corrosion performance
was also observed. The coating deposited at bias veli@feV and 150 V had higher
defect densitiesAy = 4.14 % and 4.30 %) and the polarisation cargéboth coatings

evidenced the formation of metastable pits which are believed to be associated with the
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growth defects. The removal of nodular/cdike defect can expose the fresh substrate
surface to the corrosive media thus edige electrochemicakaction kinetics which can
be observed by the sudden increase in current deraiteeund 300mV and 50mV

for the coatings deposited at §- 100 V and- 150 V respectively.

4.2.9 Tribological properties

4.2.9.1 Determination of wear and frictioncoefficients

A room temperature Pian-disc tribometer was used to study the friction behaviour of
the deposited coatings in dry sliding conditidhg. 4.23 shows thelependence of
friction coefficient on number of revolutions (friction cycles) for thatewgs deposited

at various bias voltages

Fig. 4.23. Dependence of friction coefficient on number of revolutions (friction cycles)

for the coatings deposited various bias voltages
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Although, nhfluence ofsurface defect densign friction values was napparentithe
fluctuation in friction valueswas observed for all the cases. These fluctuations are
believed to be associated with coating defe&tsthese coatings had highsurface
defect densityrangng from 3.13 % to 4.30%. Due to the height of the defects
(nodular/condike), they are subjected to a full contact during slidég As a result,

the nodular/condike defects experience high stresses which cause their fracture and
spalling. The debris generated from the nodular defects citeii@egical film within

the wear tracks. The shape and the position of the film patches are not stable during the
wear test and these phenomena probably cause the fluctuations in the CORF4yalues
During sliding poorly attached nodular defects could be pulled out from the coating and
create voids within the vee tracks. In corrosive environments these defects can act as
potential sites for corrosive attacksg. 4.24a represents the SEM image of the wear
track showing voids, generated due to the removal of coating defects. High

magnification SEM image of suatoid can be seen in Fig. 4.24b.

Fig. 4.24. (a) SEM image of the wear track and (b) void within the wear track.
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Optical microscopic images of the wear tracks are showsign4.25 which indicates

that all the coatings experiead abrasive weaduring sliding. Due to the three body
ploughing actior{104], narrow groovesf few nanometer in width were created. These
JURRYHV EHFDPH PRUH SURQRXQFHG IRU WKH FRDWLQ
- 100 V) (Fig. 4.25c¢,d).Also, a higher number of voids (black dots) can be seen within

the wear tracks ofhese coatings. Higher bias tages induced stress in the coatings.

Thus more defects from coatings deposited at higher bias volatege4Gff V and

- 150 V were expelled when loadas applied during tribological testlso, the defect
densities were higher for these coatingfe removal oflarge number of defects

produced more wear debnghich subsequently damaged the surfamcgeseverely.

Fig. 4.25.0ptical image of the wear traci the coating deposited at @30 V, (b)- 65

V, (c)- 100V and (d} 150 V.
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Fig. 4.26 represents the wear track profiles analysed usinDEKTAK 150
profilometer. Coefficient of wear (k) was found to be the highest 18. x 10'°
mN*m1) for the coating deposited at the lowest bias voltage 40 V. The low
hardness (19.74 GPa) amthderdense columnar structure of this coating could not
defend theappliedload. As a result, large amount of coating matenas removed
during sliding.Fig. 4.25a shows the debris in the wear track (black line) produced due
to the removal of coating materials.

With the increase of bias voltage fromd0 V to- 65 V, a significant improvement in
wear resistance was observét = 2.68 x 101> m3Ntm? for - 65 V). This could be
attributed to the strong interaction between the columns which provided effective
protection against cracking and plastic deformation thus reducing the material removal
rate of the coatin§L04].

Further increase of the bias voltage vfasnd to be ieffectivein enhantg the wear
resistance rather it degraded the wear properties. As discussed terpplication of
KLJKHU ELDV- MR ©)\Wdehbsed the defect density. During the tribst, a
higher amount of defect removdiléck dots inFig. 4.25c¢,d) could increase the debris
generation. As a result of these combined effects, wear rates for the coatings deposited
at- 100 V and- 150 V substrate bias were increagedc = 3.36x 101> m®*N-*m? and

3.85 x 10"° m®N"Im? respectively

In addition the bilayer thickness of the coatings can also influence the wear resistance
[81,8603]. Asdiscussedn the sec 4.2.5, the bilayer thickness of the coating deposited
at - 65 V substrate bias was highU 0 @than the other coatings. Interestingly,
this coating (W = - 65 V) provided the best resistanceamgt wear. While for the
coatings depositedt U, = - 40 V, - 100 V, - 150 V, the bilayer thicknessalueswere
IRXQG WR EH OR@BBUY @aind 21.9 @espectively). This study indicated

that relatively thicker (here 27.8phard layers reduced the plastic deformation and the
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abrasive penetration in the metal layers. As a rehdtyear volume of the coating was

decreased to the lowest value.

Fig. 4.26. Wear track profiles of the coatings depositedarious biasoltages

4.2.9.2 Raman Spectroscopy

Although the coating defects influenced the wear mechanism, the friction values were
not affected by it. As found in the sec 4.1.8.2, friction values can depend on the oxides
formed during the tribological tesf$14,118] Hence the Raman spectra from the wear
tracks and wear debris were obtained using a Raman spectrometer (it von
LabRamHRS800).Fig. 4.27 represents the Raman speobttained from the wear debris
besidethe wear tracks dhe coatings depositexd various bias voltages

The wear debris of the coatings deposited at=U- 100 V, - 150 V exhibiteda

pronouncegeakat 790cm' which is acharacteristic of CrNbg{118,142]and both the
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coatings had similar friction values (4 = 0.65 and 0.68 respectively). The coatings
produced aty = - 40 V and- 65 V showedsimilar types of Ramanspectrahowever the
intensity of the peak at around 835 tmas higherfor the coating deposited bk, = -

40 V. This could be due to the production of &0 , nH.O [118,142]which could also

lead to an increase in u valudowever, the most possible reason for higher p value of
the coating deposited &k = - 40 V than the coating depositedd$ = - 65 V wasthe
difference in microstructure of these two coatirigse to breakdow of the coating and
formation of a tribological film within the wear track (Fig. 4.25a) the p value of this
coating Un = - 40 V) was increased to 0.66 as compareql te 0.48 forthe coating

deposited at bJ=- 65 V.

Fig.4.27. Raman spectabtained from the wear debristbie coatings deposited
variousbias voltags.
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4.2.10Summary

X

The microstructures, chemical composisoncrystallographic orientation,
bilayer thickness and also tkerface defect densityf the nanoscale CrN/NbN
coatings were influenced by the bias voltage applied to the substrate.

