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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 

studies have 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 deposited coatings of similar thickness. 

Defects can degrade the coating performance 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 combined with unbalanced magnetron sputtering (UBM) by 

varying the deposition parameters, i.e. deposition time (t = 15 to 120 min), bias voltage 

(Ub = - 40 to - 150 V) and chamber pressure (P = 0.2 to 1 Pa). For each set, one 

parameter was varied and other two were kept constant. All these experiments were 

carried out with chamber conditions close to those found in industrial environment. The 

study revealed that the generated defects were similar for all the coatings and with the 

increase in deposition time/bias voltage/chamber pressure the surface area covered by 

optically visible defects (surface defect density) was increased. These defects were 

categorised as flakes related defects (nodular, open void and cone-like defects) and 

defects associated with substrate pits (pinhole defects). Depending on their types, the 

defects influenced the corrosion and tribological properties of the coatings. As the 

origins of most defects were flakes (generated from the chamber components), an 

additional study was conducted to understand the influence of chamber cleanliness on 

defect generation. As expected, surface defect density of the coating produced in a 

comparatively clean chamber was reduced noticeably (from 3.18 % to 1.37 % after 

cleaning). Coatings with lower surface defects 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, wear and friction mechanisms. 

Even for deposition conditions where HIPIMS coatings showed higher surface defects, 

owing to their microstructures, their corrosion resistance and tribological behaviour 

were superior to 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 

increased significantly owing to its capability to deposit metals, alloys, ceramic and 

polymer thin films onto a wide range of substrate materials [1]. However, one major 

drawback of PVD process is that deposited coatings are not free from growth defects or 

imperfections [2�±10]. Any kind of growth defect is undesirable because it can degrade 

the coating performance. The most commonly and industrially used PVD technique, 

arc-PVD (also known as cathodic arc deposition), itself creates droplets which initiate 

defects generation in the coatings [5�±7,11�±13]. During corrosion tests, these growth 

defects act as potential sites for localised pitting corrosion [14]. Also, hard metal 

droplets increase the wear during tribological tests [11]. 

Recently, High Power Impulse Magnetron Sputtering (HIPIMS) technique has been 

proven useful in depositing droplet free hard (which is comparable with arc -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 settings [15,16]. Previous studies have shown that defects in PVD coatings 

can be generated due to external factors. For example, contamination of the depositing 

surface with dust (loose particles of metal/metal-compounds) 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 not yet been discussed in detail. However, this is of particular interest for HIPIMS 
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as high power densities are used for etching and also the 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 industrial applications in recent years as a protective 

material due to the high hardness, good wear resistance and anticorrosive properties 

[14,17�±20]. However, the constant development of coating industries demands 

improved and long-lasting coatings for advanced applications, such as coating on 

biomedical devices. Therefore, a thorough investigation of the coating defects is much 

required to aid better understanding of their influence 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 this project is to identify the source of the defects, understand their 

formation and discuss possible ways to control their growth. Along with this, we also 

investigate the influence of these defects on coating performance. 

The objectives of the present work are as follows: 

�x To study the influence of deposition time, bias voltage, chamber pressure and 

chamber cleanliness on defects generation during HIPIMS processes. 

�x To study the effects of these defects on corrosion and tribological properties of 

the coatings. 

�x To study the effects of defects and deposition techniques on performances of the 

coatings deposited by two different PVD processes; pure UBM and 

HIPIMS/UBM. 
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2 Literature Review 

 

2.1 Thin film deposition techniques 

There are several deposition technologies for thin film deposition, such as 

electroplating, spray coating, chemical vapour deposition (CVD) and physical vapour 

deposition (PVD). Depending on the application requirements, coatings are produced 

using the appropriate deposition technique. For this study, CrN/NbN coatings were 

deposited by sputtering which is one type of PVD technique. In the following section, 

this particular deposition technique is discussed in detail. 

 

2.2 Physical Vapour Deposition (PVD) 

PVD is the transformation of solid material into a vapour phase via physical process. 

The deposition of vaporised material on the substrate creates the coating. In order to 

avoid impurities, PVD processes are usually performed in a vacuum or low-pressure 

environment. 

PVD techniques evolved with the evolution of vacuum, electronics, magnetism, and 

plasma technologies as well as with the advances of gaseous chemistry. A combination 

of numerous achievements and inventions in those fields opened the door for industrial 

applications of PVD. In 1930s, cathode sputtering was employed for the fabrication of 

coatings (Furth 1932), while sputtering by ion bombardment was reported for 

commercial application in the 1950s (Wehner 1955). Evaporation techniques were also 

developing in parallel. Nowadays, complicated PVD techniques are used to produce 

nanostructured, single -, and multilayer coatings with improved properties [21]. 

The term PVD includes an extensive group of different deposition processes [22], such 

as 
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�x thermal evaporation  

�x electron beam (e-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 reactive sputtering 

�x filtered and unfiltered cathodic arc deposition (non-reactive and reactive) 

�x ion plating 

�x pulsed laser deposition 

 

Followings are the variations of these processes: 

�x bias sputtering 

�x ion-assisted deposition 

�x hybrid processes 

 

Among them, the hybrid processes combine the best attributes of each PVD process, 

which are: 

�x magnetron sputtering and e-beam evaporation 

�x magnetron sputtering and filtered cathodic arc deposition 

�x e-beam evaporation and filtered cathodic arc deposition [22] 

 

The common PVD processes are evaporation, cathodic arc deposition (arc-PVD) and 

sputtering. In the 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 from the source to the substrate, and (iii) the vapour is condensed to a 

solid film on the substrate surface [23]. The advantage of this method is the possibility 

to obtain a high deposition rate; however, this process is hard to control. Also, materials 
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with low melting temperature cannot be used as the source (target). Fig. 2.1 shows a 

schematic drawing of thermal evaporation process. 

Another common PVD coating technology is the cathodic arc deposition or arc-PVD. 

This is very likely the oldest PVD process. In contrast to thermal evaporation, cathodic 

arcs can operate near room temperature thus it can be used to produce coatings of the 

materials with low melting points. As the name suggests, cathodic arcs are determined 

by the arcing processes at the cathode where arcs 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 generates highly ionized plasma of cathode material. A 

simple schematic diagram of the basic arc-PVD process is shown in Fig. 2.2. 

 

 

 

Fig. 2.1. Schematic drawing of thermal evaporation. 
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Fig. 2.2. Arc-PVD process [25]. 

 

In cathodic arc vaporisation the high current density arc moves over a solid cathodic 

electrode causing local heating and vaporisation [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 used to perform deposition over large areas. 

The vaporised plasma is generated at one or several 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 material in the vicinity of the spot experiences phase 

transformations, ultimately resulting in fully ionized, rapidly expanding plasma [24]. 

However, the sudden increase in temperature at the cathode spot melts the cathode 

materials which are ejected as droplets or macroparticles (Fig. 2.2) [25,26]. The 

formation of these droplets is highly undesirable because they can initiate defect 

formation in the coatings if they deposit on the substrates or in growing coatings. These 
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droplets create bumps, which, when dislodged, create pinholes [26]. Such defects are 

potential sites for localised corrosion [8,14]. 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 galvanic corrosion [8]. Moreover, the roughness of the 

final coating increases due to the accumulation of droplets during the deposition [14]. 

This is undesirable for engineering and commercial applications such as cutting tools 

and artificial jewellery where the smoothness of the finished surface is of prime 

importance [27]. 

The other very commonly used PVD process is called sputtering. Unlike arc-PVD, this 

process involves collisional bombardment of a target material by heavy atoms. If the 

energy of the incoming atoms is sufficient, they can eject a particle from the target 

surface. This process minimises the chance 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 of erosion of the surface, namely target, by the 

energetic particles. It is a sort of atomistic sandblasting [23]. The ejected target 

materials travel towards a nearby sample (known as a substrate) and create a layer, i.e. 

coating by condensing on it. This coating deposition process is called sputter deposition. 

In 1852, Sir W. R. Grove used sputtering to deposit a coating on a silver surface. This 

was the first reported study on sputter deposition [26]. 

A schematic drawing of sputtering process and coating deposition is shown in Fig. 2.3. 
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Fig. 2.3. 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 target [28]. The target acts as the cathode and the substrate acts as 

the anode and Argon gas is used as a sputtering medium. Ions form naturally in the gas 

via collision processes and radiation. In conventional sputter deposition, the target is 

connected to a DC power supply. By applying a potential difference between the two 

electrodes the positively charged gas ions are attracted toward the target (cathode) and 

the electrons are attracted towards the substrate (anode). Accelerated particles collide 

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

 

Atom + e- �:���,�R�Q���������H- Eq. 2.1 
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When an ion collides with the target, the kinetic energy of the ion is transferred to the 

atom of the target. The series of collisions within the target, generated by this primary 

collision at the surface, is known as a collision cascade [29]. This collision cascade may 

lead to the sputter ejection of an atom from the 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 yield (S) which is defined as the number of atoms (or molecules) ejected 

per incident ion. The 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 atoms/ions [28]. It is also sensitive to the angle-of-incidence of 

the bombarding particle. By applying sufficiently 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 energy of the incident ions depends on the voltage 

applied to the target. As a result, the voltage applied to the target indirectly influences 

the sputtering yield. 

 

2.2.2. DC Magnetron Sputtering 

The conventional sputtering technique has some limitations, such as low ionisation 

efficiencies and low deposition rates. In the sputtering 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 the plasma is decreased and 

subsequently the sputtering rate is reduced. 

To overcome this problem, the magnetron sputtering process is introduced. By placing 

the magnets behind the cathode, the plasma is confined to the near-target region. 

According to the Lorentz force formula, the magnetic fields reshape the trajectories of 
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the secondary electrons into spiral-like patterns and trap the secondary electrons in the 

near-target region. 

 

�	�,�&��
L ���“���>�:���,�,�&��
E�:��� �̃D�,�,�,�,�&��
H�����,�,�&�;�? Eq. 2.2 

 

Where q is the charge of the particle, ���,�,�& is the electric field, ��� �̃D�,�,�,�,�& is the velocity of the 

charged particle perpendicular to the magnetic field, ���,�,�& and �	�,�& is the force experienced by 

the particle. 

Due to such magnetic arrangement, ionisation rate increases with consequent 

improvements in sputtering and coating deposition rates as compared to conventional 

sputtering technique. Fig. 2.4 represents the schematic drawing of magnetic field lines 

in magnetron sputtering setup. 

 

 

 

Fig. 2.4. Schematics of balanced field lines in magnetron sputtering. 
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2.2.3 Unbalanced Magnetron Sputtering 

In a conventional magnetron, the magnetic strengths are balanced which confine the 

plasma mainly to the target region. However, by strengthening the outer magnets 

compared to the central magnet, the magnetic field lines are directed away from the 

target region. As a result, some of the charged particles are no longer confined near the 

target but they are able to follow the magnetic field lines and flow out towards the 

substrate [30]. In this configuration ion bombardment at the substrate is increased with a 

consequent improvement in coating structure [30]. 

Fig. 2.5 shows the schematic drawing of magnetic field lines in an unbalanced 

magnetron sputtering setup. 

 

 

 

Fig. 2.5. Schematic of magnetic field lines in unbalance magnetron sputtering. 

 

In the previous setup (Fig. 2.4), the magnetic strengths are balanced. In this current set 

up (Fig. 2.5), 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 

the depositing coating is improved. 

 

The plasma properties can be further improved by arranging UBM cathodes into Closed 

Field Unbalanced Magnetron Sputtering (CFUBMS) configuration [31]. Fig. 2.6 

represents such CFUBMS configuration. In this configuration, magnetic fields trap the 

electrons between the 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 

atoms. The use of CFUBMS leads to improvements in the structure and properties of 

the sputtered coating [32]. 

 

 

 

Fig. 2.6. A schematic of the magnet arrangement and field lines in CFUBMS. 
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2.2.4 High Powered Impulse Magnetron 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 50 Wcm-2 [33]. However, a 

higher target power density of up to 900 Wcm-2 can be obtained using pulsed DC [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 range of 100 �± 

500 kW (target powers densities of 0.6 �± 2.8 kWcm-2) was achieved using this pulsed 

magnetron sputtering technique [33]. The supply of immense high power in very short 

pulses (impulse) enhances the generation of metal ions (M+) and the lower average 

power prevents the targets from melting. Because of higher ionisation, the deposited 

coatings become dense as compared to conventional magnetron sputtering [35�±38]. 

High ratio of ion 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 of higher ionisation during HIPIMS process homogeneous coatings can be 

produced on complex-shaped substrates which is not achievable by conventional 

sputtering deposition due to its anisotropic deposition flux [39,40]. Dense and 

homogeneous microstructure enhances the properties of HIPIMS deposited coating. 

Application of HIPIMS results in denser microstructure, smaller grain size, lower 

surface roughness, higher hardness, improved adhesion, excellent wear and corrosion 

resistance [41�±43]. 

In addition, HIPIMS deposited coatings are free from droplet related defects [15]. 

Droplets are produced due to the melting of target and they can initiate defects in the 

depositing coatings [44]. HIPIMS utilises lower average power which prevents droplet 

formation. 
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HIPIMS plasma can also be used to pre-treat the substrate before coating deposition 

[16]. This pre-treatment step enhances the adhesion of the coating with the substrate 

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

 

Combined High Power Impulse Magnetron Sputtering and Unbalance Magnetron 

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 reduces the deposition rate during 

HIPIMS process. It has been widely published that the HIPIMS technique is an 

excellent tool to deposit coatings with very dense structure without inter-columnar voids 

but shows a relatively lower deposition rate. On the other hand, the conventional UBM 

technique has higher deposition rate but can produce porous coatings [15,35,46�±48]. A 

combination of both techniques, however can eradicate these problems and produce 

coatings with a high deposition rate and very dense structure [46,49]. 

 

 

 

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

Reactive sputtering is a sputtering process which allows compounds to be deposited by 

introducing reactive gases into the plasma. During the reactive sputtering process the 

�U�H�D�F�W�L�Y�H���J�D�V���L�V���³�D�F�W�L�Y�D�W�H�G�´���E�\���W�K�H���S�O�D�V�P�D���D�Q�G���F�K�H�P�L�F�D�O�O�\���U�H�D�F�W�V���Z�L�W�K���W�K�H���W�D�U�J�H�W���P�D�W�H�U�L�D�O�V����

Using this process a wide range of compounds (oxides, nitrides, carbides, fluorides) thin 

films can be produced [50�±52]. 

In this current work, CrN/NbN coatings were produced by sputtering the Chromium and 

Niobium targets in reactive gas atmosphere of Argon (inert gas) and Nitrogen (reactive 

gas) using HIPIMS/UBM technique. 

 

2.3 Microstructure of Thin Films 

In thin films, growth process controls the microstructure evaluation [53]. This process 

can be divided into several phases, from nucleation to growth of continuous film 

structure. 

 

 

 

Fig. 2.8. Condensation and nucleation of the adatoms 
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The growth process hence the microstructure of thin films deposited by PVD technique 

is influenced by a number of deposition conditions and process parameters such as 

substrate temperature, substrate bias, substrate rotation, target arrangement, target 

power, chamber pressure, ion to neutral ratio and ion bombardment energy [40,53�±67]. 

By varying these parameters systematically, the microstructure and thus the properties 

of PVD coatings can be modified as required for a specific application. For this unique 

feature, PVD has become a very important thin film deposition 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 time [68]. Their SZM described the 

influence of substrate temperature (represented by the ratio of substrate temperature Ts 

to the melting point of the material Tm) on the coating morphology. The proposed model 

can be divided into three zones (Fig. 2.9). Zone 1 (Ts « Tm) exhibits a porous structure 

associated with insufficient adatom surface mobility. With increasing substrate 

temperature, the adatom mobility increases. As a result, the structure becomes densified 

(zone 2). In zone 3 (when Ts is very close to Tm), the high substrate temperature allows 

bulk diffusion and recrystallisation resulting in a very dense coating structure.  

 

In 1974, this model was extended by Thornton for sputtered coatings [69]. In 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 this zone narrows. 

The high-energy neutrals bombarded from the sputtering target create this zone. 
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Fig. 2.9. Structure zone model according to Movchan and Demchishin, showing the 

influence of substrate temperature on microstructure for evaporated films [68]. 

 

 

 

 

Fig. 2.10. Structure zone model by Thornton showing the influences of substrate 

temperature and Ar pressure on microstructure for sputter-deposited films [69]. 
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In 1984, the Structure-zone model (by Thornton) was further modified by Messier, Giri 

and Roy [70]. They replaced the pressure axis by the substrate bias axis. With the 

increase in bias voltage the adatom mobility increases, this subsequently suppresses the 

formation of zone 1. At higher bias voltage, zone 1 transforms to zone T even at very 

low temperature (Fig. 2.11). 

 

 

 

Fig. 2.11. Structure zone model by Messier, Giri and Roy showing the influences of 

substrate temperature and bias voltage on microstructure for sputter-deposited films 

[70]. 

 

In 1998, Barna and Adamik analysed the structure zone models published in the 

literature [68�±70]. Based on that fundamental structure forming phenomena, they 

discussed the structure evolution in polycrystalline thin films with the thickness [71]. 

Fig. 2.12 shows the summarised structure zone model proposed by them. 
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Fig. 2.12. Basic structure zone models at various film thickness [71]. 

 

Figure shows that the zone 1 is homogeneous along the thickness of the film. This zone 

is composed of fibres of small diameter (1 �± 10 nm). With the increase in substrate 

temperature zone 1 converts to Zone T. In zone T, the structure is inhomogeneous along 

the film thickness. It is fine crystalline at the substrate, composed of V-shaped grains in 

the next thickness range while can be columnar in the upper part of thick films. In zone 

2, grain boundaries are almost perpendicular to the film plane and the structure is 

homogeneous along the thickness. Due to the higher substrate temperature, randomly 

oriented small grains (of zone T) dissolve gradually by the grain coarsening and 

produce the wide columnar structure of zone 2. Further increase in substrate 

temperature results in recrystallisation. This structure (zone 3) is characterised by 

equiaxed globular three dimensional grains with random orientations (Fig. 2.9, 2.10, 

2.11). 

 

With the development in sputtering technology, the structure zone model was revised 

and modified for CFUBMS by Kelly and Arnell in 1998 [72]. This model describes the 
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coating morphology as a function of ion flux (ion to neutral ratio, Ji/Ja) along with the 

bias voltage and substrate temperature. Fig. 2.13 shows the schematic of the structure 

zone model for CFUBMS. 

 

 

 

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

CFUBMS [72]. 

 

As seen from the figure, this three-dimensional SZM only has zone 2 and zone 3. Zone 

1 could not be identified because CFUBMS configuration develops a highly ionised 

condition by trapping the electrons within the plasma which subsequently suppresses 

the formation of porous columnar zone 1-type structures. There is a small boundary 

inside the zone 2 but that does not represent the zone 1 / zone 2 boundary. It shows the 

lower levels of each of the variables used and marks the lower limits of normal 

operating condition [31]. 
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2.4 Coating Architecture 

Recent advances in deposition techniques have allowed engineering of the materials to 

achieve unique properties which are often not obtainable in bulk materials. In many 

cases, coatings with a single monolithic layer have provided improved protection to the 

bulk substrate material. For industrial applications, hard transition metal nitride PVD 

coatings with a single monolithic layer have been used successfully. CrN, TiN and NbN 

coatings especially have shown notable protective properties against corrosion and wear 

[73�±75]. Moreover, it has been reported that multilayer nitride coatings deposited by 

reactive magnetron sputtering can improve coating properties. For example, TiN/VN 

and TiN/NbN multilayer coatings have shown high coating hardness whereas, TiN/CrN 

and CrN/NbN both have improved corrosion resistance and reduced wear rates due to 

their multilayer structures [20,76�±79]. 

In general, a multilayer structure represents a thin film system composed of layers of 

two different materials alternatively and repeatedly deposited on a substrate [80]. 

Multilayer PVD coating can be produced using a rotating substrate holder carousel 

which sequentially exposes the substrates to different targets for brief periods allowing 

layer by layer growth of the target materials. 

According to the number of single layers and their arrangements, multilayer structure 

can be classified into three categories [81]. 

 

�x Coating with a limited number of single layers (Fig. 2.14a) 

�x Coating with a high number of non isostructural single layers (Fig. 2.14b) 

�x Superlattice coating (Fig. 2.14c) 
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Fig. 2.14. Different types of multilayer coatings: (a) small number of single layers, e.g. 

TiC/Ti(CN)/TiN, (b) high number of non isostructural single layers, e.g. TiC/TiB2, (c) 

high number of isostructural single layers (superlattice), e.g. TiC/TiN [81]. 
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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 already an established coating for tribological applications) to 

improve the hardness and corrosion properties [82]. The resulting CrN/NbN multilayer 

coatings provided enhanced corrosion protection to the substrate when compared to CrN 

coatings. Also, the wear resistance was improved significantly [20,83,84]. 

These superior coating properties were achieved due to the combination of wear 

resistant Cr with chemically stable Nb. Moreover, CrN and NbN layers are isostructural, 

i.e. they have similar chemical bonding, similar atomic 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 coating protected the substrate more 

effectively than the bulk material or monolithic coating [84]. 

In 1970, Koehler suggested the ways to fabricate layer structure of two materials in 

order to design a strong solid [85] 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 plastic deformation of crystalline solids. According to Koehler's 

model, the critical stress requires to move a dislocation across an abrupt interface is 

proportional to 

 

Q = (GA - GB) / (GA + GB) Eq. 2.3 

 

Where, GA is the modulus of rigidity of layer A and GB is that of layer B. 

By choosing two materials having a large difference in modulus, multilayer coating 

with large critical stress, i.e. high hardness can be produced. 
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The benefit of superlattice multilayer coating is that it can provide unique properties 

which are not achievable using individual layer materials alone [81]. These properties 

can be further improved by changing the thickness of individual layers [81,86�±93]. The 

layer thickness 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 

arrangement [94]. By controlling the deposition parameters, the layer thickness 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 super�O�D�W�W�L�F�H�� �V�S�D�F�L�Q�J���� �û���� �R�I�� �&�U�1���&�U�$�O�1�� �Q�D�Q�R�V�F�D�O�H�� �P�X�O�W�L�O�D�\�H�U��

coatings was varied from 4.4 to 44.1 nm by controlling the rotation speed of the 

substrate holder [92]. The study showed that the wear behaviour, microstructure and 

mechanical properties of the coatings were dependent on the bilayer thickness. The 

coating with a bilayer thickness of 5.5 nm exhibited the best coating properties. This 

shows that a critical bilayer thickness is required to obtain good mechanical properties, 

such as high hardness and resistance to plastic deformation [92]. 

The properties deteriorate for the coatings with a bilayer thickness below or above that 

critical value. This behaviour can be explained using Koehler's model. In the case of a 

bilayer thickness lower than the critical value, the hardness reduces due to two 

following reasons [95]: 

1. Small layers nearly interdiffuse and the modulus of each layer becomes the same 

thus no hardness enhancement can occur. 

2. Very close interfaces can exert opposing forces on a dislocation at an interface 

which lowers the stress needed to move the dislocation. 
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However, in the �F�D�V�H���R�I���O�D�U�J�H���û�����W�K�H���G�L�V�O�R�F�D�W�L�R�Q�V���F�D�Q���P�R�Y�H���Z�L�W�K�L�Q���W�K�H���L�Q�G�L�Y�L�G�X�D�O���O�D�\�H�U�V��

which results in a decrease in hardness value. 

Fig. 2.15 shows the variation in mechanical properties with the bilayer thickness of 

CrN/CrAlN nanoscale multilayer coatings deposited by CFUBMS. 

 

 

 

Fig. 2.15. The mechanical properties as the functions of bilayer thickness [92]. 

 

The studies on multilayer structure suggest that by controlling the deposition process, it 

is possible to produce coatings with improved properties over monolithic coatings. This 

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

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

most commonly and industrially used PVD technique, arc-PVD, itself creates droplets 

which initiate the defects generation in the coatings [5�±7,11�±13,27,96�±98]. Apart from 

droplets, PVD coatings also suffer from surface imperfections associated with external 

factors. For example, contamination of the depositing surface with flakes and substrate 

irregularities like pits can initiate defect formation [2,3,9,10]. 

 

2.5.1 Types of defects 

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

Droplet related defects: Droplet related defects are very common in the coatings 

deposited by arc-PVD. These defects are also found in the coatings deposited by 

conventional DC sputtering where substrate surfaces are etched by high-energy metal 

ions prior to the coating deposition [99]. Due to the application 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 liquid target materials are ejected from 

the target as droplets [13]. Instant solidification of the liquid materials on the substrate 

surface generates droplet related defects. These defects stick to the surface in the form 

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

 

Flakes related defects: Flakes 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 deposition [2]. Further sources 

for small seed particles and wear debris are the sputter flux bombardment on chamber 

(walls and other components) and the rotation of the substrates holders. 

According to their appearance, these defects can be divided into subgroups:- nodular 

shaped defects, cone-like defects and open void defects [2]. 

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

nodular shaped and cone-like defects are formed (Fig. 2.17c,j). Nodular shaped defects 
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start to grow at the intermediate stage during coating deposition whereas cone-like 

defects generate when relatively small foreign particles get attached to the substrate at a 

very initial stage of coating deposition. Due to the shadowing effects, these defects are 

weakly attached to the surrounding coating. Therefore, any kind of 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 (Fig. 2.17g). 

A significant difference between arc droplet and a flake-defect is that the coating grows 

over time on top of the flake whereas arc droplets either solidify outside the coating or 

on the surface instantaneously. 

 

Pinhole defects: These defects generate due to the substrate surface imperfections, such 

as small craters, pits etc. During the condensation process, these pits and craters lead to 

the formation of pinhole defects [2]. Deposition of coating materials can cover most of 

the surface imperfections. However, larger cavities may not be closed fully and remain 

as voids within the coatings. These kinds of defects extend through the whole coating 

from substrate to the top surface of the coating (Fig. 2.17k). 
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Fig. 2.17. Plan view (a,b,c,d,h), cross-sectional SEM (e,g,i,j,k) and FIB images (f,l) of 

the following types of defects: (a) circular flat-topped morphological features at carbide 

inclusions in ASP30 tool steel (b) irregular flat-topped morphological features at 

carbide inclusions in D2 tool steel, (c) nodular or flake defect, (d) foreign particles 

preventing etching of the surface covered by them (e) cross-section of flake defect (f) 

FIB image of flake cross-section, (g) open void defect, (h) dish-like craters (i,j) cone-

like defects (k) SEM image of pin-hole fracture cross-section (l) FIB image of pin-hole 

cross-section [2]. 
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Inter columnar voids are another type of coating imperfection. Unlike, pinhole defects 

which generate due to the pre-existence of the substrate pits, inter columnar voids are 

the drawbacks of coating technology. During low energy sputtering processes such as 

conventional UBM, these voids are created due to the lower adatom mobility [102]. 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 incident on the 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 coatings [35�±

37,102]. The benefits of using HIPIMS and a higher bias voltage can be observed from 

the Fig. 2.18. 

The coating deposited by pure UBM (Fig. 2.18a) had a coarse microstructure with 

pronounced open column boundaries. In contrast, HIPIMS deposited coatings exhibited 

wide columnar structure with very smooth column tops (Fig. 2.18d) [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 coatings deposited with 

different source combinations: (a) Pure UBM, Ub = - 75 V, (b) 1HIPIMS+ 3UBM, Ub = 

- 75 V, (c) 2HIPIMS+ 2UBM, Ub = - 50 V, (d) Pure HIPIMS, Ub = - 50 V, and (e) 

1HIPIMS+ 3UBM, Ub = - 50 V [46]. 
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2.5.2 Effect of defects on coating performance  

Any kind of growth defects are undesirable as they can restrain the coating functionality 

[2,4,7,11,14,44,103]. They can affect the surface roughness and surface finish thus the 

tribological performance of the coatings can also be affected [4,103]. During sliding, the 

applied force can smash the defects onto the coating surface [4]. Subsequently the 

formation of debris increases due to the three body tribological contact mechanism 

[104]. This can affect the friction behaviour of the coatings. Fig. 2.19 shows the as 

deposited TiAlN coating surface (a), the same surface after 128 cycles using Alumina 

ball (b) and the dependence of friction coefficient on number of ball cycles (c).  

 

 

 

Fig. 2.19. The coating surface (a) before and (b) after 128 cycles using the alumina ball, 

and ���F�����&�R�H�I�I�L�F�L�H�Q�W���R�I���I�U�L�F�W�L�R�Q����������as a function of number of ball cycles [4]. 
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As seen from the figure, coefficient of friction (COF) was increased with the cycle. The 

breaking and the spallation of the nodular defects initiated the three body abrasion with 

a consequent increase in the COF value. 

Fig. 2.20 shows the smashed defects within the wear track of TiAlN coating [4]. Cycle-

to-cycle imaging shows the formation of fine abrasive particles and oxidation at the 

positions of the nodular defects. 

 

 

 

  

 

Fig. 2.20. SEM images of the nodular defects in the wear track. The defects were 

subjected to 1 to 128 sliding cycles (a-f) [4]. 
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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 wear. For example, in case of Nb�±Ti�±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 tests [11]. 

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 media and accelerate the corrosion process [7,14]. Fig. 2.21 

shows the schematic diagram of localised corrosion related to coating defects. 

 

 

 

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 droplet shrinkage pinholes (reaction 1) 

[7]. 
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The cavitation erosion study of TiN coatings produced by arc-PVD revealed the 

important role of droplet-related defects on the cavitation erosion damage [100]. During 

the tests, deep cavities were formed by the detachment of conical droplets. Fig. 2.22 

represents the schematic drawing of cavitation erosion damage on different droplet 

related defects. 

 

 

 

Fig. 2.22. Schematic presentation of the evolution of cavitation erosion damage on 

different droplet related defects [100]. 

 

In optical coatings, nodular defects were found to influence laser�æinduced damage [105�±

108]. Electric-field modelling had shown that the light intensified at the defect spots due 

to the geometric and interference nature of these defects [106]. Therefore, to minimise 

the localised damage, the defect-related absorption and hence the defect generation 

needs 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 applications, such 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 associated with HIPIMS, nanoscale multilayer 

CrN/NbN coatings are considered because these coatings have performed notably well 

in various applications (pump impellers, hydraulic valves, nozzles, pistons and sharp 

edges / cutting blades) where corrosion, oxidation and intense wear are expected [18�±

20]. Thus, in recent years, CrN/NbN coatings have become potential candidates for 

industrial applications [14,17,18]. 

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 techniques. 

However, studies on arc-PVD CrN/NbN showed that the droplet related defects can 

deteriorate the corrosion performances of the coatings [7,14]. To prevent droplet 

formation, HIPIMS has been used. These recent studies demonstrated the benefits of 

using HIPIMS over conventional PVD to deposit CrN/NbN coatings [18,102]. HIPIMS 

etched and HIPIMS/UBM deposited (H-H) CrN/NbN coating exhibited better corrosion 

resistance as compared to the H-U (HIPIMS etched and UBM deposited) and ABS (arc 

etched and UBM deposited) coatings (Fig. 2.23) [102]. 

During erosion�±corrosion analysis, the volume loss of H-H coating was found to be the 

lowest (Fig. 2.24) [18]. 
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Fig. 2.23. Potentiodynamic polarization curves for the H-H, H-U, ABS coating, and 

uncoated SS polarized from -1000 to +1000 mV in a 3 % NaCl solution aerated for 25 

min [102]. 

 

 

 

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

different electrochemical potentials [18]. 

 



62 
 

Nevertheless, the friction coefficient and wear rate of H-H coating were significantly 

lower than the H-U and ABS coatings [102]. The lower number of intercolumnar voids 

in the H-H case improved the tribological properties of the H-H coating over H-U and 

ABS coatings.  