The studyof coating defects suggested that thrcrease in thesurface defect
density with the bias voltagevas caused by the fsputtering andhe flakes
generation due to the higbnergy flux bombardment on chamber components.

The corrosion study confirmed the positive influence of dense microstructure on
the coating barrier properties. The effect of coating defects was also apparent.
Corrosion curves of theoatings with higher defects exhibited sudden increases
in current densities due to the removal of loosely bound defects.

The wear mechanisms of the coatings were dominated by the removal of coating
defects during the tests as well as by the bilayer ties&The mating with the
maximum bilayer thicknesshowedthe lowest wear rate.

Raman study on wear tracks and wear debris suggested that the tribological
friction values of the coatings wemependnt on the nature othe oxides
produced during theéests However, coating microstructure also influenced p
value

In this study,- 65 V was found to be the optimum bias voltage to produce

coating with low friction, low wear rate and higher corrosion resistance.
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4.3 Influence of total chamber pressure © HIPIMS/UBM

deposited CrN/NbN coatings

4.3.1 Overview of the experiments

The chamber pressure has a significant but complicated influence &mnéties of
plasma species ia sputtering systerfi48][149]. During the deposition, an increase in
chamber pressure increaske number of available molecules to adliwith electrons,
resulting to morenumber of free electrons in the chamber. This @¢aotrease the
sputtering rate as the plasma becomes more ionised (active) with the increase
chamber pressure.

On the other handyigher chamber pressure can decrease the energy of theTioas.
higher pressure increases the density of species in thenlsdr which subsequently
decreasethe mean free path of the electrons and the other elements (metal ions coming
from the target) resultingh a decrease in the sputtering rate. Thus, optimisation of
chamber pressure is required to produce coswiiidp the desired thickness and density.
Nevertheless, inthe case of reactive sputtering,> Nbartial pressure influences the
coating properties remarkab]$9,60148,1504.55]. For this reason, it is intriguing to
examine the effect of total chamber pressuréhercoating growth s well as on defect
formation.

To study this, three sets of CrN/NbN nanoscale multilayer coatings were deposited at
chamber pressusgP) of 0.2 Pa, 0.35 Pa and 1 Pa. During all the depositions, Arand N
(1:1) were used as the process gas. The bias voltay@rfd deposition time (t) were

fixed at- 65 V and 120 min respectively.
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4.3.2 Coating thickness

SEM was used to measure tt@ating thickness. The variati®m the coating thickness

with the chamber pressure are summarised in table

&KDPEHU 3UHV\ Thickness (um)

3.65+ 0.01

2.15%+ 0.02

2.18+0.01

Table 47. Coatings thickness as a functioncbbmber pressure.

The table shows that the thickest coating (3.65 pum) was produced at the lowest chamber
pressure (0.2 Pa). The thickness then decreased suddenly to 2.15 pm with the increase
of chamber pressure to 0.35 Pa. The reason for decreasing thickness audddibe
re-sputtering of coated fluat high pressure. Also, the diffusive collisions of depositing
species within the plasma and the target poisoning can decrease the deposition rate
[40,156] For reactive sputtering, target poisoning is a very common phenorfié&s¥jn
Although, during these coating depositions, a#d Ar flow rates (sccm) wer@ways

fixed at 1:1,a slight increase in the ratio of the partial pressures,and Ar with the

increase of the chamber pressure was obserThe ratioPn, / Par) was varied from

0.85 at 0.2 Pato 0.95 at 1 Pa. The change in the partial pressures could slightly increase
the target poisoning dhe higher chamber pressures. Due to the formation of nitride
layers on the target surfaces thpitter rate was reduced. Nevertheless, the mean free
paths 9 of the plasma species (neutral atoms, ions) were also reduced with the increase
of chamber pressure. The reactive gas (Ar2} &imosphere during HIPIMS process is

highly ionised[48], which makes the kinetics of the atoms/ions extremely complex.
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However, assuming the plasma atmospherbe similar to the ideal gas atmosphere,

the mean free paths at different chamber pressure were calquisitegl Van der Waals

radius (R) of Nitrogen = 1.55 x¥0m). At 0.2 Pa chamber pressure, thealue was

found to be 0.64 m. Thevalue then decreased to 0.37 m at P = 0.35 Pa and 0.13 m at P

= 1 Pa. This calculation clearly indicated that the collision frequency was higher at
higher chamber pressures. Thus, the decrease in deposition rate at higher chamber
pressure could be attributed to the combined effect of target poisoning-spdttering

& diffusive collision of depositing materials.

Further increase in chamber pressure from 0.35 Pa to 1 Pa increased the thickness
slightly from 2.15 um to 2.18 um. Theomplex nature of the plasma is believed&o

the reason for ik increase inthickness. The mechanisms stated in the sec 4.3.1 can
explain this behaviour. At the chamber pressure &fal plasma ionisation could be

more intense than the diffusive colbsis ascompared to that of at P = 0.35 Pa. As a
result the sputtering rate was increaba little. Fig. 4.28 shows the variation of the

coating thickness as a function of chamber pressure.

Fig. 4.28 Coating thickness and deposition rate as a functi@mamber pressure.
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4.3.3 Chemical composition

Using EDX, the chemical compositions of the coatingserevaluated. As seen from

the Table4.8, the change in the chamber pressure altered the atomic percentages of the
elements in the deposited coatinghe coating deposited at thewlest chamber
pressure of 0.2 Plad the highest metal to nitrogen ratio ((Cr + Niy). The longer

mean free paths of the sputtered species at lower pressure increased the possibility of
metal species (Cr + Nb) to reach thabstrates without colliding with the gas species
[40]. As a consequence, the cogsndeposited at lower chamber pressure contained
higher metal species.

With the increasan chamber pressure from 0.2 Pa to 1 Pa, atgomeicentageof
nitrogen increased from 44.83 % to 50%5due to the increase of nitrogen gas in the
chamber[60]. At the highest chamber pressure of 1 Pa, preferentiaputering

decreased the Cr percentage to the lowest value ( ).