None of the studies mentioned the influence of defects in CrN/NbN coatings deposited 

using HIPIMS. However, it is important to study the formation of defects and their 

influence on the overall coating performance for advanced coating applications. To the 

best of our knowledge, there are very few literatures available on the defects associated 

with HIPIMS coatings. The present research investigates the effects of defects on 

HIPIMS deposited CrN/NbN coatings. 

 



63 
 

R
ef

 

D
ep

os
iti

on
 

P
ro

ce
ss

 

T
em

p.
 

(°
 C

) 

D
ep

os
iti

on
 T

im
e 

(m
in

) 

B
ia

s 
V

ol
ta

ge
 

(V
) 

P
re

ss
ur

e 
(P

a)
 

T
hi

ck
ne

ss
 

(µ
m

) 

C
ry

st
al

 S
tr

uc
tu

re
 

H
ar

dn
es

s 

C
or

ro
si

on
 

/ 
C

or
ro

si
on

-

er
os

io
n 

T
rib

ol
og

ic
al

 

pr
op

er
tie

s 

F
ric

tio
n

 

W
ea

r 

[20]  ABS +UBM, 

Cr-ion pre-etching 

(mentioned as 

CN45) 

400 150 -75 0.31 to 

0.38 

4.23 FCC 3400  

kgmm-2 

Pitting potentials was 

higher up to 500 mV 

compared with 304L 

steel substrate. 

  

[19]  ABS + UBM, 

Cr-ion pre-etching 

(mentioned as 

coating 1) 

400 150 -75 0.35 6.6 FCC 3580 HK Pitting potential (mV) 

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 

(Ring samples, 32 

mm o.d, 2 mm wall 

thickness, 10 mm 

height) 

 150  N2, 

partial 

pressure 

of 0.11 

to 0.18 

5   Compared with the 

uncoated substrate, the 

coated sample had lower 

corrosion current values 

in 3.5% NaCl solution. 

  

[110] UBM, 

special ion pre-

treatment 

  -75  3.5  2700 Hv Passivating current 

densities was lower than 

the uncoated substrates. 

The relative protection 

was dependent on the 

impact angle. 
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[111] UBM, 

special ion pre-

treatment 

  -95  3  2488 HK, 

25 GPa 

The substrate surface 

appeared more damaged 

than the coated surface 

for all the potentials and 

impact angles. 

  

[112] 

 

UBM   -120  4.5 FCC 33.3 GPa The least corrosion 

resistance was provided 

by the UBM coating 

0.95 9.2 × 10-15 

m3N-1m-1 

ABS -100 5.8 35.3 GPa 0.3 6.2 × 10-15 

m3N-1m-1 

ARC -120 4.5 36.3 GPa 0.9 5.0 × 10-15 

m3N-1m-1 
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[14] ABS 250  -75  3.5 FCC 

 

51 GPa Increases in the bias 

voltage from -75 V to  

-95 V resulted in lower 

corrosion current density 

and higher pitting 

potential. The corrosion 

resistance of coatings 

were superior to the 304 

steel substrate. 

  

-95 3.25 69 GPa 
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[83] Reactive cathodic 

arc deposition 

350  -160 N2 

pressure 

of 3 

3.6 FCC 1690 HV50, 

35 GPa 

  Rotating wheel 

�:����������  

µm3N-1mm-1 

Ball-cratering 

�:��������  

µm3N-1mm-1 

[94] CFUBMS   -60, 

-100, 

-200 

   Samples 

with highest 

bias were 

hardest (~35 

GPa). 
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[84] UBM deposition 

with 

a) Nb HIPIMS pre-

treatment, 

b) Nb HIPIMS pre- 

treatment  + Nb 

interlayer by 

HIPIMS, 

c) Nb CA pre-

treatment + Nb 

interlayer by CA 

400  -75 0.4 4 FCC Hardness 

values were 

similar for 

all three 

coatings 

Coating (b) showed high 

capability to protect the 

M2 HSS substrates 
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[18] HIPIMS     3.9 FCC 3526 ± 30 

HK0.25N, 

34 ± 4.2 GPa 

HIPIMS deposited 

coatings exhibited 

enhanced wear, 

erosion,corrosion and 

hence erosion�±corrosion 

resistance compared with 

the UBM deposited 

coatings (Fig. 2.24). 

0.46 1.22 × 10-15  

m3N-1m-1 

UBM 3049±67 

HK0.25 N, 

31±6.6 GPa 

0.90 4.06 × 10-15  

m3N-1m-1 
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[102] a) H-H (HIPIMS 

pre-treatment + 

HIPIMS/UBM 

deposition) 

400  -75 

V. 

 2.9 FCC 3025 HK0.025 The coatings deposited 

by the H-H technique 

demonstrated better 

corrosion resistance as 

compared to the H-U and 

ABS coatings (Fig. 

2.23). 

0.32 1.8 × 10-15  

m3N-1m-1 

b) H-U (HIPIMS 

pre-treatment + 

UBM deposition) 

4.2 2725 HK0.025 0.46 3.0 × 10-15  

m3N-1m-1 

c) ABS 

 

 

 

 

3.6 3300 HK0.025 0.63 2.2 × 10-15  

m3N-1m-1 
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[113] Cathodic arc, 

Rotation of 

substrate holder 

was varied 

    20 �±

25 

FCC ~ 3200 HV 

�û��� �������Q�P�� 

~ 2000 HV 

�D�W���û��� ���������Q�P 

 �/�R�Z���I�R�U���û���”���������Q�P�� 

�+�L�J�K�H�V�W���D�W���û��� ���������Q�P�� 

 

[114] PVD technique 

using magnetron 

sputtering 

450    2.7 FCC 24 ± 3 GPa  Against 

Al 2O3 

0.01 2.6 × 10-7 

mm3N-1m-1 

Against 

100Cr6 

0.17 8.2 × 10-7 

mm3N-1m-1 

Against 

SiC 

0.3 3.4 × 10-7 

mm3N-1m-1 
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[115] CAPVD, 

Rotation of 

substrate holder 

was varied 

    15  ~ 3200 HV 

�D�W���û��� �������Q�P 

~ 1900 HV 

�D�W���û��� ���������Q�P 

   

[116] HIPIMS 

a) Low Nb-

CrN/NbN #46 

b) High Nb- 

CrN/NbN #46 

c) High Nb-

CrN/NbN #1000 

400  -65  10 

& 

6 

FCC  Thermogravimetric 

studies showed that in 

high temperature steam 

atmosphere all coatings 

had significantly higher 

corrosion resistance 

compared to the P92 

steel substrate. 
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[117] PVD 200 180 -75 Ar : N2 

25 : 6 

1.3 FCC 28 GPa CrN/NbN coating 

showed best corrosion 

resistance compared to 

CrAlTiN-coated and bare 

304 SS samples. 

COR (mm/year) 

2.688×10-3 - CrN/NbN 

2.691×10-2 - CrAlTiN 

3.23×10-1- 304 SS 

stable values between 

0.5 and 0.55 

(where it was 0.64 for 

bare 304 SS samples) 

4.32 mm3/m  

(where it was 

6.65 mm3/m 

for bare 304 SS 

samples) 
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[118] UBM 

Cr:Nb:N was 

varied from 

5.5:0:4.5 to 

0:5.5:5.5 

  - 40  3 FCC 19.5 to 28 

GPa 

 0.6 to 1 0.18 to 2.07 

mm3/m 

(maximum was 

for Cr:Nb:N = 

0.5:4:5.5 ) 

[119] PVD + MPII 

*Not CrN/NbN 

coating, Nb ions 

were implanted 

into CrN PVD 

coating using MPII 

       After the Nb 

implantation, the Icorr 

value decreased from 1 

×10-7 to (2�±3) ×10-8 

Acm-2 

  

 

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

This chapter consists of two sections. Section 3.1 presents the specimen preparation 

procedures prior to the coating deposition and the coating deposition sequence. In 

section 3.2, coating characterisation techniques are described.  

 

3.1 Specimen preparation and coating deposition 

3.1.1 Substrate materials, specimen preparation 

Substrate materials: 304 stainless steel (SS), M2 high speed steel (HSS) and Si wafer 

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 steel ø 30 mm × 6 mm XRD, SEM, AFM, Optical microscopy, 

Profilometry, Potentiodynamic polarisation, 

Raman. 

M2 high speed 

steel 

ø 30 mm × 6 mm Nanohardness, Pin on disc, Raman, SEM, 

Optical microscopy. 

Silicon wafer 15 mm × 5 mm × 

0.3 mm 

SEM. 

 

Table 3.1. Substrate materials used for various tests and analytical methods. 
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Specimen preparation: The stainless steel and high-speed steel disks were ground with 

�J�U�L�W���S�D�S�H�U���D�Q�G�� �W�K�H�Q�� �S�R�O�L�V�K�H�G�� �W�R�� �D�� �P�L�U�U�R�U�� �I�L�Q�L�V�K�� �X�V�L�Q�J�� ���� ���P�� �G�L�D�P�R�Q�G�� �S�D�V�W�H���� �3�U�L�R�U�� �W�R�� �W�K�H��

deposition process, the polished disks and the silicon wafers were cleaned in an 

automated ultrasonic cleaning line with industrial detergents (alkaline cleaning agents 

from Borer chemicals) to remove surface contaminants. Finally, all substrates were 

washed with de-ionized water, followed by drying in a heated vacuum dryer. 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 kind of residual dust, 

dirt can lead to defect generation during coating growth.  

 

3.1.2 Deposition technique and system geometry 

The substrates were coated in an industrial sized machine (Hauzer 1000 four sources 

PVD system) at Sheffield Hallam University (Fig. 3.1). The machine has a chamber size 

of 1 m3 with four rectangular planar targets (sized 600 x 200 mm). The system is fitted 

with a 250 m3/h roots pump and a 500 m3/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 (Hüttinger Elektronik Sp. z o.o., Warsaw, 

Poland), a dedicated bias power supply and active 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 one-, two- or three-fold orbital rotational motion (Fig. 3.2). The 

machine is heated using two heaters located on the inside wall of the chamber doors, in 

�E�H�W�Z�H�H�Q���W�D�U�J�H�W�V�������D�Q�G���������D�Q�G���W�K�H���R�W�K�H�U���E�H�W�Z�H�H�Q���W�D�U�J�H�W�V�������D�Q�G���������7�K�H���V�\�V�W�H�P�¶�V���G�R�R�U�V���D�Q�G��

cathodes are water cooled during operation. Gas inlets allow the use of Ar as a 

sputtering medium, and N2 as reactive gas during deposition. 
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Fig. 3.1. Hauzer 1000 four source PVD system. 

 

 

 

Fig. 3.2. Schematic cross section of the chamber of Hauzer 1000 four source PVD 

system. 
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3.1.3 Deposition Process Sequence 

3.1.3.1 Evacuation of the Chamber 

In order to deposit coatings with a low level of impurities, it is 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 pumps. The final 

pressure of 7.5 × 10-3 Pa was obtained using turbo molecular pumps. 

3.1.3.2 Heating 

During processes, the 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 before the deposition process 

commenced. 

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 were sputtered in two steps of 5 minutes, increasing the voltage in 

the second step. During this step, the shutters were placed in front of the targets to 

protect the substrates from impurities.  

3.1.3.4 Metal Ion etching 

Prior to the coating deposition, the substrate surfaces were pre-treated 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 bombardments remove 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 substrate [45]. 

3.1.3.5 Deposition of coatings 

The multilayer coatings were deposited using all four targets in UBM or HIPIMS and 

UBM combination modes in a gas mix of Ar and N2. In section 3.1.4, the deposition 

processes are described in detail. 

3.1.3.6 Cooling down and venting the chamber 

Before venting, the chamber was allowed to cool down to room temperature.  

 

3.1.4 Deposition of CrN/NbN coating 

3.1.4.1 HIPIMS/UBM coating 

CrN/NbN nano-structured multilayer coatings were deposited using the combined 

HIPIMS/UBM technique. During this nanoscale multilayer coating deposition step, one 

Cr and one Nb 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 technology (UBM or HIPIMS). Rectangular pulses of 200 µs at a 

frequency of 100 Hz, with a duty cycle of 1 % were employed to generate the HIPIMS 

plasma for coating deposition. During depositions, Ar and N2 (1:1) were used as the 

process gas. The deposition temperature was maintained at 200 °C. Three sets of 

coatings were deposited by varying deposition parameters, namely deposition time (t), 

bias voltage (Ub) and chamber total pressure (P). The details of the deposition 
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conditions are given in the table 3.2. For each set, coatings were produced by varying 

one parameter while other two parameters were kept fixed. 

 

Coating Varied Parameter Fixed Parameters 

Set 1 t = 0, 15, 30, 60, 120 min Ub = - 65 V, P = 0.35 Pa 

Set 2 Ub = - 40, - 65, - 100, - 150 V t = 120 min, P = 0.35 Pa 

Set 3 P = 0.2, 0.35, 1 Pa t = 120 min, Ub= - 65 V 

 

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 targets were 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 200 °C and at 0.35 Pa respectively. 

In this work, properties of the coatings deposited by HIPIMS/UBM and pure UBM 

coating are studied. Table 3.3 represents the process parameters for HIPIMS/UBM and 

pure UBM coatings which are compared in the result section 4.5. 
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Deposition 

technique 

Deposition time (t) in 

min 

Bias voltage (Ub) 

in V 

Chamber total pressure 

(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 Characterisation Technique 

3.2.1 X-Ray Diffraction Analysis 

X-ray diffraction (XRD) technique is a non-destructive characterisation technique. This 

technique was used to determine the crystallographic structure and bilayer thickness of 

the deposited coatings. 

Wavelengths of x-rays are approximately in the same range as the inter atomic spacing. 

When x-rays pass through a crystal, they are scattered in all directions by the electrons 

�D�V�V�R�F�L�D�W�H�G���Z�L�W�K���H�D�F�K���D�W�R�P���R�U���L�R�Q���W�K�D�W���O�L�H�V���Z�L�W�K�L�Q���W�K�H���E�H�D�P�¶�V���S�D�W�K��[120]. The scattered x-

rays can interfere with each other and the resultant intensity distribution is modulated by 

this interaction. If the scattered x-rays are in phase, constructive interference occurs. In 

1912, W. L. Bragg gave a relation which elucidates the condition for constructive 

interference. In that case, path length difference between two consecutive x-rays is 

�H�T�X�D�O���W�R���D���Z�D�Y�H�O�H�Q�J�W�K�����������R�U���D�Q���L�Q�W�H�J�H�U���Q�X�P�E�H�U���R�I���Z�D�Y�H�O�H�Q�J�W�K�V���Z�K�L�F�K���L�V���V�X�P�P�D�U�L�V�H�G��in 

the following equation (Eq. 3.1). 
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�Q��� �����Ghkl�V�L�Q����  Eq. 3.1 

 

This equation is called the Bragg's equation for X-ray diffraction. Here n is the order of 

�U�H�I�O�H�F�W�L�R�Q���� ���� �L�V�� �W�K�H�� �Z�D�Y�H�O�H�Q�J�W�K���� ���� �L�V�� �W�K�H�� �D�Q�J�O�H�� �R�I�� �G�L�I�I�U�D�F�W�L�R�Q�� �D�Q�G�� �Ghkl is the interplanar 

spacing. 

 

 

Fig. 3.3. A schematic drawing of X-rays scattering from the planes of atoms. 