&KDPEHUy &KHPLFDO FRBWYRWVLWLRQ
BUHVVXU &U 1E 1
+0.3 +0.2 +04
+1.3 +0.3 +0.8
+1.3 +0.9 +1.2

Table 48. Chemical compositions of the deposited coatings as a function of chamber

pressure.
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4.3.4 Physical properties

4.3.4.1Hardness

Hardness and Young's Modulus values of the coating are summarised ird.Baldle
observed, the hardness value of the coating deposited at the lowest chamber pressure of
0.2 Pa was the highest (26.38 GPdje hgher hardness value of theeating could be

associated with the higher coating thickness and the higher metal conoantrati

& KD P E H| Hardness Vickers <RXQJYV O

3UHVVXI (GPa) (Hwk) (GPa)

26.38+ 4.2 | 2442+ 390 | 323+ 30

25.85+ 3.2 | 2394+ 228 | 312+ 27

23.45+ 3.7 | 2172+ 346 | 303+ 43

Table 49. HardnessVickers Hardness, Young's modulus values of the coatings

depositedat various chamber pressures

4.3.4.2 Roughness

Table4.10represents the roughness values of the coatings depatitadous chamber
pressuresin section 4.2.7, the roughness of the coating was ftaubé influenced by

the coating morphology arslrface defect densityimilarly, the change in roughness
value with the chamber pressure is believed to be associated with the change in
morphology andsurface defect densityith the variation of chamber pressure. In later
section (4.3.6 and 4.3,7oating morphology and theurface defect densityave been
studied which could help to understand the variation in roughness value with the

chamber pressure.
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&KDPEHU 3UH)\ RoughnessRa(um)

0.025+ 0.001

0.039+ 0.002

0.039+ 0.000

Table 4.D. Roughness of the coatings deposéedariouschamber pressuse

4.3.5 Crystallographic structure

XRD was used to determine tloeystallographic orientations asell as the bilayer
thicknessof the coatings. High angle XRD peaks are shown in Fig., 4vR8reas Fig.

4.30 represents the Low angle (LA) XRD.

This measurement revealed that the crystal structures of nanoscale CrN/atbigco
were of a single phase fcc lattice. The coating deposited at the lchaesber pressure

of 0.2 Pa displayed a pronounced (200) orientation of nitride phase. With the increase of
chamber pressure to 0.35 Pa, the preferred orientation was shifred2d0) to (111).

For the highest chamber pressure of 1 Pa, the preferred orientation was again changed to
(200). Similar behaviour was observed for CrN coatings when the nitrogen percentage
was varied[158]. The change in the crystallographic orientation was attributed to the
change in composition between the chromium nitride and niobium nitride layérs in
structure[94] associated with the change in the aggn volume within the chamber.

One satellite peafsp)is visible at the left sides of th{g00) for the coating deposited at

P = 0.2 Pa. The existence of wa#fined satellite peaks indicates good coating
crystallinity, as well as good chemical modulation of the multilg8&r91,113] This

study suggested that the higher hardness of this coating was the result-adéfimeld

interfaces.
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As seen from thé&ig. 4.30Q this coating had the highest bilayer thickness @

For multilayer coatings, thickness of individual layers can affect hard6&s%1,86+

93]. Thus, along with the good crystallinity and well defined interfaces, the higher
bilayer thickness also increasine hardness.

With the increase of chamber pressure from 0.2 Pa to 0.35 Pa, the bilayer thickness
decreased to a much lower value of 2@®-urther increase in pressure from 0.35 Pa to
1 Paslightly increased theli valueto 31.1 @showing the similar trend of increagin
thickness from 2.15 pm to 2.18 pm.

However, the coating deposited laghest pressure df Pa had the lowest hardness
value of 23.45 GPain spite of having a higher bilayer thickness than the coating
deposited at 0.3Pa The reason could be the streskxation caused by the inclusion

of smaller atoms (N) in the latti¢@47] (as seen in the TabeB).

Fig. 4.29. XRD patterns of CrN/NbN nanoscale multilayer coatings dep@asitedious

chamber pressures
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Fig. 4.30. Low angle diffraction peaks from the coatings depoattedrious chamber

pressures

4.3.6 Topography and Microstructure

Topography and microstructure of the coating surface were studied using SEM
technique.Fig. 4.31 (af) shows the plamaand crossectional SEM images of the
coatings.

With the increase of chamber pressure, the coating morphology changed significantly.
The coating produced at P = 0.2 Pa had very dense continuous striatur.31 a,b).

The surface of this coating looks very smooth which explains the lower roughness value

(Ra = 0.025 umpf this coating
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Fig. 4.31 (a) Planar and (b) crosectional SEM image of coating deposited at 0.2 Pa;
(c) Planar and (d) crossectional SEM image of coating deposited at 0.35 Pa; (e) Planar

and (f) crosssectional SEM image of coating deposited at 1 Pa.
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Increasing pressure frorf.2 Pa to 0.35 Pa changed the morphology to columnar
structure with rounded columnar topbid. 4.31c,d). Further increase in chamber
pressure again modified the coating morphology. Althpsghilar columnar structure

was still visible for the coating gesited at P = 1 Pa, the grain size decreabég (
4.31e,f). The change in the coating morphology was associated with the variation in the

ion energy with the chamber pressure.

4.3.7Surface defect density

The study on coating morphology revealed thestexice of several types of defects in

the coatingsdlreadydiscussed in sec 4.1.6)he density ofthese defectseemed to be
influenced by the chamber pressuBxn the surface defect densitgalculation was
conducted to understand the influence of chambessure on defect formation.

Fig. 4.32 shows the relationship safrface defect densifpercentage of area covered by
optically visible defecfswith the chamber pressur@s seen in theidure, thesurface

defect densitywas increased from 0.84 % to 5.94 % with increase of the chamber
pressure from 0.2 Pa to 1 Pa. The increaseiiface defect densityas associated with

the increase in flake generation. At the higher chamber pressia®sapvolume covers

more area of the chamber, which can increase the amount of sputter flux bombardments
on chambecomponentand subsequent flake generation. These flakes can initiate more
defect sites and cause further defect formation within the gpdhinaddition to that,
intense resputtering at higher chamber pressures can reveal loosely bound defects more

and increase the area associated with the defects.
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Fig. 4.32.Variation of surface area coved by optically visible defects as a function of

chamber pressure.

This study was conducted in a chamber which wasthmbughlycleaned before or
between two subsequent coating deposition proceé$tbeugh, the easily removable
chamber parts were cleaned by sanslivig process and the chamber whksaned using
vacuum cleaner after each process, a complete cleaning of chamber was not possible.
The fixedand largechamber parts likbeaterssubstrate carousetc.cannot be cleaned

on regular basisThe process of removing those parts, cleaning had &again fixing

itself is time consuming. Moreovehd total system is needed to shut down in order to
cleansomeparts.And afterrestartirg the system, demo processes are needed to conduct
in order to optimise the process, which also reg@oenetime. Thus, frequent thorough
cleaning is not expected or sometimes not possible, especially in an industrial
environment where many deposition processes run for severalinarger to produce

thick coatings
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Here, ourresultclearly showghatthe chambepressure can be used as an effective tool
to control thesurface defect densityfherefore the present studis interestingand

could beusefulevenfor industrialprocesses

4.3.8 Corrosion resistance

Fig. 4.33 shows thd>otentiodynamic polarisation ues of the coatings deposited
various chamber pressuréss seen from the figure, the corrosion resistance exhibited a
linear relationship with the chamber pressure.

In the potential range of 300 mV to + 300 mV, the corrosion current density was
significantly higher for the coating produced at the highest chamber pressaréa
Thickness valuesf the coatings deposited at 0.35 Pa and 1 Pa chamber pressure were
almost the same (2.15 um and 2.18 pespectively, however,surface defect density

was higher Aq = 5.96 %) for the coating deposited at P = 1 Pa. These increased defects
are believed to be the reason for lower corrosion resistance. The thickest coating (3.65
pum) with the lowestsurface defect densiAqd = 0.84 %) was produced at thewest
chamber pressui@ 0.2 Pa For this coating, pitting resistance was more evident (in the
potential range of 300 mV to + 300 mV). This study confirmed the deleterious effect

of coating defects on corrosion performance.
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Fig. 4.33. Corrosion cues of the coatings depasitat various chamber pressures

4.3.9 Tribological properties

4.3.9.1 Determination of wear and friction coefficients

To understand the effect of chamber pressure on wear and friction behaviour, room
temperature tribological tes dry sliding conditionsvere conductedrig. 4.34 shows

the dependence of friction coefficient on number of revolutions (friction cycles) for the

coatings deposited at various chamber pressures.
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Fig. 4.34. Dependence of friction coefficient on number of revolutions (friction cycles)

for the coatings deposited various chamber pressures.

The coatings deposited at the higher pressures of 0.35 Pa and 1 Parhacktienber

of surface defects. Asbserved in Fig. 4.34the COF valueswere fluctuating in the
range of 10000 and 20000 cycles. The fluctuation of y value is common for a sliding
wear process with a large amount of debris involved in a three body contact mechanism
[104]. This behaviour was consistent with the previous findings (sec 4.1.8, 4.2.9). As
discussed earlier, loosely bonded defects could be expunged from the coating during the
tribological tests increasing the wear debris formafidms, thefluctuations in p values
weremoreapparentor the coatings with higher defects.

The coating deposited BR=0.2 Pa, had the lowestirface defect densifAq = 0.84 %)

and the coating depositedRt=1 Pa had the highestrface defect densifAq = 5.96

%) but both the coatings showed similar fricticoefficient (u = 0.69 and 0.70

respectively). The coating producedRat= 0.35 Pa showed the best friction value of
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0.48.To understand this friction behaviour, optical microscopic and SEM images of the
wear tracks were captured (Fig. 4.35).

As observed from the Fig. 4.35, the wear tracks of the coatings depoditeda? Pa

and 1 Pa evidenced the formation of a tribolayer, whereas the coating prodéced at
0.35 Pa exhibited a clean wear track witho evdence of tribolayer formationrlhis

study suggested that the friction behaviour of the coatings was dominated by the

tribolayer formed during the tests.

Fig. Fig. 4.35. (continue)
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Fig. 4.35.(a) Optical microscopic antb) SEM image of the wear track the coating
depositecht P= 0.2 Pa; (cpptical microscopic an¢tl) SEM image of the wear track
the coating deposited at P = 0.35 Papf®jcal microscopic an(f) SEM image of the

wear trackof the coating deposited B = 1 Pa.

Fig. 4.36. Wear track profiles of the coatings deposte@rouschamber pressuse
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Fig. 4.36 shows the wearaitks profiles of the coatingSurprisingly, coatings with the
highestu value of 0.70 exhibited best wear resistapoeperties (i = 1.61 x 10°
m°N*m1). Nevertheless, the coating produce®at1 Pa hd similar wear value (K=

1.78 x 10"° m®N"*m1). Although, the effect of higheurface defect densityas evident

from the fluctuation in p value this study suggeted that it di not influence the wear
rates.Instead, wear rates showed a linear relationship with the bilayer thickness of the
coatings. It is well known that wear resistance of multilayer coatings depends on their
bilayer thicknes481,8683]. As found in the sec 4.3.3he bilayer thicknessf the
coating deposited & =0.2 Pa was the high VW O @ The thicker hard layers of

this coating prevented the plastic deformation and the abrasive penetration in the metal
layers resultingn the lowest volume loss.

Among all the coatingshe coating deposited Bt=0.35 Pa hadhethinnest bilayer (i

= 27.3 @and had the highest wear valuéc(= 2.68 x 10" m®Nm?). This result

showed consistency with the previous findiggec 4.2.9).

4.3.9.2 Raman Spectroscopy

To study the nature of the oxides produakding the tribo test, Ramadata was
collectedfrom the wear debrig~or the coatings deposited at P = 0.2 Pa and P = 1 Pa,
Raman spectra were obtained from the wear debris within thetnaeks As seen from

the Fig. 4.35c,d there was no trace of debris within the wear track of the coating
depositedat P = 0.35 Pa. So, in this case Raman data were collected from the wear
debris beside the wear track.

The tribolayer produced on the coatings deposited at chamber pressures of 0.2 Pa and 1
Pa exhibited pronounced peaksaround840 cm! which correspads to NbOs, nH20)
[118,142] There was another peak at around 535" ¢oorresponds to @Ds) in both

cases (P = 0.2 Pa and 1 P@&).03 belongs to the family of magneli phases and
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therefore itis more lubricioug159]. In contrast, NfOs has a crystallographic structure
which does not contain easily shearable atomic planes and therefore it is less lubricious.
Thus,the higher frictioncoefficientof these coatings can be attributed to the presence
of NbOs in the tribolaye118]. In contrast, the coating deposited at P 5@Pa did not

have any intense peak and interestingly this coating had the lowest friction coefficient
(w) value, 0.48This emphasised the fact that the difference in the friction behaviour of
these coatingwas clearly due to the chemistry of the tribaayormed within the wear

tracks rather than treurface defect density

Fig. 4.37. Raman spectabtained from the wear debris produced during tribo test on

the coatings deposited at various chamber pressures
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4.3.10Summary

X The chamber pressutiefluenced the microstructures, chemical composition,
crystallographic orientatiomnd bilayer thickness of the nanoscale CrN/NbN
coatings.

X The studyof surfacedefectsindicated thatiie chamber pressure also influenced
the surface defect densityCoatirgs produced at the lowest chamber pressure
(0.2 Pa) had the lowesurface defect densifAq = 0.84 %).

X The ptentiodynamic polarisation study suggested thastinace defect density
dominated the coating corrosion behavioline coating with the lowestefect
(Ad = 0.84 %) and the highest thickness (3.65 pum) had the lowest corrosion
current density in the anodic potential ranging frel800 mV to + 300 mV.
Whereascoating with the highest surface defect density £A5.96 %) had
significantly highercorosion current density comparaad the same potential
range.

x The ceefficients of wear () were inflienced by the bilayer thickness the
coatings. Coatings with the highest bilayer thicknass ( @hadthelowest
wear rate Kc = 1.61x10" m®N*m?), whereasthe coatings with the lowest
bilayer thickness { @exhibited the highest wear ratéq = 2.68x10™°
mN-tm).