 

�)�R�U���S�U�D�F�W�L�F�D�O���U�H�D�V�R�Q�V�����W�K�H���G�L�I�I�U�D�F�W�R�P�H�W�H�U���P�H�D�V�X�U�H�V���D�Q���D�Q�J�O�H���W�Z�L�F�H���W�K�D�W���R�I���W�K�H�������D�Q�J�O�H�����,�Q��

diffractometers, the X-ray wavelength (��) is fixed. Consequently, a family of planes 

�S�U�R�G�X�F�H���D���G�L�I�I�U�D�F�W�L�R�Q���S�H�D�N���R�Q�O�\���D�W���D���V�S�H�F�L�I�L�F���D�Q�J�O�H������ 

In this �V�W�X�G�\���� �D�� �3�$�1�D�O�\�W�L�F�D�O�� �(�P�S�\�U�H�D�Q�� �3�,�;�F�H�O�� ���'�� �D�X�W�R�P�D�W�H�G�� �G�L�I�I�U�D�F�W�R�P�H�W�H�U�� �L�Q�� ������

Bragg�±Brentano (BB) and Glancing Angle (GA) beam geometry were used to 

determine the crystal structure configuration. The scanning range for BB XRD was 

�V�H�O�H�F�W�H�G���D�V��������� �������ƒ���W�R���������ƒ���Z�L�Wh a step size of 0.26°. For GA XRD the incident angle 

�Z�D�V���I�L�[�H�G���D�W�����ƒ���R�Y�H�U���D���V�F�D�Q�Q�L�Q�J���U�D�Q�J�H���R�I��������� �������ƒ���W�R���������ƒ���Z�L�W�K���D���V�W�H�S���V�L�]�H���R�I�������������ƒ�����7�K�H��

Incident 

X-rays 

Reflected 

X-rays 
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GA XRD technique is a convenient method for stress analysis and phase identification 

studies in the case of the nanostructured 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 X-ray diffraction [121]. In this geometry, the incidence angle 

���.�����L�V���I�L�[�H�G���D�W���W�\�S�L�F�D�O�O�\���E�H�W�Z�H�H�Q�����ƒ���D�Q�G�����ƒ�����7�K�H���D�Q�J�O�H���E�H�W�Z�H�H�Q���W�K�H���L�Q�F�L�G�H�Q�W���E�H�D�P���D�Q�G���W�K�H��

diffracted beam ���������� �L�V�� �Y�D�U�L�H�G���� �P�R�Y�L�Q�J�� �R�Q�O�\�� �W�K�H�� �G�H�W�H�F�W�R�U�� �S�R�V�L�W�L�R�Q���� �7�K�X�V���� �W�K�H�� �L�Q�F�L�G�H�Q�W��

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 both the BB and GA XRD patterns were calculated by X'Pert HighScore Plus 

Software.  

To measure the bi�O�D�\�H�U���W�K�L�F�N�Q�H�V�V�����û�����R�I���W�K�H���F�R�D�W�L�Q�J�����%�%���;�5�'���W�H�F�K�Q�L�T�X�H���Z�L�W�K���O�R�Z-angle 

���/�$���� �J�H�R�P�H�W�U�\�� �Z�D�V�� �X�V�H�G���� �7�K�H�� �V�H�O�H�F�W�H�G�� �V�F�D�Q�� �U�D�J�H�� �Z�D�V�� ������ � �� ���ƒ��- 10°. Using standard 

Bragg's law, the bilayer thickness was calculated. 

 

�û��� ���Q���������V�L�Q�����������������������������������(�T���������� 

 

For all the experiments, monochromatic Cu-�.�.�� �U�D�G�L�D�W�L�R�Q�� �Z�L�W�K�� �D�� �Z�D�Y�H�O�H�Q�J�W�K�� �R�I�� ��������������

nm was used as the X-ray source. The voltage and current of the X-ray generation tube 

were 45 kV 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 Ion 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 is a widely 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. 

 

 

 

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 map the 

topography and chemistry of a sample.  

In this study, FEI-Nova NanoSEM 200 was used to capture the secondary electron (SE) 

images of planar and fractural cross-sectional view of the coatings. SE emission occurs 

due to the inelastic collisions. When an incident 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; therefore, only 

the electrons of the atoms at the surface escape from the sample and get detected. Thus, 

SE images provide necessary information (topography and density) about the coating 

surface. To capture the SE images ETD (Everhart-Thornley detector) was used at lower 

magnification whereas TLD (Through 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 X-ray is generated due to the transition of electrons from a higher to a 

lower electron shell. The incident electron with sufficient energy can eject an inner shell 

electron from the specimen atom. As a result, the electron from outer shell transits to 

inner shell. In the process characteristic X-ray with a specific energy and wavelength is 

emitted. Due to this, each atom has its own characteristic X-ray radiation which can be 

used to identify the material composition. This characterisation technique is known as 

Energy Dispersive X-ray Spectrometry (EDS or EDX). Using Aztec software 

(OXFORD Instruments) EDX data were analysed to assess the chemical composition of 

the coating. 
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3.2.2.2 Focused Ion beam 

Focused Ion beam (FIB) works in a similar 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 the specimen material. The milling reveals the 

internal structure of the coating specimen and sub-surface defects if exist. A 

combination of FIB and SEM, minimises any contamination effects, and produces clear, 

prominent images of cross sections which are sometimes not possible for fracture cross 

sections by conventional technique. 

 

 

 

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 FEG-SEM was used to produce cross 

sections of specific growth defects on the surface and obtain high-quality images. The 

Quanta 3D used for this study is a combination of two systems: a focused ion beam 

(FIB) comprising of Gallium (Ga) ion gun system and a field emission gun (FEG). 30 

kV voltage was applied during milling. After milling, ETD was used to capture the 

cross-sectional SEM images of the defects. The working distance 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 of the deflection 

depends on the separation between the surface atoms and the tip atoms and on the 

atomic forces (Van der Waals forces) between them. This 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 resolutions down to the atomic and nanoscales. 

The feedback signal and position of the probe are electronically recorded to produce a 

three dimensional map of the sample. These AFM maps/images are suitable for further 

investigation of the surface such as measurement of surface roughness, analysis of 

particle and grain size etc. AFM can also be used to measure magnetic and electrical 

properties of the material [125]. 
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Fig. 3.6. Schematic drawing of an Atomic Force Microscope. 

 

In this study, the Anton Paar - CSM 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 tool to 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 the multiplication of the lens magnification and the eyepiece magnification.  

The resolution of a microscope is a function of its parameters and can be stated as: 

�5��� �����������1�$�������������������������������������(�T��������3 
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�:�K�H�U�H�� �1�$�� � �� ���� �V�L�Q�� �.�� �L�V�� �F�D�O�O�H�G�� �W�K�H�� �Q�X�P�H�U�L�F�D�O�� �D�S�H�U�W�X�U�H�� �Z�L�W�K�� ���� �L�V�� �W�K�H�� �L�Q�G�H�[�� �R�I�� �U�H�I�U�D�F�W�L�R�Q��

�D�Q�G�� �.�� �L�V��the half-angle of the maximum cone of light that can enter or exit the lens. 

Optical microscopy is very useful for fast analysis of micro-structures and the influence 

of the destructive tests on the coating. 

Unlike an optical microscope used for biological systems which works on transmitted 

light principle, the microscope for metallurgical systems is operated using the reflected 

light principle. Since the metal samples are non-transparent, they are illuminated by 

frontal lighting. Fig. 3.7 represents a schematic drawing of an optical microscope used 

in metallurgical study. 

 

 

 

Fig. 3.7. A schematic drawing of optical microscope used for metallurgical systems [126]. 
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To calculate surface defect density, a Huvitz 3D optical microscope and ImageJ 

software were used. In this study, surface defect density of the coating was estimated by 

analysing the fraction of surface area of the sample covered by the imperfections. 

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 100 times. Then the 

�L�P�D�J�H�V���R�I���W�K�H���F�R�D�W�L�Q�J���V�X�U�I�D�F�H�V���������������P���î�����������P�����Z�H�U�H���F�D�S�W�X�U�H�G���X�V�L�Q�J���D���G�L�J�L�W�D�O��camera 

at a magnification of 1000 times. Using ImageJ software, those optical microscope 

images were converted into black and white binary images. These conversions turned 

the surface defects into prominent black features with respect to the converted white 

background. Using the analysing tool of the software, the surface area occupied by the 

black features which represent the actual surface imperfection, was calculated. For each 

coating, this process was repeated for ten times to calculate the average surface defect 

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

defect formation. 

 

3.2.3 Coating roughness measurement 

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

stylus over the surface. The working principle of a profilometer is similar to AFM. 

A contact profilometer 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 stylus experiences a vertical displacement which is converted into a 

height value in Z [127]. The mechanical movements of the stylus 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, by using the relevant 

software, it is analysed and stored.  

In this study, a DEKTAK 150 was used to measure the surface roughness. The radius of 

�W�K�H���V�W�\�O�X�V���Z�D�V���������������P���D�Q�G��a 4 mg (39 × 10- 6 N) load was applied on it during all scans. 

For each sample five scans were recorded. During these scans, the probe travelled a 

�O�H�Q�J�W�K���R�I������������ ���P��on the surface under examination with a spatial resolution of 0.033 

���P�� �D�Q�G�� �W�K�H�� �V�X�U�I�D�F�H�� �U�R�X�J�K�Q�H�V�V�� �R�I�� �W�K�H�� �V�F�D�Q�Q�H�G�� �S�U�R�I�L�O�H�� �Z�D�V�� �D�Q�D�O�\�V�H�G�� �E�\�� �W�K�H�� �D�V�V�R�F�L�D�W�H�G��

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

 

 

 

Fig. 3.8. A schematic of a profilometer 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 test  

Hardness is a measure of the resistance to permanent deformation or damage. Young's 

modulus, also known as the elastic modulus, is a measure of the stiffness of a solid 

material. 

The nanohardness and the elastic modulus of the coatings were measured using a CSM 

nanoindentation tester. A normal load of 20 mN was applied to the coated samples 

through the Berkovich diamond indenter. 15 indentations were conducted for each 

coating. To avoid substrate contribution, only those measurements were considered 

where the indentation depth was 10 % of the total coating thickness. Then the average 

values of nanohardness and the elastic modulus were calculated by the associated 

software using the Oliver and Pharr method from the resultant load�±displacement 

curves. Fig. 3.9 shows the surface under maximum load and a typical load�±

displacement curve of nanoindentation test. 

T�K�H�� �Q�H�F�H�V�V�D�U�\�� �I�R�U�P�X�O�D�V�� �I�R�U�� �F�D�O�F�X�O�D�W�L�Q�J�� �K�D�U�G�Q�H�V�V�� �D�Q�G�� �<�R�X�Q�J�¶�V�� ���H�O�D�V�W�L�F���� �P�R�G�X�O�X�V�� �D�U�H��

given by 

 

H = Pmax /A(hc) Eq. 3.4 

�' 
L��
�5�?�é�Þ�.

�-
�¶�Ý
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  Eq. 3.5 

 

Where Pmax is the maximum load, A(hc�����L�V���W�K�H���S�U�R�M�H�F�W�H�G���F�R�Q�W�D�F�W���D�U�H�D������s �L�V���W�K�H���3�R�L�V�V�R�Q�¶�V��

ratio of the �V�D�P�S�O�H������i �L�V���W�K�H���3�R�L�V�V�R�Q�¶�V���U�D�W�L�R���R�I���W�K�H���L�Q�G�H�Q�W�H�U�����(r is the reduced modulus of 

the indentation contact and Ei �L�V���W�K�H���<�R�X�Q�J�¶�V���P�R�G�X�O�X�V���R�I���W�K�H���L�Q�G�H�Q�W�H�U�� 
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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 load�±displacement curve [128,129]. 

 

3.2.5 Potentiodynamic 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 from the metallic 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, two types of reactions take place. In one type of reaction which 

is called anodic reaction (Eq. 3.6) metal atoms transform to ions by losing n number of 

electrons. In the other type of reaction, those free electrons are consumed by H2, O2 and 

H2O. These reactions are known as cathodic reactions (Eq. 3.7, 3.8 and 3.9). 

 

M �:���0 n+ + ne-  Eq. 3.6 

H+ + e- �:���+     Eq. 3.7 

�����+���:���+2    Eq. 3.8 

2 H2O + O2 + 4e- �:�����2�+- Eq. 3.9 

 

Equations 3.7 and 3.8 represent a two-step process in which hydrogen gas is formed. 

Hydrogen ions (H+) are always present in water to a greater or less extent and therefore 

these two reactions (Eq. 3.7 and 3.8) are always possible. The reaction presented by the 

Eq. 3.9 depends upon the level of dissolved oxygen in solution. When the level of 

dissolved oxygen varies locally in a corrosion cell, differential-aeration corrosion may 

result [130]. 

When a sample is immersed in a corrosive solution in the absence of electrical 

connections, a potential relative to a reference electrode is generated due to the 

electrochemical reactions at the sample solution interface. This potential is called 

electrochemical corrosion potential (Ecorr) which is also referred as 'open circuit 

potential'. At Ecorr the rates of anodic reaction and cathodic reaction are exactly equal 

thus the net current flow is zero. The corrosion potential is a characteristic of the 
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specific sample-solution system since it is determined by the specific chemistry of the 

system. 

As seen from the Eq. 3.5, the surface mass affected by a corrosion process is directly 

proportional to the generation of electrons. Thus, by measuring the flow of electrons, 

i.e. current, the corrosion activity (rate) at the sample can be obtained. The critical 

potential above which the current density increases suddenly is termed as pitting 

potential (Epit). The damage in coating (pitting) can expose fresh metallic substrate 

surface and enhance the electrochemical reaction kinetics. Pitting can also occur at a 

potential below Epit but those pits are metastable [131]. However, the pitting observed 

above Epit is stable which continues to grow in a destructive fashion and results in a 

continuous increase in current density. 

Fig. 3.10 shows a schematic diagram of wet corrosion cell used for the laboratory tests. 

This corrosion test 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 electrode is increased with time and corresponding change in the current is 

constantly monitored. 
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Fig. 3.10. A schematic drawing of a corrosion cell. 

 

Fig. 3.11 represents a schematic "potential vs log current density (E/log i) plot" for a 

metal sample in a corrosive solution. This plot 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 exhibiting resistance to localised corrosion because the metal is 

well protected by its passive film [130]. 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 at C, the pitting activity is likely to be the highest [130]. At potentials more 

positive than C, the current density begins to rise because more pits propagate. 

However, the current density can also increase due to the new anodic processes rather 
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than because of the pitting. In that situation the region CD is called transpassive region 

[130]. 

 

 

Fig. 3.11. An example of potentiodynamic polarisation curve showing stable passivity 

(after ref [130]). 

 

The corrosion behaviour of the CrN/NbN coating was examined using a Gill AC 

Potentiostat. A saturated calomel electrode (SCE) was used as the reference electrode. 

At room temperature (25 °C), all the electrochemical experiments were conducted by 

polarising the sample from - 1000 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 cm2. The aim of these measurements was to study the role of coating 

defects on the corrosion resistance of the coatings. 
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3.2.6 Pin-on-disc test 

The friction and sliding wear coefficients are important mechanical properties of the 

coating. Friction is the resistance to motion which occurs when one solid body slides 

over another [132]. The resistive force, which acts in a direction directly opposite to the 

direction of motion, is known as the friction force. Amonton's second law states that the 

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

 

F = µW Eq. 3.10 

 

Where µ is the constant of proportionality and is known as the coefficient of friction.  

The value of µ depends on various factors, such as the intrinsic properties of the 

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

 

Wear is defined as the 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 wear, (2) abrasive wear, (3) 

surface fatigue and (4) corrosive wear [132]. 

 

1. Adhesive wear: When two surfaces are loaded together, they can adhere over some 

parts of the true contact area, to form friction junctions. If the relative sliding needs to 

take place, these junctions have to be broken. This wear mechanism is known as 

adhesive wear. Surface topography plays an important role in adhesive wear in the sense 

that the smoother are the surfaces, fewer are the interactions between them. 

 

2. Abrasive wear: The term 'abrasive wear' covers two types of situations, which are 

known as two-body abrasion and three body abrasion. In two-body abrasion, a rough 
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surface slides against a relatively soft opposing surface, whereas in three body abrasion 

rough hard particles trapped between the two sliding surfaces 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 wear: Corrosive wear is the removal of material due to electrochemical 

reactions. 