X The fiction value of these coatings was influenced by the nature of oxides
formed at the tribological contacts. The coating deposit&d=a0.35 Pa had the
lowest friction cefficient (1 = 0.48). Raman spectra of the tribolayer formed on
the top of this coatig suggested that it contained CrNb@ contrast, a NiDs
based tribolayer in the wear track was formed for the coatings deposked at
0.2 Pa and 1 Pa. Both these coatings showed higher friction values (u = 0.69 and

0.70 respectively) because of thrubricious nature of the niobium oxides.

174



4.4 Influence of chamber cleanlinesson HIPIMS/UBM
deposited CrN/NbN coatings

4.4.1 Overview of the experiments

CrN/NbN nanestructured multilayer coatings were produced in arustwhl sized
Hauzer four sourc®VD machine. To replicate actual deposition conditiaush as
those found in an industrial environmeasignificant part of thishesis work(sec 4.1,

4.2 and 4.3) was conducted without the chamber being cleaned. Extensive study on
coating microstrucire and defects indicated that the flakes from chamber components
are the reason fanostof the defects generated in the case of HIPIMS/UBM coatings.
So, this additional study was conductednteestigatethe effect of clean environment on

the defect formation.

With this objective two sets of CrN/NbN coatings were produced using HIPIMS/UBM.
One set of samples were depedi before cleaning the chamber, while another set of
coatings were producedftar thoroughly cleaning the chambeiDuring all the
deposition processes, the substrate arabthe chamber presswerefixed at- 65 V

and0.35 Paespectively. Tie deposition time was 120 min for all the coatings.

As observed in the previous sections (42 and 4.3), the variation in deposition
parameters (deposition time, bias voltaged chamber pressure) affected the flake
generation resultingn the deviation irsurface defect densitt the same time, coating
morphology, crystallographic orientati@md bilayer thickness were also altered due to
the change in ion energiemdsputter rates with the variation of deposition parameters
(bias voltage and chamber pressufd3o, the thickness of the coatings was changed in

each caseAs a result, the coosion and the tribological performances of the coatings
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were not only influenced by theurface defect densityut also by the coatintpickness,
structure and morphology.

Thus, this chapter also reports the effectsofface defect densityn the corrogin and

the tribological performances of the coatings with similar mechanical and chemical

properties.

4.4.2Surface defect density

Fig. 4.38 represents the optical microscopic images of the HIPIMS/UBM coatings
deposited beforand after cleaning the chambdéir.is clear from thefigure thatthe

coating deposited after cleaning the chamber had lower defects on its surface than the
coating deposited before cleaning. To quantify the density of the defects, these optical
microscopicimages were converted into black and white binary images. Then using
Image J software, percentage of surface area oatbpi¢he defects was evaluatést
anticipated, thesurface defect densityf the coating produckin a comparatively clean
chamber was reduced 1a37 %from 3.18 %.

This study confirmed our claim that most of the defects found in HIPIMS coatings are
associated with the flakes. Cleaning the chamber reduced the sites for flake generation
and hencethe surface defect densityas reduced after cleaning the chamber.

However, zercsurface defect densigould not be achievedhis is because thedi-
energyflux bombardments on chamber wall and other components still produced some

flakes and resulteith defect generation in the coatings.
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Fig. 4.38. Optical microscopic image of the coating deposited (a) before and (d) after

cleaning the chamber.
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4.4.3 Coating roughness

Roughness values of the coatings are summarised folkbwing table

Chambercondition (cleanness) | RoughnessRa(um)

Before cleaning 0.039+ 0.002

After cleaning 0.031+ 0.002

Table 4.1.. Roughness values of the coatings deposited before and after cleaning the

chamber.

In the sections 4.2.@nd 4.3.6, coating roughness was found to be influenced by the
morphology as well as by tleurface defect densitjHowever, SEM imageg-ig. 4.39)
of the coatings exhibited the morphological similaritieaghich confirmed the
reproducibility inthe coating deosition. Hence, in this case, the difference in roughness
values of the coatings was mairdye tothe variation insurface defect densityefore
and after cleaning the chamber. The decreaseiiace defect densifyom 3.18 % to

1.37 % lowered the rotgess from 0.039 um to 0.031 um.
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Fig. 4.39. SEM image of the coating deposited (a) before and (d) after cleaning the

chamber.
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4.4.4 Corrosion resistance

Potentiodynamic corrosion study on CrN/NbN HIPIMS/UBM coatings deposited by
varying deposition pameters (deposition time, bias voltage, chamber pressure)
revealed the importance of dense microstructure for better corrosion performance. In
section 4.2.8the optimum voltage to produce a coating with sufficient density was
found to be- 65 V. Neverthkess, localised coating failure due to the removal of coating
defects was also appareimt Fig. 4.22. So, the present study was conducted to
investigate the effect (furface defect densityn corrosion performance of the coatings
with similar dense micrasicturesasboth coating wereproduced atJp =- 65V, P =

0.35 Pa for t = 120 min.

Fig. 4.40.Potentiodynamic polarisation curves of the coatings deposited before and

after cleaning the chamber.

As observed fronthe Fig. 4.40, in the potential range o800 mV to + 300mV, the

corrosion current density was little lower for the coating with fewer defects ¢4)37
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Also, the Eorr value (- 222 mV) of the coating was more hke. Coating defects like
open void defectsca as a pathway for corrosive media to reach the substrate resulting
in poor corrosion resistance. The higlserface defect densiip the coating deposited

before cleaning the chamber deteriorated tireosion properties.

4.4.5 Tribological properties

Fig. 4.41 represents theéependence of friction coefficient on number of revolutions
(friction cycles) for the coatings deposited before and after cleaning the chamber
significant decrease in friction efficient (1) was observed for the coating deposited
after cleaning the chambévioreover, thefluctuation in the p valuevas notapparent

for this coating. As found in the previous sections (sec 4.2.9 and 4.3.9), removal of
defects initiated three bodyibo-contact mechanism which subsequentiyade the
friction coefficient behaviour unstabl@hus, due to the presence of higher number of
defects, the coating deposited before cleaning the chamaldeunstable p value in the
range of 10000 to 20000 cycles.

In sec 4.1.84.2.9 and 4.3,9u values vere found to be influenced by the oxides
produced within the wear tracks during tribological tektsnce the Raman spectra
were also obtained from the wear track and wear debris. Fig. 4.42 shows that both the
tribolayers weresimilar in nature.This confirmed that the difference in the friction
behaviour of these coatings waminly because of the difference the surface defect
densityof the coatingsather than the chemistry of the tribolag@rmed in th& wear
tracks. However, thecoefficient of wear values of #secoatings were in the similar
range Kc = 2.68 x 10®° m®N"*m for the coating deposited before afd= 2.37 x 10

5 m3N-m? for the coating deposited after cleaning the chamber). This can be attributed

to the similar bilayer thickness of these coatings.
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Fig. 4.41. Dependence of friction coefficient on number of revolutions (friction cycles)

for the coatingsleposited beforand after cleaning the chamber.

Fig. 4.42. Raman spectra obtained from the wear debris of the coatings depefsited

and after cleaning the chamber.
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4.4.6Summary

x Coating produced in a relatively clean chamber had almost three times lower
surfacedefect densityof 1.37% as compared to 3.1% before cleaning. This
confirmed that most of the defects in HIPIMS/UBM coatings generate due to the
flakes generation within the coating chamber.

X The Eorvalue of the coating with less defectssE= - 222 mV) was more
noble as compared to the coating with higher defects«(& - 289 mV). The
corrosion resistance of the coating with lower defects was more evident in the
potential range of 300 mV to + 300 mV.

x The pinondisk tribological tests confirmed the influence of coating defects on
tribological performance. With a decreasesinface defect densifyom 3.18%

t01.37% WKH IULFWLRQ FRHIILFLHQW ZDV UHGXFH
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4.5 Comparison between CrN/NbN coatings of similar
thickness deposited by pure UBM and HIPIMS/UBM

4.5.1 Overview of the experiments

The aim of this study was to investigate the effecswfface defect densitgn the
coatings deposited by two different physical vapoepasition approaches. 1@ set of
CrN/NbN coatings were produced using pure UBM technigod aother set of
samples were deposited by combined HIPIMS and UBM techniques (HIPIMS/UBM).
For HIPIMS/UBM coating deposition, one Cr and one Nb target were operated in
HIPIMS mode, while the other two targetséCr andoneNb) were operated in UBM
mode On the other hana|l thefour targets were operated in UBM modehe case of

pure UBM coating depositiorDuring all the deposition processes, the machine was
operded in the constant power mode where the average power on the target(s) was
always maintained at 8 kW irrespective of the technology (UBM or HIPIMS). The bias
voltage was fixed at 65 V and the chamber psese was maintained at 0.35 Pa.
However, to prodce coatings of similar thickness, thdeposition time for
HIPIMS/UBM coatingswas higher (120 min) than that (100 min) for UBM coatings.
This difference in deposition time is because of a lower deposition ratdPdf1S

process asompared to conventionalagnetron sputtering6].

4.5.2 Microstructure

SEM was used to study the microstructures of the coatings deposited by two different
PVD techniquesFig. 4.43 representie SEM images of planar surface view of the

UBM andHIPIMS/UBM coatings
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Fig. 4.43. SEM image of (a) UBM and (b) HIPIMS/UBM coating.
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In case of UBM coating, dome shaped morphology was maarem (Fig. 4.43a). The
wider and more prominent grain boundary indicates the higher possibility of the space
void between the grain columrj$02]. Hence Fig. 4.43a suggested that the UBM
coating structure was under denbkeFig. 4.43b,the advantageof using HIPIMS was
clearly visible as the columns were found to be very densely packed compared to the

UBM coating.

4.5.3 Coating defects

4.5.3.1 Defect types

Fig. 4.44-d shows the various types of defects found in UBM and HIPIMS/UBM
coatings. Tk morphologies of the nodular defects found in both UBM and
HIPIMS/UBM coatings were very similar (Fig. 4.44a,c). This suggested that the defect
growth stepwas same for both processes and as described earlier (sec 4.1.6), these
defects were generated digethe deposition of coating materials on the top of foreign
particles attached to the substrate.

However, pinhole defects observed in the coatings were different in size (Fig. 4.44Db,d).
Several SEM images of the coating surfaces exhibited the existetaeeaf pinhole
defects incase of UBM coatings. In contrast, smaller pinhole defects were observed in
HIPIMS/UBM deposited coatingsAs seen from the Fig. 4.44he surface of UBM
coatingwas porouss compared to the surface of HIPIMS/UBM coating (Fig. 4&fg

highly ionised HIPIMS plasma during HIPIMS/UMB process helped to overcome the
shadowing effect t@omeextent and produced more dense struct{té2] and also

resuled in reductiorof pinhole defects' size.
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Fig. 4.44. SEM image of (a) nodular and (b) pinhole defect in UBM coating, (c) nodular
and (d) pinlele defect in HIPIMS/UBMcoatingde) UBM coating surface and

(HHIPIMS/UBM coating surface.
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Fig. 4.45 shows th&IB-SEM images of a nodular defect. The core structure of the

defect clearly revealed the void between the defect and the rest of the coating thickness.
Due to the loose bonding of the nodular defects with respect to the rest of the coating,
these defectsan be easily detached during post deposition applications due to stresses
(thermal or mechanical). Nevertheless, in case of UBM coatings, these defects are more

likely to be expelled because of the under dense coating structure.

Fig. 4.45. (aPlan view of the nodular defect, (b) Cross sectional view after ion beam

milling, (c) Magnified image of defect cross section.
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4.5.3.2Surface defect density

Fig. 4.46. Optical microscopic image of (@BM and (b) HIPIMS/UBM coating.
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Optical microsopic images of UBM and HIPIMS/UBM coatings (Fig. 4.46) clearly
exhibited that the number of defects present on the UBM coating was significantly
lower than the HIPIMS/UBM coatings.

The surface defect densitalculation releaved that tterirface defect deity of UBM
coating was only 0.21 %whereas HIPIMS/UBM coating surface was populated with
more defectsAq = 3.18 %). Although the UBM coatings were deposited in a clean
chamber, the deference sarface defect densityas still significanif compared to the
HIPIMS/UBM coatings deposited in the same clean chamber. As found in sec 4.4.2, the
surface defect densityf HIPIMS/UBM coatings deposited after thoroghly cleaning the
chamber was 1.87 %. The lowsurface defect densitin UBM coating ca be
attributed to the low energetic particles in the plasma during UBM depgsitltoh
resuled in fewer seed particles geneoat by the bombardment on the chamber wall.
Moreover, the UBM coatings were deposited for less time (100 min) compared to
HIPIMS/UBM coatings (120 min)in the section 4.1.6, it was found that the numbers of
flakes in the chamber were increased with time during the deposition process. Thus, the
lower surface defect density UBM coatings was also associated with lower deposition

time.