To study the friction and wear behaviour of the deposited coatings in dry sliding 

condition, a CSM (Anton Paar) room temperature pin-on-disc tribometer was used. The 

tribometer consists of a stationary ball as counterpart, which slides against the coated 

disc sample clamped to a rotating sample holder under the influence of a static load. The 

ball is mounted in contact with the rotating sample via an elastic arm which can move 

laterally and therefore measure the tangential forces (friction) between sample and ball 

with a sensor [133]. 

The rotation of the disc creates a circular scar on the surface known as the wear track. 

The linear speed of rotation was fixed at 0.1 ms-1. Al 2O3 balls each of 6 mm diameter 

were used as counterpart. For all the experiments, the number of cycles was fixed at 

20000 cycles and a 5 N load was used to measure the friction rates. The room 

temperature and the relative humidity recorded for the experiments were 25 °C and 15 

% respectively. After the test, the wear coefficient (KC) was calculated using Archard's 

equation, given by 

 

KC = 
�¿�¿

�Ï ��
H�����×
  Eq. 3.11 
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Where V is wear volume in m3, FN is normal load in Newtons and d is the sliding 

distance in meters. 

 

The wear volume V was calculated as  

 

�9��� �����Œ�5�$�����������������������������������(�T��������12 

 

Where R stands for wear track radius and A is cross-sectional area of the wear track. 

A Veeco Dektak 150 surface profilometer was used to measure R and A after the test. 

 

 

 

Fig. 3.12. A schematic drawing of pin-on-disk test  

 

3.2.7. Raman spectroscopy 

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

during sliding. This technique is based on the 'Raman scattering' which is defined as the 
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inelastic scattering of a photon by the atoms of the samples [134]. The shift in the 

wavelength of photon radiation due to this inelastic scattering 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. 3.13 represents a simplified energy diagram of Raman scattering. 

If the energy of the scattered photon is lower than the energy of the incident photon, the 

scattering is called Stokes scattering. On the other hand, if the energy of the scattered 

photon is higher than that of the incident photon, the scattering is called Anti-Stokes 

scattering. Some of the incident photons do not interact with the atoms of the sample. 

Thus, they scatter from the sample with the same wavelength as the original incident 

wave. This is called Rayleigh scattering. 

 

 

 

Fig. 3.13. Schematic illustration of Raman scattering (http://bwtek.com/raman-theory-

of-raman-scattering). 
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The energy differences �E�H�W�Z�H�H�Q�� �V�F�D�W�W�H�U�H�G�� �S�K�R�W�R�Q�� ���K��s���� �D�Q�G�� �L�Q�F�L�G�H�Q�W�� �S�K�R�W�R�Q�� ���K��i) for 

different types of scattering are given below.  

 

For Rayleigh scattering,  

�K��s - �K��i � ���K��0 - �K��0 = 0                                   Eq. 3.13 

 

For Stokes scattering, 

�K��s - �K��i � �����K��0 - �K��m) - �K��0 = - �K��m                 Eq. 3.14 

 

For Anti - Stokes scattering, 

�K��s - �K��i � �����K��0 �����K��m) - �K��0 � ���K��m                 Eq. 3.15 

 

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 vibrational modes can be quantised as 

energy levels. In the case of Stokes scattering (center diagram), the energy from the 

photon is absorbed and the target atom is promoted to a higher (virtual) energy state 

from ground state (E0). The relaxation of this atom from virtual energy state to another 

energy state (higher than the ground state, (E0 �����K��m)) causes radiation which is known 

Stokes scattering. Anti-Stokes scatter (diagram on right) results when an atom in an 

excited state (E0 �����K��m) gains energy from the incident photon and then decays back to 

ground state (E0). 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 

intensity of the Stokes peak is generally much greater than the Anti-Stokes 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 (cm-1) from the zero point. The vibrational modes of a molecule 

depend on the bond strength among the atoms, atomic size and molecular orientation. 

By analysing the Raman spectra, a specific bond structure thus the molecule can be 

identified. For this reason Raman Spectroscopy is a very useful tool to detect a wide 

range of compounds from inorganic to organic materials. 

In this study, a Horiba-Jobin-Yvon 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 intensity of the incident beam and to avoid 

irradiation damage, a 10 % transmission filter was applied. 
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4 Result and discussion 

This chapter is divided into five sections. The first four sections describe the effect of 

deposition time, substrate bias voltage, chamber total pressure and chamber cleanliness 

respectively on defect formation and their influences on corrosion and tribological 

properties of HIPIMS/UBM deposited CrN/NbN coatings. Comparison between coating 

defects in HIPIMS/UBM and pure UBM deposited coatings is discussed 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 processes, bias voltage (Ub) and 

chamber pressure (P) were maintained at - 65 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 defect formation, Cr ion etched substrates were also examined in this study. 

 

4.1.2 Coating thickness 

The coatings thickness was measured on fractured Silicon wafer cross-sections using 

SEM. For each coating, five images were captured from which the average value of 

thickness was calculated.  
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Fig. 4.1 shows the coating thickness 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 time, exhibiting a linear relationship. 

This indicates constant coating deposition conditions and deposition rate, which was 

cal�F�X�O�D�W�H�G���W�R���E�H�����������������P���S�H�U���P�L�Q�� 

 

 

 

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

the related cross-section SEM images. 

 

4.1.3 Physical properties 

4.1.3.1 Hardness 

Table 4.1 shows the hardness and Young's Modulus values of the coatings. As 

observed, each coating has a nearly similar value in the hardness as well as in the 
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Young's Modulus. This result was expected as all the coatings were deposited 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 constant during all the depositions, 

coatings with similar stoichiometry and nanoscale multilayer structure were produced. 

Hence, the hardness value was not influenced by the coating deposition time. The 

hardness values of these coatings were lower than the previously reported 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 of these coatings 

was also lower as compared to the mentioned coatings (see the Table 2.1). 

 

Deposition time (min) Hardness 

(GPa) 

Vickers 

(Hvk) 

�<�R�X�Q�J�¶�V�� �0�R�G�X�O�X�V��

(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 4.1. Hardness, Vickers Hardness, Young's modulus values of deposited coatings. 

 

4.1.3.2 Roughness 

Table 4.2 presents the results from surface roughness (Ra) measurements of the 

polished substrate, etched substrate and deposited coating surfaces. The Ra value of the 

polished substrate was measured to be the lowest (0.012 µm). It increased rapidly to 

almost twice (Ra = 0.023 µm) when the samples were subjected to the etching process. 

This transformation can be explained by the substrate material removal due to the 
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sputtering produced by the bombardment with the high-energy ions generated in the 

HIPIMS discharge. This sputtering can be aggressive in some places, like grain 

boundaries or specific microstructural phases as compared to others, which give rise to 

an uneven surface on a nanometer scale. 

During the analysis of 15 min deposited coating, it was observed that the roughness 

value initially decreased slightly to ���������������P���G�X�H���W�R���F�R�Y�H�U�L�Q�J���R�I���W�K�H���X�Q�H�Y�H�Q���V�X�U�I�D�F�H���E�\��

the depositing material. However, further increase of the deposition time led to an 

increase of the surface roughness. For the maximum deposition time of 120 min, the 

�U�R�X�J�K�Q�H�V�V�� �Y�D�O�X�H���� �5�D�� �Z�D�V�� �R�E�V�H�U�Y�H�G�� �W�R�� �E�H�� �W�K�H�� �K�L�J�K�H�V�W�� �������������� ���P������ �7�K�L�V�� �E�H�K�D�Y�L�R�X�U�� �Z�D�V��

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 competitive coating growth 

mechanism [135]. 

 

Samples Roughness, Ra (µm) 

Polished Substrate 0.012 ± 0.003 

Etched Substrate 0.023 ± 0.000 

Deposition time = 15 min 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 4.2. Roughness of the polished substrate, etched substrate and deposited coatings. 

 

4.1.4 Crystallographic structure  

The crystallographic structure of CrN/NbN coatings has been investigated using X-ray 

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

fcc lattice structure. The diffraction pattern of the etched sample corresponds to the 304 

stainless steel substrate. Coating reflections could be observed from a 15 min deposited 

coating. The thickness of this coating was 0.28 µm thus the contribution from the 

substrate was prominent. 

 

 

 

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

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

multilayer coatings with different deposition time. 

 

To better understand the influence of the deposition time on the crystallographic 

structure, XRD data of CrN/NbN coatings were collected in GA mode. In this mode, 

due to the reduced penetration depth of the X-rays, contribution related to the substrate 

can be eliminated in comparison to standard BB XRD (Detail in sec 3.2.1) [136]. Fig. 

4.3 shows GA XRD peak patterns of the CrN/NbN coatings, which clearly indicates that 

the intensity of 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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deposition parameters (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 the Fig. 4.3, the XRD peaks of CrN/NbN multilayer coatings were 

incorporated 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 at 37.60 ° and 

35.36 ° respectively. 

 

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 × 20 µm2. 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. 4.4a shows cavities and scratches produced during the mechanical polishing step of 

the samples. Although during the HIPIMS etching step, a thin surface layer of few nm 

thickness is removed by sputtering due to the bombardment of accelerated Cr ions, a 

complete removal of all surface imperfections 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 are regarded as one of the main sources /sites for generation 

of growth defects [2,14].  
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Fig. 4.4. (a) AFM image of ion etched sample. 

 

Low magnification SEM image of the same ion etched substrate but a different area 

(Fig. 4.4b) shows no evidence of droplet formation when HIPIMS was used for etching. 

This is in stark contrast to an arc etched surface where, at the end of the etching step the 

surface is covered with droplets (Fig. 2.16) [5�±7,100]. 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 supplies [15,35,46]. However, the 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). 
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Fig. 4.4. (b) Low magnification and (c) high magnification SEM image of ion etched 

sample. 

 

Fig. 4.5a-h 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 covered the surface 

extensively. However, the imprints of preferential etching of the substrate can still be 

observed even after a coating thickness of 0.28 µm. Coating morphology, which was 

dependent on both the grain orientation and grain size of the substrate, suggested a high 

epitaxy in coating growth, which is a finger print of HIPIMS [15,35,46]. 

For 30 min deposition time (Fig. 4.5d), most of the surface was covered with coating 

flux engulfing most of the smaller substrate imperfections, however imprints of some of 

the deep scratches and pits were still visible (Fig. 4.5c) as the coating simply follows the 

topography. With an increase in the deposition time, for instance, for 60 min deposition 

(Fig. 4.5e,f), the majority of the surface imperfections were found to be covered and 

infused within the coating [2,3] and the morphology appeared more homogeneous. 

Growth of a columnar structure with rounded column tops, which is typical for sputter 
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coatings, could be observed from the plan view of the coating surface in Fig. 4.5f. 

However, all the coating structures were found to be homogeneous, densely packed, and 

fine grained in the cross-sectional microscopic studies (Fig. 4.1). This densification can 

be attributed to the high-energy ion bombardment from the HIPIMS plasma. This is 

significant since low substrate bias voltage (- 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. 4.5g,h), the basic columnar morphology remained 

unchanged, however 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 columns were found to be very densely packed (Fig. 4.1) than the 

columns of pure UBM coating deposited in similar conditions [102]. 

Although the coating morphology becomes homogeneous with the increase in 

deposition time, the larger cavities on the substrate 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 the fully-grown 

coating, as visible in the case of 120 min deposited coating (Fig. 4.5g). 
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Fig. 4.5. (Continue) 
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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 

(f) SEM image of 60 min deposited 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 authors [2,3,9,10]. In this research, extensive SEM studies were 

conducted to investigate the defects in HIPIMS/UBM deposited CrN/NbN coatings. The 

types of defects identified were very similar in nature to those reported earlier for 

conventional magnetron sputtering processes and already described in detail in section 

2.5.1.  
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Fig. 4.6. (a) Cross section of nodular shaped defect and (b) cone-like defect; top view of 

(c) open void defect, (d) pinhole defects (e) nodular/cone-like defect in HIPIMS/UBM 

deposited coatings and (f) droplet in Arc-deposited coating (commercially available). 
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Fig. 4.6a-e shows the SEM images of different types of defects found in HIPIMS/UBM 

coatings. Depending on their origins, these defects were categorised into two groups; 

flakes related defects and defects associated with substrate pits. The flakes related 

defects include nodular shaped defect (Fig. 4.6a), cone-like defect (Fig. 4.6b) and open 

void defect (Fig. 4.6c), while pinhole defects (Fig. 4.6d) are associated with substrate 

pits. Fig. 4.6e shows a nodular/cone-like defect on the surface of HIPIMS/UBM 

deposited coating whereas Fig. 4.6f shows the top surface view of an arc droplet. 

The detail observation of the SEM images of a nodular defect and cone-like defect of 

HIPIMS/UBM coating (Fig. 4.6a,b,e) demonstrate that the morphology of these defects 

and the coatings is similar. This indicated that the growth steps for the coatings and 

these defects were the same and most likely these defects were generated due to the 

deposition of coating materials on the top of foreign particles attached to the substrate. 

Thus, to verify the elemental compositions of these defects, EDX 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. (a) Flakes related defect in HIPIMS/UBM coating and (b) EDX spectra of the 

defect; 

 

EDX analysis confirmed 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 in HIPIMS/UBM coatings grow over the course of time due to the 

deposition of coating materials on flakes.  
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For comparison, SEM image of a droplet on commercially available arc-PVD CrN/NbN 

coating was taken. Significant differences in morphologies and sizes between arc 

droplet and nodular defect can be seen from the Fig. 4.6e,f and Fig. 4.7a,c. The arc 

droplets in the both cases were bigger in size and had a continuous solid structure 

whereas the grain boundaries and columnar coating growth could be clearly observed 

from the magnified image of the nodular defect (Fig. 4.6a,e). 

 

 

 

Fig. 4.7. (c) Droplet in Arc-deposited coating (commercially available) and (d) EDX 

spectra of the droplet. 
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Moreover, Fig.4.7c also exhibits the morphological differences between the arc 

deposited coating surface and arc droplet which suggests that the growth steps of the 

coating and the droplet were different. Arc droplet did not grow over the time rather an 

instant solidification of cluster of materials ejected from the target led to droplet 

formation in arc-PVD. EDX analysis (Fig. 4.7d) supported this growth mechanism of 

arc-droplet. As observed from the spectrum, the droplet was mostly made of Cr (atomic 

percentage 80 %) indicating that the droplet was generated due to the expulsion of Cr 

from Cr target at the cathode spot, which solidified instantly on the coating. 

Microscopic images of the deposited coating surfaces (Fig. 4.5a-h) and a cross sectional 

view of a nodular defect (Fig. 4.6a) suggested that flakes related defects generated 

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). Thus, an additional SEM study was conducted to understand the defect 

growth mechanism as a function of the deposition time. 

Fig. 4.8a,b represents the SEM images of 15 min and 120 min deposited coating 

surfaces (planar surface view at low magnification) which indicates 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 noticable on 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 pit, (e) surface of 60 min deposited 

coating showing partially coved substrate pits and (f) Cross-sectional 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 covered. The coating 

preferentially deposits to the flat front side of the substrate, while the deposition rate on 

the sidewall of the cavity is much smaller (shadowing effect) [2]. Thus for the 15 min 

deposited coating (Fig. 4.8d) the pit is more apparent as compared to that on 60 min 

deposited coating (Fig. 4.8e). Although, 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 could be different. 

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 large. In that case, they may not be fully closed even after 

120 min of coating deposition and can exist as a pinhole (Fig. 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 can form (Fig. 

4.6c). These defects can degrade the coating barrier properties by decreasing the 

effective thickness of the coatings (Fig. 4.8f). 

 

4.1.6.2 Surface defect density 

The extensive SEM study on coating defects (section 4.1.6.1) suggested that the 

deposition time has an influence on defect formation. Thus, this study investigated the 

effect of deposition time on the surface 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 

the relationship between the deposition time and defects visible on the surface. Fig. 4.9a 

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 images, the surface imperfections, i.e., both the protrusions and voids are 

seen as dark features. For comparison, optical images of polished steel substrate were 

also captured. In the previous section, the SEM images of stainless steel substrate 

surface (Fig. 4.8c) and 15 min deposited coating (4.8a) exhibited similar type of surface 

imperfections which were categorised as pits. The optical microscopic images also 

revealed that both the substrate and 15 min deposited coatings had similar types of dark 

dots on their surface. The surface defect density (Ad) of the coatings and the substrate 

was calculated as a percentage of the surface area covered by optically visible 

imperfections. The study indicated that the substrate and 15 min deposited coatings had 

similar Ad values, 0.39 ± 0.04 and 0.48 ± 0.02 respectively which were mainly due to 

the presence of pits on their surface. With the increase in deposition time, the number of 

dark features increased on the surfaces. Fig. 4.10 shows the percentage of surface area 

covered by optically visible defects as a function of the coating deposition time. It was 

clearly observed that there was a direct proportionality between these two factors; as the 

coating deposition time increased the area percentage of defects also increased. The 

increase in growth defects with time was believed 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 due to 

thermal and structural stresses or flux-bombardment on them. A further source for small 

seed particles and wear debris is the rotation of the substrates holders. The number of 

flakes is increased in the chamber with time because of all these continuous processes. 

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 the coating, thus forming 

nodular/cone-like defects [2,3]. During or after the deposition, some nodular defects can 

be expelled due to high compressive stresses present there creating a different type of 

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

 

 

 

Fig. 4.10. Variation of surface area coved by optically visible defects as a function of 

deposition time. 

 

4.1.7 Corrosion resistance 

It has been suggested that, the corrosion properties of CrN/NbN superlatices are a 

function of their chemical compositions, residual stress levels and coating defects 
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[2,3,7,8,14,18�±20,112,137]. Fig. 4.11 shows potentiodynamic polarisation curves for the 

CrN/NbN nano-scale multilayer coatings. 

 

 

 

Fig. 4.11. Potentiodynamic polarisation curves for the HIPIMS/UBM CrN/NbN nano-

scale multilayer coatings deposited by varying deposition time (min). 

 

In general, all coated specimens above Ecorr value 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 passive at these conditions of pH and potentials [137]. 

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

potential ranges of around 50 mV and 400 mV. This fluctuation was observed to be 
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severe for the thinnest coating (15 min deposited and 0.28 µm thickness). Considering 

the thin and uneven nature of this coating (Fig. 4.5a,b and Fig. 4.8a,d), 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, coating surfaces 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, trans-passivation and 

re-passivation events happening on the newly exposed substrate surfaces through pits as 

well as the coating. With the increase of coating thickness, the rapid occurrence of these 

events was reduced. For example, the fluctuations in current density in 30 min and 60 

min deposited coatings were occurred only a few times. These fluctuations were 

believed to be associated with the defects in the coatings, which were preferentially 

removed by the galvanic effects [18,112,137] and exposed the substrate surface to the 

corrosive media. The corrosion response observed in the 120 min deposited 2.15 µm 

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 extended throughout the thickness 

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. Optical microscopic images of (a) 15 min deposited, (b) 30 min deposited, (c) 

60 min deposited and (d) 120 min deposited coating surface after corrosion test. 

 

4.1.8 Tribological properties 

4.1.8.1 Determination of wear and friction coefficients 

The wear and friction behaviour of CrN/NbN coatings were evaluated by pin on disc 

tests in dry sliding conditions. The friction coefficient, COF (µ) of CrN/NbN coatings 

and uncoated HSS substrate against number of revolutions (friction cycles) has been 

plotted in Fig. 4.13. Fig. 4.14 shows the wear tracks of the coatings deposited by 

varying deposition time and an uncoated HSS substrate. 
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Fig. 4.13. Dependence of friction coefficient on number of revolutions (friction cycles) 

for the coatings deposited by varying deposition time and uncoated HSS substrate. 

 

 

 

Fig. 4.14. Wear track profiles of the coatings deposited by varying deposition time and 

the uncoated HSS substrate. 
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As observed in the Fig. 4.13, the µ values of the coatings deposited for 15, 60 and 120 

min were similar up to 1000 cycles. After that, µ of 120 min deposited coating 

decreased significantly to 0.4 at 3000 cycles and again increased to 0.5 at around 9000 

cycles. Also, the fluctuation in µ value in the range of 10000 and 20000 cycles can be 

observed. The tribological behavior of this 120 min coating was a typical sliding wear 

process with a large amount of debris involved in a three body tribo-contact mechanism 

[104,138]. 

During the tribological test two types of wear are prevalent in coated samples. They are 

progressive (abrasive, adhesive) and catastrophic (spalling) wear [139]. Due to the 

competitive growth the stress within the coating increases with the thickness. This stress 

could result in the spallation of some parts from the top surface of the thickest coatings 

(120 min deposition and 2.15 µm thick) when load was applied. The wear particles 

trapped between the coating and the counterpart could initially decrease the friction by 

causing three body rolling mechanism. However, this coating had the highest number of 

surface defects (Ad = 3.18 %). During the tribology test, due to the interaction between 

the alumina ball and coating surface, loosely bonded defects could be expunged and 

these defects could increase the wear debris formation. The continuous generation of 

wear debris initiated the three body abrasive wear mechanism and ultimately raised the 

friction value. The µ value of this coating is comparable with the results reported by 

other authors [18,102,117]. 

For the other coatings, a two-body abrasive wear mechanism was found to be dominant 

and the COF increased continuously. For comparison, dependence of COF value on 

number of cycles in case of uncoated HSS substrate was also plotted. The similarly in µ 

values and the nature of the "dependence of µ values on friction cycles" between the 

uncoated HSS substrate and the CrN/NbN coated substrates (t �” 60 min) indicated that 

the friction behaviours of these coated substrates were influenced by the substrate 
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materials. It could also be confirmed from the wear track profiles of the coated 

substrates (Fig. 4.14) which shows the depths of the wear tracks were higher than the 

coating thickness for 15 min and 30 min deposited coatings. This implies that for these 

two coatings (t �” 30 min) the counterpart, Al2O3 ball reached the substrate during the 

tribo tests. Although, for 60 min deposited coatings the wear depth was less than the 

coating thickness, this coating still exhibited higher µ value. Thus to better understand 

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

optical microscopy (Fig. 4.15). 

 

  

  

 

(Fig. 4.15. Continue ) 
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Fig. 4.15. Optical image of wear track of the (a) 15 min deposited, (b) 30 min deposited, 

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

 

These optical microscopic images indicated that the µ values of the coatings deposited 

�I�R�U���”��60 min were influenced by oxides produced within the wear tracks. Although the 

wear depth of 60 min deposited coating was less than the coating thickness, the sign of 

oxide formation could also be observed within the wear track of this coating. This could 

happen due to breakdown of the coating in some places during the test. In contrast, a 

smooth wear track with an unremarkable colour can be seen on the 120 min deposited 

coating (Fig. 4.15d) which indicates that the COF value of this coating was mainly due 

to the sliding properties of the CrN/NbN coating against Al2O3 ball and layer by layer 

material removal mechanism [17]. However, because of the three body wear mechanism 

the wear rate (KC) of 120 min deposited coating was found to be higher (KC = 2.68 × 10-

15 m3N-1m-1) than that of 15 and 60 min deposited coatings. Surprisingly, 30 min 

deposited coatings had the highest wear coefficient value (KC = 13.57 × 10-15 m3N-1m-1) 

with the highest wear depth of 3 µm and wear width of 400 µm. As discussed in the 

section 4.1.3.2, the roughness value of this coating was the lowest (0.18 µm) which 

could increase the contact area of the interfaces during the initial sliding passes and then 
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the wear track width and depth increased due to the continuous wear loss. Also, the 

nature of the oxides produced during the tribological test could affect the wear 

mechanism of this coating [114,118]. 

 

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. Fig. 4.16 shows the Raman 

spectra obtained from wear tracks for the coatings deposited for �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 formation within the wear track. 

 

 

 

Fig. 4.16. Raman spectra of the 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 

�G�H�S�R�V�L�W�H�G�� �I�R�U�� �”�� ������ �P�L�Q���� �7�K�H�� �5�D�P�D�Q�� �V�S�H�F�W�U�D�� �R�I�� ������ �P�L�Q�� �G�H�S�R�V�L�W�H�G�� �F�R�D�W�L�Q�J�� �D�Q�G�� �W�K�H��

uncoated HSS substrate were exactly similar. Interestingly, their µ values were nearly 

equal (0.89 and 0.87 respectively). On the other hand, Raman spectra of 15 min and 60 

min deposited coatings were same. In this case also their µ values were equal (0.74). 

This study confirmed that the µ values of these coatings were influenced by the oxides 

produced at the tribological contacts. The peaks (222, 300 405 and 660 cm-1) observed 

for 30 min deposited coating and the substrate corresponds to Fe2O3 [140,141]. Iron 

oxides are known as non-protective oxides which justifies the higher µ values of the 

coating and the uncoated substrate. Although, D carbon peak at 1320 cm-1 was visible 

for both cases, produced iron oxides dominated the friction behaviours. As a result of its 

(Fe2O3) formations, wear track was badly damaged and the µ 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 of Fe2O3 was not very evident. 

Rather, both these coatings showed pronounced Raman peaks 710 cm-1. This peak could 

result from the overlapping of several peaks. Most probably this peak corresponds to a 

mixture of oxides like Cr2O3, CrNbO4 coming from the coatings and Fe2O3 coming 

from the substrate [118,140�±142]. Along with Fe2O3 the formation of Cr-based oxides 

was beneficial for these coatings (because Cr2O3 is a protective oxide) [118]. As a result 

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

In addition, the 15 min deposited coating showed pronounced peaks at 1370 and 1590 

cm-1 which correspond to D and G carbon peaks respectively [142,143] coming from 

the substrate. This carbon layer could act as a solid lubricant thus increasing the wear 

resistance (KC = 0.87 × 10-15 m3N-1m-1) 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 cm-1 which correspond to D peak of carbon. 
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The wear track of the 120 min deposited coating did not show any intense peak like the 

wear tracks of the other coatings. Thus, to compare the nature of the wear debris of this 

coating with the virgin sample, Raman spectra were plotted in Fig. 4.17. 

 

 

 

Fig. 4.17. Raman spectra of the wear track and the coating surface. 

 

This figure shows that the Raman spectra obtained from the wear debris of 120 min 

deposited coating and the as deposited coating surface are very similar. This result 

confirmed that with the increase in the deposition time (or thickness) the coating 

provided better protection to the substrate during tribological tests. 
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4.1.9 Summary 

�x The microstructures of the nanoscale CrN/NbN coatings were influenced by the 

deposition time. However, SEM cross-sectional images confirmed that 

irrespective of the thickness, all the coatings were dense and free from inter-

columnar voids. 

�x Comprehensive study of the coating surfaces and cross-sections suggested that 

defects were mostly generated due to the interruption of the systematic coating 

growth by external factors, such as chamber dust or substrate surface 

imperfections, such as pits or protrusions.  

�x Deposition time had a strong effect on defect formation. The 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 associated with substrate pit were reduced with the deposition time. 

Thus, the increase in surface defect density with the deposition time was mainly 

due of the formation of flakes related defects. 

�x  Results from corrosion experiments revealed that though visible on the surface, 

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 tribolayer produced during the tribological tests. 

The coting deposited for the longest time of 120 min had the highest surface 

defect density (Ad = 3.18 %) but due to the highest thickness (2.15 µm), it 

provided better protection and µ value of this coating was found to be the lowest 

value (µ = 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 parameter. This 

parameter directly controls the adatom mobility during the growth of the coating 

[53,55�±58,61,62]. To study the influence of the bias voltage on the formation of 

morphological defects in the coating, four sets of CrN/NbN coatings were deposited by 

varying the bias voltage (Ub) from - 40 V to - 150 V. The chamber pressure (P) was 

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

 

4.2.2 Coating thickness 

The thickness of deposited coating was measured to study the influence of bias voltage 

on the deposition rate. The thickness values are summarised in Table 4.3. 

 

Bias Voltage (V) Thickness (µm) 

-������ 2.02 ± 0.03 

-������ 2.15 ± 0.02 

-�������� 2.05 ± 0.01 

-�������� 1.80 ± 0.04 

 

Table 4.3. Coatings thickness as a function of substrate bias voltage. 

 

This study revealed that the coating thickness slightly increased when the bias value 

was raised from - 40 V to - 65 V. Further increase of bias voltage resulted to the 

decrease in coating thickness. At the bias voltage of - 150 V, thinnest coating was 
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produced (1.80 µm). Similar behaviour was observed for CrN and other transition metal 

nitride coatings [55,144�±146]. The decrease in the thickness was more likely due to the 

re-sputtering of the coating materials with the increasing bias voltage. The intention of 

applying negative bias voltage is to increase the adatom mobility in order to produce a 

dense coating. However, at the higher bias voltage of - 150 V, the re-emission of the 

deposited materials by the energetic neutral or ion bombardment caused the decrease the 

coating thickness. 

 

4.2.3 Chemical composition 

It was found in the previous section (sec 4.2.2) that there was a significant influence of 

bias voltage on coating deposition rate. Thus, 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 Table 4.4, it is clear that the decrease in coating 

thickness was due to the decrease in metal ions concentration in the ingrowing coating. 

The highest metal to nitrogen ratio was achieved at the bias voltage of - 65 V and the 

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

 

�%�L�D�V���9�R�O�W�D�J�H��

���9�� 

�&�K�H�P�L�F�D�O���F�R�P�S�R�V�L�W�L�R�Q ���$�W�R�P�L�F������  

�&�U �1�E �1 

-������ �������� ± 0.3 �������� ± 0.2 �������� ± 0.6 

-������ ���������� ± 1.3 ���������� ± 0.5 ���������� ± 0.8 

-�������� ���������� ± 0.4 ���������� ± 0.7 ���������� ± 0.5 

-�������� ���������� ± 0.8 ���������� ± 0.5 ���������� ± 0.2 

 

Table 4.4. Chemical compositions of the deposited coatings as a function of substrate 

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. Table 4.5 presents the results from the hardness measurements of the coatings 

deposited at various bias voltages.  

 

�%�L�D�V���9�R�O�W�D�J�H��

���9�� 

Hardness 

(GPa) 

Vickers 

(HVk) 

�<�R�X�Q�J�¶�V�� �0�R�G�X�O�X�V��

(GPa) 

-������ 19.74 ± 2.4 1828 ± 381 296 ± 16 

-������ 25.85 ± 3.2 2394 ± 228 312 ± 27 

-�������� 27.39 ± 3.8 2537 ± 326 326 ± 45 

-�������� 26.04 ± 3.9 2412 ± 352 316 ± 48 

 

Table 4.5. Hardness, Vickers 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 voltage of - 40 V had 

the lowest hardness value (Hardness = 19.74 GPa). Further increase of bias voltage 

raised the bombarding energy which led to a higher adhesion between the sputtered 

atoms and the substrate. As a result, the hardness of the coatings was increased and 

reached the maximum value (Hardness = 27.39 GPa for Ub = - 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 

movements of the implanted atoms (adatom mobility) at higher bias voltage. The 

exclusion of bigger atoms (Nb) from the lattice can also reduce the stress (Table 4.4) 

and decrease the hardness of the coating deposited at - 150 V [147]. 
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4.2.4.2 Roughness  

The roughness values of the coatings are summarised in Table 4.6. As seen from the 

table, roughness values of the coatings deposited at bias voltages of - 40 V and - 65 V 

were similar. When the bias voltage increased from - 65 V to - 100 V, the roughness of 

the coating increased abruptly reaching the highest value (0.083 µm). Further increase 

in the bias voltage to - 150 V decreased the roughness to 0.073 µm. The initial increase 

in roughness with the increase in bias voltage is believed to be associated with the 

surface damage due to the intense re-sputtering. It is well known that the roughness 

value of the coating depends not only on the coating morphology but also on the surface 

defect density [53]. In later sections (4.2.6 and 4.2.7), the effects of bias voltage on 

coating morphology and defects generation were thoroughly studied. 