4.5.4 Corrosion resistance

Fig. 4.47 shows the potentiodynamic polarisation curve for the UBM coating as well as
the HIPIMS/UBM coating of similar thickness. It is clearly visible that in the
electrochemical potential range -0400 mV to + 400 mYthe corrosion current density

of UBM coatingis significantly higher compared to that of HIPIMS/UBM coating, So
this study indicated that the coating removal rate the corrosion rate of the
HIPIMS/UBM coating was lower than the UBM coating. This tesbhows the similar

trend with the previous stud$8]. Interestingly, thesurface defect densityf the UBM
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coatings was much lower than the HIPIMS/UBM coatings. However, the superior
microstructure (inter columnar void free) of HIPIMS/UBM coatings made the coating

protective despite of having growth defects.

Fig. 4.47. Potentiodynamic polarisati curves othe UBM and HIPIMS/UBM coatings.

4.5.4 Tribological properties

Fig. 4.48 represents theéependence of friction coefficient on number of revolutions
(friction cycles) for the coatings deposited BBM and HIPIMS/UBMtechnique The

dry sliding friction coefficientof the HIPIMS/UBM coating was lower (g 0.48) than

the UBM coating (u= 0.59). It was found in previous sections (4.1.8, 4.2.9 and 4.3.9)
that the friction valug of the coatings depend on the tribolayer produceihguhe
tribological testsSo, the Raman spectra from the wear tracks of these coatings were

collected (Fig. 4.49). There was tnmuch difference between theaturesof the
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tribolayers formed on bottoatings. The wear profiles of the coatings are shiovwg.

4.50. The wearcoefficientof HIPIMS/UBM coating was a factor of 1.25 times smaller
than that of UBM coating. Although, theurface defect densityf UBM coating was
much lower, weak intecolumnar connections (wkdonding among the columns)le

to the higher wear rat&¢ = 3.35 x 16" m®N-*m!). Moreover, he production of large
amount of debris gradually increased the friction between the coating and the alumina
ball. In the range of 1000 to 40@9cles, thecoefficientof friction increased trm 0.60

to 0.78. In contrast, thp value decreased from 0.69 to 0.40 in the same range for
HIPIMS/UBM coating. The decrease jinvalue can be attributed to uniform multilayer
structure and sharp interfaces of HIPIMS/UBM coating which letthéolayer by dyer
material removal mechanisnHowever, the effect okurface defect densityas
apparent in the range of 10000 to 20@y8les. Due to the high stress during sliding,
defects were plucked from the coatinghich subsequentignade the friction behaviour

unsteady anthcreasd the value.

Fig. 4.48. Dependence of friction coefficient on number of revolutions (friction cycles)
for theUBM and HIPIMS/UBM coatings.
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Fig. 4.49. Raman spectabtained from the wear debo$ the UBM and HIPIMS/UBM

coatings.

Fig. 4.50. Wear track profiles of tiéBM and HIPIMS/UBM coatings.
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4.5.5Summary

X In this study, a significant difference between the defect densities of UBM and
HIPIMS/UBM coatings was observed. Higimergy flux bombardments on
chamber components produced higher numsbmr flakes during HIPIMS
process and resultéa higher defect generation in the coatings.

X Instead of having more defects, the corrosion resistance of the HIPIMS/UBM
coating was higher than the UB&bating. The better corrosion properties of the
HIPIMS/UBM coating were associated with its superior microstruatares/oid
free dense microstructure

X Super dense uniform microstructure of HIPIMSMBcoating was also
beneficial for tribological propeds. Thecoefficientof wear and theoefficient
of friction were found to be lowelKg = 2.68 x 10 m®N*m™ and p = 0.48)
than those of UBM coatindi¢ = 3.35 x 10° m®N*m™* and p = 0.59).

x In case of HIPIMS/UBM coating, the effect of defects was agnqan the range
of 10000 to 2000Ccycles This particular resultsuggests tht not only the
microstructure butthe surface defect densitglso plays a major role in the
friction and wear mechanisms. Thus, it is important to reducéce defect

densityfor better coating performance.
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5 Conclusions

This research has been conducted to understand the influeromatofg deposition
parameters on defect formation during HIPIMS processes. The investigation can be
divided into three main sectionsffect of deposition timegffect of substrate bias
voltage andeffect of total chamber pressure on defect formation and their influence on
thecorrosion and tribological properties of HIPIMS/UBM deposited CrN/NbN coatings.
At the end of each section ofetlinvestigation, a brief summary has been providée.

general conclusions of the whole study are presagddllows.

1. Coating deposition time had aignificant effect on the generation of
contamination related defects and on the reduction of the sefesbciated with
substrate pitWith the increase of deposition time from 15 min to 120 min, the
surface defect densitgf the coating ncreased from 0.48 % to 3.18 %. This
increase was due to the formatiohcontamination related defecfBhe critical
time required for contamination related defects (foreign particles such as flake
and chamber dust) to appear was between 30 and 60 min of depdstigign
particleswere generatd from the chamber components of the coating system
due to the thermal and structural stresses or thebtiumbardment on them. The
rotation of the substrates holders also produsraall amount ofwear debris
The number of flakes wamcreasd in the chambr with time because of all
these continuous processddeposition of coating materials on these flakes
increased the number of defects in the coatiAibough, the defects associated
with substrate pit reduced with the deposition tithee to the deposin of
coating materials on the pits
Deposition time also influenced the corrosion and tribological properties of the

coatings. Regardless of havirthe highest defects (3.18 %), the coating
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deposited for the longest time of 120 min exhibited significaprovements in
corrosion and tribological performances. This suggests that a critical coating

thickness is required to protect the underlying substrate.

. Increasing substrate bias from10 V to- 150 V led to an increase surface
defect densityfrom 313 % to 4.30 %The increase insurface defect density

with the increase of substrate bias was associated with two factorseragjy

flux bombardment and +sputtering phenomena. idgh-energy flux
bombardments on chamber components increased the flakesation at higher

bias voltages. These flakes produced more defects in the coating. Nevertheless,
re-sputteringprocesscould also raise thesurface defect densityAt very high
negative bias voltages, the extremely hagtergy bombardmesnbf species (A
and/or coating materials, Cr, Nb and N) on the growing coating suctate
expose the already formed defects and hence sethba area under the defects.
Also, me loosely bound nodular defects can be expelled from thengsati
leaving more visiblevoids.

The applied bias voltage also altered the microstructure, chemical composition,
crystallographic orientation and bilayer thickness of the coatings. Along with the
defects, all these properties influenced the corrosion and tribological
performancesfahe coatings.

With the increase of biagoltage, the coatings became denser. Asesult,
corrosion resistance of the coatingasimproved. The effect of coating defects
was also apparent. Corrosion curves of the costwith the higher defects
exhibited the sudden increase in current densities due to the removal of loosely

bound defects.