 

Bias Voltage (V) Roughness, Ra (µm) 

-������ 0.040 ± 0.004 

-������ 0.039 ± 0.002 

-�������� 0.083 ± 0.005 

-�������� 0.073 ± 0.001 

 

Table 4.6. 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 revealed that the fcc lattice structure of the coatings remained 

same but the orientation of crystallographic planes changed with the variation of bias 

voltage. The coating deposited at - 65 V, displayed a pronounced (111) orientation of 

nitride phase whereas all other coatings (deposited at - 40 V, - 100 V, - 150 V) showed 
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(200) preferred orientation. The change in the chemical composition due to the 

preferential re-sputtering of coating materials at different bias voltage can cause the 

variation in the structure of the chromium nitride and niobium nitride layers (see Fig. 

4.19) [94]. As a result, preferential crystallographic orientations of the coatings were 

changed. 

 

 

 

Fig. 4.18. XRD patterns CrN/NbN nanoscale multilayer coatings by varying substrate 

bias voltage. 

 

To evaluate the effect of bias voltage on the bilayer thickness of the multilayer 

CrN/NbN coatings, �/�R�Z���$�Q�J�O�H����������� �������ƒ���W�R���������ƒ�����;-ray Diffraction (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 rate [94]. As discussed in this 

study, the bias voltage applied to the substrate influenced the deposition rate (sec 4.2.2). 

Subsequently, it caused similar variation in the bilayer thickness of the coatings. 

 

 

 

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

bias voltage. 

 

4.2.6 Topography and Microstructure 

SEM was used to study the coating morphology and microstructure. Fig. 4.20 (a-h) 

shows the planar and cross-sectional SEM images of the coatings. 
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Fig. 4.20. (Continue) 
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Fig. 4.20. (a) Planar and (b) cross-sectional SEM image of coating deposited at - 40 V; 

(c) Planar and (d) cross-sectional SEM image of coating deposited at - 65 V; (e) Planar 

and (f) cross-sectional SEM image of coating deposited at - 100 V; (g) Planar and (h) 

cross-sectional SEM image of coating deposited at - 150 V bias voltage. 

 

The coating deposited at - 40 V substrate bias exhibited a columnar structure with 

rounded columnar tops (Fig. 4.20a,b). With an increase of bias voltage from - 40 V to  

- 65 V, coalescence of adatoms increased leading to an increase in the columnar 

densities (Fig. 4.20c); however, the columnar morphology remained same (Fig. 4.20d). 

As the bias voltage was further increased to - 100 V, the columnar grains were dissolved 

gradually by the grain coarsening process (Fig. 4.20e). Fig. 4.20f shows the cross-

sectional view of this coating (Ub = - 100 V) which clearly exhibits the influence of 

increasing bias voltage on microstructure densification. The column microstructure in 

the case of the coating deposited at Ub = - 150 V was even harder to resolve giving an 

impression of a bulk material (Fig. 4.20g). The changes in the coating microstructure 

and surface morphology with the bias voltage can be attributed to the increased surface 

mobility of adatoms on the growing film [53,55�±58,61,62]. This increased adatom 

movement promoted the 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 free, a very dense coating was produced at the highest bias 

voltage of -150 V. 

The microstructural evolution of these coatings can be correlated nicely with the SZM 

proposed by Messier, Giri and Roy [70]. However, the HIPIMS/UBM deposition 

process is an energetic process [72,102], thus the zone 1 could not be traced. The 

coating deposited at Ub = - 40 V and - 65 V exhibited inhomogeneous structure along 

the film thickness (Fig 4.20b,d) which corresponds to Zone T. The upper parts of both 

coatings showed wide columnar structure while at the substrate, fine grains could be 

observed. However, with the increase of negative substrate bias from - 40 V to - 65 V, 

the adatom mobility was increased. As a result, the columns became wider for the 

coating deposited at Ub = - 65 V. Further increase in negative substrate bias from - 65 V 

to - 100 V promoted grain boundary migration which transformed the structure from 

Zone T to Zone 2. The coating deposited at Ub = - 150 V had randomly orientated grains 

(Fig. 4.20h) which was the result of recrystallisation process. The structure of this 

coating represented Zone 3 structure of SZM. 

 

4.2.7 Surface defect density 

SEM images revealed that all the coatings have similar type of defects (similar defects 

were discussed in sec 4.1.6), but the number of defects increased with the increase of 

bias voltage. To quantify the defect population, density of 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 bias voltage. 

 

The calculated defect densities (Ad) of the coatings deposited at bias voltages of - 40 V 

and - 65 V were similar (Ad = 3.13 % and 3.18 % respectively). Whereas, a sudden 

increase in Ad value (4.14 %) was observed when a higher bias voltage (Ub = - 100 V) 

was applied to the substrate. This result justifies the roughness values of the coatings 

(Table 4.6). The increase in surface defect density with the increase in bias voltage 

resulted in rougher surfaces. As a result, the roughness value suddenly increased from 

0.039 to 0.083 µm. Although, there was a slight decrease in roughness value from 0.083 

to 0.073 µm when bias voltage increased from - 100 V to - 150 V. This could be due to 

the densification of the coating as the grain boundaries and columnar morphology 
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disappeared at - 150 V substrate bias (Fig. 4.20g). Thus, the roughness of the coating 

was attributed to the surface defect density as well as the coating morphology. 

The increase in surface defect density with the increase of substrate bias was associated 

with two factors. At higher bias voltages, the high-energy flux bombardments on 

chamber components can increase the flakes generation. These flakes can produce more 

defects in the coating. Nevertheless, re-sputtering phenomena can also be responsible 

for raising the surface defect density. At very high negative bias voltages, the extremely 

high-energy bombardment on the growing coatings can expose the already formed 

defects and hence increase the area under the defects. Also, some loosely bound nodular 

defects can be expelled from the coatings leaving more visible voids.  

 

4.2.8 Corrosion resistance 

Fig. 4.22 shows the Potentiodynamic polarisation curves of the coatings deposited at 

various bias voltages. It 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 coating. Thus, the higher corrosion resistance of 

the coatings was attributed to the densification of coatings with the increase of substrate 

bias voltage. The coatings produced by ABS technique also showed similar trend [14].  

The increase in negative bias voltage from - 75 V to - 95 V improved the corrosion 

performance of the coatings. 

In the anodic potential ranging from - 248 mV to + 475 mV, the corrosion current 

density was notably higher (one order of magnitude) for the coating deposited at - 40 V 

bias voltage than that of the coatings deposited at higher bias voltages (- 100 V, - 150 

V). Although surface defect density of this coating (Ub = - 40 V) was the lowest (Ad = 

3.13 %), the under-dense structure of the coating played the most important role in 
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determining corrosion resistance. The coatings deposited at higher substrate bias 

�Y�R�O�W�D�J�H�V�� ���•��- 65 V) exhibited similar corrosion current values in the anodic potential 

ranging from 3.4 mV to + 358 mV which suggested that - 65 V can be used as the 

optimum bias voltage to produce dense coatings for corrosion applications.  

 

 

 

Fig. 4.22. Potentiodynamic polarisation curves of the coatings deposited at various bias 

voltages. 

 

Apparently, the effect of the higher number of defects on coating corrosion performance 

was also observed. The coating deposited at bias voltage - 100 V and - 150 V had higher 

defect densities (Ad = 4.14 % and 4.30 %) and the polarisation curves of both 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/cone-like defects can expose the fresh substrate 

surface to the corrosive media thus raise the electrochemical reaction kinetics which can 

be observed by the sudden increase in current densities at around 300 mV and 50 mV 

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

 

4.2.9 Tribological properties 

4.2.9.1 Determination of wear and friction coefficients 

A room temperature Pin-on-disc tribometer was used to study the friction behaviour of 

the deposited coatings in dry sliding condition. Fig. 4.23 shows the dependence of 

friction coefficient on number of revolutions (friction cycles) for the coatings deposited 

at various bias voltages. 

 

 

 

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

for the coatings deposited at various bias voltages. 
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Although, influence of surface defect density on friction values was not apparent; the 

fluctuation in friction values was observed for all the cases. These fluctuations are 

believed to be associated with coating defects. All t hese coatings had higher surface 

defect density ranging from 3.13 % to 4.30 %. Due to the height of the defects 

(nodular/cone-like), they are subjected to a full contact during sliding [4]. As a result, 

the nodular/cone-like defects experience high stresses which cause their fracture and 

spalling. The debris generated from the nodular defects creates tribological 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 COF values [4]. 

During sliding poorly attached nodular defects could be pulled out from the coating and 

create voids within the wear tracks. In corrosive environments these defects can act as 

potential sites for corrosive attacks. Fig. 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 such void 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 shown in Fig. 4.25 which indicates 

that all the coatings experienced abrasive wear during sliding. Due to the three body 

ploughing action [104], narrow grooves of few nanometer in width were created. These 

�J�U�R�R�Y�H�V���E�H�F�D�P�H���P�R�U�H���S�U�R�Q�R�X�Q�F�H�G���I�R�U���W�K�H���F�R�D�W�L�Q�J�V���G�H�S�R�V�L�W�H�G���D�W���K�L�J�K�H�U���E�L�D�V���Y�R�O�D�W�D�J�H�V�����•��

- 100 V) (Fig. 4.25c,d). Also, a higher number of voids (black dots) can be seen within 

the wear tracks of these coatings. Higher bias voltages induced stress in the coatings. 

Thus, more defects from coatings deposited at higher bias volateges of - 100 V and  

- 150 V were expelled when load was applied during tribological tests. Also, the defect 

densities were higher for these coatings. The removal of large number of defects 

produced more wear debris, which subsequently damaged the surface more severely. 

 

  

  

 

Fig. 4.25. Optical image of the wear track of the coating deposited at (a) - 40 V, (b) - 65 

V, (c) - 100 V and (d) - 150 V. 
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Fig. 4.26 represents the wear track profiles analysed using a DEKTAK 150 

profilometer. Coefficient of wear (KC) was found to be the highest (4.19 × 10-15  

m3N-1m-1) for the coating deposited at the lowest bias voltage of - 40 V. The low 

hardness (19.74 GPa) and under-dense columnar structure of this coating could not 

defend the applied load. As a result, large amount of coating materials was 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 from - 40 V to - 65 V, a significant improvement in 

wear resistance was observed (KC = 2.68 × 10-15 m3N-1m-1 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 coating [104]. 

Further increase of the bias voltage was found to be ineffective in enhancing the wear 

resistance rather it degraded the wear properties. As discussed earlier, the application of 

�K�L�J�K�H�U�� �E�L�D�V�� �Y�R�O�W�D�J�H�� ���•��- 100 V) increased the defect density. During the tribo test, a 

higher amount of defect removal (black dots in Fig. 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 increased to KC = 3.36 × 10-15 m3N-1m-1 and 

3.85 × 10-15 m3N-1m-1 respectively. 

In addition, the bilayer thickness of the coatings can also influence the wear resistance 

[81,86�±93]. As discussed in the sec 4.2.5, the bilayer thickness of the coating deposited 

at - 65 V substrate bias was high�H�U�����û��� �� �����������@) than the other coatings. Interestingly, 

this coating (Ub = - 65 V) provided the best resistance against wear. While for the 

coatings deposited at Ub = - 40 V, - 100 V, - 150 V, the bilayer thickness values were 

�I�R�X�Q�G�� �W�R�� �E�H�� �O�R�Z�H�U�� ���û�� � �� �����������@, 25.4 �@ and 21.9 �@ respectively). This study indicated 

that relatively thicker (here 27.3 �@) hard layers reduced the plastic deformation and the 
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abrasive penetration in the metal layers. As a result, the wear volume of the coating was 

decreased to the lowest value. 

 

 

 

Fig. 4.26. Wear track profiles of the coatings deposited at various bias voltages. 

 

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 tests [114,118]. Hence, the Raman spectra from the wear 

tracks and wear debris were obtained using a Raman spectrometer (Horiba-Jobin-Yvon 

LabRam HR800). Fig. 4.27 represents the Raman spectra obtained from the wear debris 

beside the wear tracks of the coatings deposited at various bias voltages. 

The wear debris of the coatings deposited at Ub = - 100 V, - 150 V exhibited a 

pronounced peak at 790cm-1 which is a characteristic of CrNbO4 [118,142] and both the 
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coatings had similar friction values (µ = 0.65 and 0.68 respectively). The coatings 

produced at Ub = - 40 V and - 65 V showed similar types of Raman spectra however the 

intensity of the peak at around 835 cm-1 was higher for the coating deposited at Ub = - 

40 V. This could be due to the production of Nb2O5 , nH2O [118,142] which could also 

lead to an increase in µ value. However, the most possible reason for higher µ value of 

the coating deposited at Ub = - 40 V than the coating deposited at Ub = - 65 V was the 

difference in microstructure of these two coatings. Due to breakdown of the coating and 

formation of a tribological film within the wear track (Fig. 4.25a) the µ value of this 

coating (Ub = - 40 V) was increased to 0.66 as compared to µ = 0.48 for the coating 

deposited at Ub = - 65 V. 

 

 

 

Fig. 4.27. Raman spectra obtained from the wear debris of the coatings deposited at 

various bias voltages. 
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4.2.10 Summary 

�x The microstructures, chemical compositions, crystallographic orientation, 

bilayer thickness and also the surface defect density of the nanoscale CrN/NbN 

coatings were influenced by the bias voltage applied to the substrate.  

�x The study of coating defects suggested that the increase in the surface defect 

density with the bias voltage was caused by the re-sputtering and the flakes 

generation due to the high-energy flux bombardment on chamber components. 

�x 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 the coatings with higher defects exhibited sudden increases 

in current densities due to the removal of loosely bound defects. 

�x The wear mechanisms of the coatings were dominated by the removal of coating 

defects during the tests as well as by the bilayer thickness. The coating with the 

maximum bilayer thickness showed the lowest wear rate. 

�x Raman study on wear tracks and wear debris suggested that the tribological 

friction values of the coatings were dependant on the nature of the oxides 

produced during the tests. However, coating microstructure also influenced µ 

value. 

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

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

deposited CrN/NbN coatings 

 

4.3.1 Overview of the experiments 

The chamber pressure has a significant but complicated influence on the kinetics of 

plasma species in a sputtering system [148][149]. During the deposition, an increase in 

chamber pressure increases the number of available molecules to collide with electrons, 

resulting to more number of free electrons in the chamber. This could increase the 

sputtering rate as the plasma becomes more ionised (active) with the increase in 

chamber pressure. 

On the other hand, higher chamber pressure can decrease the energy of the ions. The 

higher pressure increases the density of species in the chamber which subsequently 

decreases the mean free path of the electrons and the other elements (metal ions coming 

from the target) resulting in a decrease in the sputtering rate. Thus, optimisation of 

chamber pressure is required to produce coatings with the desired thickness and density. 

Nevertheless, in the case of reactive sputtering, N2 partial pressure influences the 

coating properties remarkably [59,60,148,150�±155]. For this reason, it is intriguing to 

examine the effect of total chamber pressure on the coating growth as well as on defect 

formation.  

To study this, three sets of CrN/NbN nanoscale multilayer coatings were deposited at 

chamber pressures (P) of 0.2 Pa, 0.35 Pa and 1 Pa. During all the depositions, Ar and N2 

(1:1) were used as the process gas. The bias voltage (Ub) and 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 the coating thickness. The variations in the coating thickness 

with the chamber pressure are summarised in table 4.7. 

 

�&�K�D�P�E�H�U���3�U�H�V�V�X�U�H�����3�D�� Thickness (µm) 

������ 3.65 ± 0.01 

�������� 2.15 ± 0.02 

�� 2.18 ± 0.01 

 

Table 4.7. Coatings thickness as a function of chamber pressure. 