196



The wear mechanism of the coatings was dominated by the removal of coating
defects during the tests as well as by the bilayer thickness. Coatitingthe

maximum bikyer thickess had the lowest wear rate.

. With the increase of chamber pressure from 0.2 Pa to 1 Pautfaee defect
density increased from 0.84 % to 5.94 %. At the higher chamber pressure,
plasma volume covered more area of the chamber, which incriesadount

of sputter flux bombardments on chamber wall and subsequent flake generation.
These flakes promoted further defect formation within the caating

The chamber pressure also influenced the microstructure, chemical composition,
crystallographic dentation and bilayer thickness of the coatings. The coating
with fewer defects (0.840) had better corrosion resistance than the coatings
with higher defects. The bilayer thickness of this coatiag found to be the
highHVW (0 @ The thicker hardayers prevented the plastic deformation
and the abrasive penetratiom the metal layers resulting ithe highest wear

resistancéKc = 1.61 x 10" m®N-m?).

. For all the above mentioned coatings deposited by varying deposition time,
substrate bias voltage atatal chamber pressurénhefriction coefficient(p) was
influenced by the nature of oxides formed at the tribological contact. When
Nb2Os based tribolayes in the wear track were formetthe friction coefficient

of the coatings reachexddvalue 0f0.70. In contrast, the coating deposited for t =
120 min, at Y = - 65 V andP = 0.35 Palid not show any significant Raman
peak.This coating had the lowest ftion coefficientvalue (1 = 0.48)Yhanksto

thelubricious nature of Cr based tribolayer.
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Depending on the tribological and corrosion performances, two coatings were identified
for exhibiting improved protective properties amongtl# coatings depositetbr this

study. The coating deposited for t = 120 min, at=J 65 V andP = 0.2 Pa had the
higher hardness, the lower roughnesssface defect densjtgorrosion current and wear
coefficientthan the coating deposited for t = 120 min, at=J 65 V andP = 0.35 Pa.

The only disadvantage of the first mentioned coating was the higher value of friction

coefficient

For convenience, the properties of these two coatings are listed folliwing table

5.1

198



Deposition parameters: Coating 1 Coating 2
Deposition time (min) 120 120

Bias voltage (V) - 65 - 65
Chamber pressure (Pa) 0.2 0.35
Deposition technique HIPIMS/UBM HIPIMS/UBM
Thickness (um) 3.65 2.15
Chemical composition (&)

Cr 38.41 39.51

Nb 16.76 14.13

N 44.83 46.36
Crystallographicorientation | (200) (111)
Bilayer thickness @ 39.3 27.3
Hardnes{GPa) 26.38 25.85
Roughness (um) 0.025 0.039
Surface defect densit9o) 0.84 3.18
Corrosion  current densit From From
(mA/cn?) 7.75 x10° 1.41x10°
(In the range of£200 mV to| to to

+ 300 mV) 4.01x10* 6.8 x 10
Wearcoefficient(m®N*m?) | 1.61 x 10'° 2.68 x 101
Friction coefficient 0.70 0.48

Table 5.1. Comparison between the properties of the coatings exhibited improved

tribological and corrosion performances.
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All thesestudies on coating defects lead to an important conclusion that HIPIMS does
not contribute to the generation of a new category of defect. All the defects found in
HIPIMS deposited coatings were generated due to external fastmis as chamber

dust or subtrate surface imperfectionsuch as pits. So, an additional study was
conducted to investigate the effectaoflean environment on the defect formation. The
study revealed that the coating deposited after cleaning the chamber had lower defects
on its suface than the coating deposited before cleaning. The corrosion and tribological
properties were improved with the decreaséhe surface defect densityn addition to

that, the comparison between HIPIMS/UBM deposited and pure UBM deposited
CrN/NbN coatngs confirmed the importance of dense microstructure for betéting

performance.

The systematic investigation on coating propertiesguddedto achieve the objectives

set out at the start of the project. The sources of the defects found in HIPpdSted
coatings have been identified. The study has recommeod®athimise the chance of

flake generation during deposition in order teduce defects in the coatingdurface
defect densitydecreased from 3.18 % to 1.87 % after thoroughly cleaninghtiuelmer
components for the deposition processes with t = 120 ngir,-65 V andP = 0.35 Pa.
However, the chamber pressure was found to be the most effective tool to control the
surface defect densitiReduction in chamber pressure from 0.35 Pa to OdePaased

the surface defect densifyom 3.18 % to 0.84 % for the coatings deposited for t = 120
min andat U, = - 65 V in the chamber with similazondition in term ofcleanliness

(note that both the coatings were produletbrethoroughly cleaning thehambey.

Although, the defects did not always determine the COF, COW values or affect the

corroson current density of the coatings, the corrosion and tribological studiethend
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microscopic studies (optical and SEM) afterrosion andribological tests suggested

that these defects influenced the coating performatocasertainextent depending on

their natures (nodular/coflike defects or pit/void)The loosely bound nodular defects
influencal the tribological performance while vaidcaffected the corrosion activities.
Nevertheless, the performances of the coatings were also dependent on their

microstructurecrystallographic orientation, bilayénickness, hardness armlighness
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6 Future Works

In this section,the scope for the future work is given based on the knowledge earned
during the course of this research:

1. We found that e bilayer thickness influenced the wear mechanism. In this
study LAXRD was used to determine the bilayer thickness. Howewer,
analyg the multilayer structure in detad, transmission electromicroscope
(TEM) would be useful.

2. Comparisorof the coatings showed that the higher bilayer thickness improved
the wear resistanc&q one can producsets of coatingfr t = 120 min, at
=-65 VandP = 0.35 Pa by varying the rotation of the substrate holder. It
would be advantageous if the rotation of the holder could increase the bilayer
thickness and enhance the wear resistance.

3. The friction coefficient values of the coatings were dovated by the oxides
produced during tribologicaless. Further, the static oxidation test will be
useful to understand the behaviour of the coatthgsg tribological tests

4. The coating produced for t = 120 min, at £)- 65 V andP = 0.2 Pa exhibited
the best coating properties if the frictionefficientvalue (i) is ignored. The
preferred orientation of this coating was (200). Interestingly, all the ceating
with (200) orientation had higher friction valu@ly considering the coatings
with thickneVV KLJKHU Mhkcon@ast2.B5 um thickcoating with (111)
orientationhad much lower frictiorroefficient Thus, it would be interesting if
the coatings with (111) orientatiomartbe produced by controlling the energies
of the depositing materilj.e. by varying the process parametexgch agpeak

power, pulses frequency, peak current)ettthelower pressure, P = 0.2 Pa
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Index

Coating morphology: The form orstructure of the coating.
Surface roughnessSurface roughness is a measure of unevenness of a surface. It is
quantified by the deviations in the direction of the normal vector of a real surface from

its ideal form.

213