 

The table shows that the thickest coating (3.65 µm) was produced at the lowest chamber 

pressure (0.2 Pa). The thickness then decreased suddenly to 2.15 µm with the increase 

of chamber pressure to 0.35 Pa. The reason for decreasing thickness could be due to the 

re-sputtering of coated flux at 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 phenomenon [157]. 

Although, during these coating depositions, N2 and Ar flow rates (sccm) were always 

fixed at 1:1, a slight increase in the ratio of the partial pressures of N2 and Ar with the 

increase of the chamber pressure was observed. The ratio (PN2 / PAr) was varied from 

0.85 at 0.2 Pa to 0.95 at 1 Pa. The change in the partial pressures could slightly increase 

the target poisoning at the higher chamber pressures. Due to the formation of nitride 

layers on the target surfaces the sputter rate was reduced. Nevertheless, the mean free 

paths ���•) of the plasma species (neutral atoms, ions) were also reduced with the increase 

of chamber pressure. The reactive gas (Ar + N2) atmosphere 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 atmosphere to be similar to the ideal gas atmosphere, 

the mean free paths at different chamber pressure were calculated (using Van der Waals 

radius (R) of Nitrogen = 1.55 ×10-10 m). At 0.2 Pa chamber pressure, the �• value was 

found to be 0.64 m. The �• value 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 and re-sputtering 

& diffusive collision of depositing materials. 

Further increase in chamber pressure from 0.35 Pa to 1 Pa increased the thickness 

slightly from 2.15 µm to 2.18 µm. The complex nature of the plasma is believed to be 

the reason for this increase in thickness. The mechanisms stated in the sec 4.3.1 can 

explain this behaviour. At the chamber pressure of 1 Pa, plasma ionisation could be 

more intense than the diffusive collisions as compared to that of at P = 0.35 Pa. As a 

result, the sputtering rate was increased a 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 function of chamber pressure. 
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4.3.3 Chemical composition 

Using EDX, the chemical compositions of the coatings were evaluated. As seen from 

the Table 4.8, the change in the chamber pressure altered the atomic percentages of the 

elements in the deposited coatings. The coating deposited at the lowest chamber 

pressure of 0.2 Pa had the highest metal to nitrogen ratio ((Cr + Nb) / N). The longer 

mean free paths of the sputtered species at lower pressure increased the possibility of 

metal species (Cr + Nb) to reach the substrates without colliding with the gas species 

[40]. As a consequence, the coatings deposited at lower chamber pressure contained 

higher metal species. 

With the increase in chamber pressure from 0.2 Pa to 1 Pa, atomic percentage of 

nitrogen increased from 44.83 % to 50.95 % due to the increase of nitrogen gas in the 

chamber [60]. At the highest chamber pressure of 1 Pa, preferential re-sputtering 

decreased the Cr percentage to the lowest value (��������������). 

 

�&�K�D�P�E�H�U��

�3�U�H�V�V�X�U�H�����3�D�� 

�&�K�H�P�L�F�D�O���F�R�P�S�R�V�L�W�L�R�Q ���$�W�R�P�L�F������ 

�&�U �1�E �1 

������ ���������� ± 0.3 ���������� ± 0.2 ���������� ± 0.4 

�������� ���������� ± 1.3 ���������� ± 0.3 ���������� ± 0.8 

�� ���������� ± 1.3 ���������� ± 0.9 ���������� ± 1.2 

 

Table 4.8. Chemical compositions of the deposited coatings as a function of chamber 

pressure. 
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4.3.4 Physical properties 

4.3.4.1 Hardness 

Hardness and Young's Modulus values of the coating are summarised in Table 4.9. As 

observed, the hardness value of the coating deposited at the lowest chamber pressure of 

0.2 Pa was the highest (26.38 GPa). The higher hardness value of this coating could be 

associated with the higher coating thickness and the higher metal concentration. 

 

�&�K�D�P�E�H�U��

�3�U�H�V�V�X�U�H�����3�D�� 

Hardness 

(GPa) 

Vickers 

(HVk) 

�<�R�X�Q�J�¶�V�� �0�R�G�X�O�X�V��

(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 4.9. Hardness, Vickers Hardness, Young's modulus values of the coatings 

deposited at various chamber pressures. 

 

4.3.4.2 Roughness  

Table 4.10 represents the roughness values of the coatings deposited at various chamber 

pressures. In section 4.2.7, the roughness of the coating was found to be influenced by 

the coating morphology and surface defect density. Similarly, the change in roughness 

value with the chamber pressure is believed to be associated with the change in 

morphology and surface defect density with the variation of chamber pressure. In later 

section (4.3.6 and 4.3.7), coating morphology and the surface defect density have been 

studied which could help to understand the variation in roughness value with the 

chamber pressure. 
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�&�K�D�P�E�H�U���3�U�H�V�V�X�U�H�����3�D�� Roughness, Ra (µm) 

������ 0.025 ± 0.001 

�������� 0.039 ± 0.002 

�� 0.039 ± 0.000 

 

Table 4.10. Roughness of the coatings deposited at various chamber pressures. 

 

4.3.5 Crystallographic structure 

XRD was used to determine the crystallographic orientations as well as the bilayer 

thickness of the coatings. High angle XRD peaks are shown in Fig. 4.29, whereas Fig. 

4.30 represents the Low angle (LA) XRD. 

This measurement revealed that the crystal structures of nanoscale CrN/NbN coatings 

were of a single phase fcc lattice. The coating deposited at the lowest chamber 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 shifted from (200) 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 layers in the 

structure [94] associated with the change in the nitrogen volume within the chamber. 

One satellite peak (sp) is visible at the left sides of the (200) for the coating deposited at 

P = 0.2 Pa. The existence of well-defined satellite peaks indicates good coating 

crystallinity, as well as good chemical modulation of the multilayer [81,91,113]. This 

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

interfaces. 
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As seen from the Fig. 4.30, this coating had the highest bilayer thickness ���û��� �������������@). 

For multilayer coatings, thickness of individual layers can affect hardness [67,81,86�±

93]. Thus, along with the good crystallinity and well defined interfaces, the higher 

bilayer thickness also increased the 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 27.3 �@. Further increase in pressure from 0.35 Pa to 

1 Pa slightly increased the �û value to 31.1 �@ showing the similar trend of increasing 

thickness from 2.15 µm to 2.18 µm. 

However, the coating deposited at highest pressure of 1 Pa had the lowest hardness 

value of 23.45 GPa in spite of having a higher bilayer thickness than the coating 

deposited at 0.35 Pa. The reason could be the stress relaxation caused by the inclusion 

of smaller atoms (N) in the lattice [147] (as seen in the Table 4.8). 

 

 

 

Fig. 4.29. XRD patterns of CrN/NbN nanoscale multilayer coatings deposited at various 

chamber pressures. 
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Fig. 4.30. Low angle diffraction peaks from the coatings deposited at various chamber 

pressures. 

 

4.3.6 Topography and Microstructure 

Topography and microstructure of the coating surface were studied using SEM 

technique. Fig. 4.31 (a-f) shows the planar and cross-sectional 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 structure (Fig. 4.31 a,b). 

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

(Ra = 0.025 µm) of this coating.  
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Fig. 4.31. (a) Planar and (b) cross-sectional SEM image of coating deposited at 0.2 Pa; 

(c) Planar and (d) cross-sectional SEM image of coating deposited at 0.35 Pa; (e) Planar 

and (f) cross-sectional SEM image of coating deposited at 1 Pa. 
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Increasing pressure from 0.2 Pa to 0.35 Pa changed the morphology to columnar 

structure with rounded columnar tops (Fig. 4.31c,d). Further increase in chamber 

pressure again modified the coating morphology. Although, similar columnar structure 

was still visible for the coating deposited at P = 1 Pa, the grain size decreased (Fig. 

4.31e,f). The change in the coating morphology was associated with the variation in the 

ion energy with the chamber pressure. 

 

4.3.7 Surface defect density 

The study on coating morphology revealed the existence of several types of defects in 

the coatings (already discussed in sec 4.1.6). The density of these defects seemed to be 

influenced by the chamber pressure. So, the surface defect density calculation was 

conducted to understand the influence of chamber pressure on defect formation. 

Fig. 4.32 shows the relationship of surface defect density (percentage of area covered by 

optically visible defects) with the chamber pressure. As seen in the figure, the surface 

defect density was increased from 0.84 % to 5.94 % with increase of the chamber 

pressure from 0.2 Pa to 1 Pa. The increase in surface defect density was associated with 

the increase in flake generation. At the higher chamber pressures, plasma volume covers 

more area of the chamber, which can increase the amount of sputter flux bombardments 

on chamber components and subsequent flake generation. These flakes can initiate more 

defect sites and cause further defect formation within the coating. In addition to that, 

intense re-sputtering 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 was not thoroughly cleaned before or 

between two subsequent coating deposition processes. Although, the easily removable 

chamber parts were cleaned by sandblasting process and the chamber was cleaned using 

vacuum cleaner after each process, a complete cleaning of chamber was not possible. 

The fixed and large chamber parts like heaters; substrate carousel etc. cannot be cleaned 

on regular basis. The process of removing those parts, cleaning and then again fixing 

itself is time consuming. Moreover, the total system is needed to shut down in order to 

clean some parts. And after restarting the system, demo processes are needed to conduct 

in order to optimise the process, which also requires some time. Thus, frequent thorough 

cleaning is not expected or sometimes not possible, especially in an industrial 

environment where many deposition processes run for several hours in order to produce 

thick coatings.  
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Here, our result clearly shows that the chamber pressure can be used as an effective tool 

to control the surface defect density. Therefore, the present study is interesting and 

could be useful even for industrial processes. 

 

4.3.8 Corrosion resistance 

Fig. 4.33 shows the Potentiodynamic polarisation curves of the coatings deposited at 

various chamber pressures. As 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 pressure of 1 Pa. 

Thickness values of the coatings deposited at 0.35 Pa and 1 Pa chamber pressure were 

almost the same (2.15 µm and 2.18 µm respectively); however, surface defect density 

was higher (Ad = 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 

µm) with the lowest surface defect density (Ad = 0.84 %) was produced at the lowest 

chamber pressure of 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 curves of the coatings deposited at 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 test in dry sliding conditions were conducted. Fig. 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 at various chamber pressures. 

 

The coatings deposited at the higher pressures of 0.35 Pa and 1 Pa had the more number 

of surface defects. As observed in Fig. 4.34, the COF values were fluctuating in the 

range of 10000 and 20000 cycles. The fluctuation of µ 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 formation. Thus, the fluctuations in µ values 

were more apparent for the coatings with higher defects. 

The coating deposited at P= 0.2 Pa, had the lowest surface defect density (Ad = 0.84 %) 

and the coating deposited at P = 1 Pa had the highest surface defect density (Ad = 5.96 

%) but both the coatings showed similar friction coefficient (µ = 0.69 and 0.70 

respectively). The coating produced at P = 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 deposited at P = 0.2 Pa 

and 1 Pa evidenced the formation of a tribolayer, whereas the coating produced at P = 

0.35 Pa exhibited a clean wear track with no evidence of tribolayer formation. This 

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 and (b) SEM image of the wear track of the coating 

deposited at P = 0.2 Pa; (c) optical microscopic and (d) SEM image of the wear track of 

the coating deposited at  P = 0.35 Pa; (e) optical microscopic and (f) SEM image of the 

wear track of the coating deposited at P = 1 Pa. 

 

 

 

Fig. 4.36. Wear track profiles of the coatings deposited at various chamber pressures. 
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Fig. 4.36 shows the wear tracks profiles of the coatings. Surprisingly, coatings with the 

highest µ value of 0.70 exhibited best wear resistance properties (KC = 1.61 × 10-15 

m3N-1m-1). Nevertheless, the coating produced at P = 1 Pa had similar wear value (KC = 

1.78 × 10-15 m3N-1m-1). Although, the effect of higher surface defect density was evident 

from the fluctuation in µ value, this study suggested that it did 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 thickness [81,86�±93]. As found in the sec 4.3.5, the bilayer thickness of the 

coating deposited at P = 0.2 Pa was the high�H�V�W�����û��� �������������@). The thicker hard layers of 

this coating prevented the plastic deformation and the abrasive penetration in the metal 

layers resulting in the lowest volume loss. 

Among all the coatings, the coating deposited at P = 0.35 Pa had the thinnest bilayer (�û��

= 27.3 �@) and had the highest wear value (KC = 2.68 × 10-15 m3N-1m-1). This result 

showed consistency with the previous findings (sec 4.2.9). 

 

4.3.9.2 Raman Spectroscopy 

To study the nature of the oxides produced during the tribo test, Raman data was 

collected from the wear debris. For the coatings deposited at P = 0.2 Pa and P = 1 Pa, 

Raman spectra were obtained from the wear debris within the wear tracks. As seen from 

the Fig. 4.35c,d there was no trace of debris within the wear track of the coating 

deposited at 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 peaks at around 840 cm-1 which corresponds to Nb2O5, nH2O) 

[118,142]. There was another peak at around 535 cm-1 (corresponds to Cr2O3) in both 

cases (P = 0.2 Pa and 1 Pa). Cr2O3 belongs to the family of magneli phases and 
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therefore it is more lubricious [159]. In contrast, Nb2O5 has a crystallographic structure 

which does not contain easily shearable atomic planes and therefore it is less lubricious. 

Thus, the higher friction coefficient of these coatings can be attributed to the presence 

of Nb2O5 in the tribolayer [118]. In contrast, the coating deposited at P = 0.35 Pa did not 

have any intense peak and interestingly this coating had the lowest friction coefficient 

(µ) value, 0.48. This emphasised the fact that the difference in the friction behaviour of 

these coatings was clearly due to the chemistry of the tribolayer formed within the wear 

tracks rather than the surface defect density. 

 

 

 

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

the coatings deposited at various chamber pressures. 
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4.3.10 Summary 

�x The chamber pressure influenced the microstructures, chemical composition, 

crystallographic orientation and bilayer thickness of the nanoscale CrN/NbN 

coatings. 

�x The study of surface defects indicated that the chamber pressure also influenced 

the surface defect density. Coatings produced at the lowest chamber pressure 

(0.2 Pa) had the lowest surface defect density (Ad = 0.84 %). 

�x The potentiodynamic polarisation study suggested that the surface defect density 

dominated the coating corrosion behaviour. The coating with the lowest defect 

(Ad = 0.84 %) and the highest thickness (3.65 µm) had the lowest corrosion 

current density in the anodic potential ranging from - 300 mV to + 300 mV. 

Whereas coating with the highest surface defect density (Ad = 5.96 %) had 

significantly higher corrosion current density compared in the same potential 

range. 

�x The coefficients of wear (KC) were influenced by the bilayer thickness of the 

coatings. Coatings with the highest bilayer thickness (�û��� �������������@) had the lowest 

wear rate (KC = 1.61×10-15 m3N-1m-1), whereas the coatings with the lowest 

bilayer thickness (�û��� �� �����������@) exhibited the highest wear rate (KC = 2.68×10-15 

m3N-1m-1). 

�x The friction value of these coatings was influenced by the nature of oxides 

formed at the tribological contacts. The coating deposited at P = 0.35 Pa had the 

lowest friction coefficient (µ = 0.48). Raman spectra of the tribolayer formed on 

the top of this coating suggested that it contained CrNbO4. In contrast, a Nb2O5 

based tribolayer in the wear track was formed for the coatings deposited at P = 

0.2 Pa and 1 Pa. Both these coatings showed higher friction values (µ = 0.69 and 

0.70 respectively) because of the non-lubricious nature of the niobium oxides. 
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4.4 Influence of chamber cleanliness on HIPIMS/UBM 
deposited CrN/NbN coatings 

 

4.4.1 Overview of the experiments 

CrN/NbN nano-structured multilayer coatings were produced in an industrial sized 

Hauzer four source PVD machine. To replicate actual deposition conditions, such as 

those found in an industrial environment, a significant part of this thesis work (sec 4.1, 

4.2 and 4.3) was conducted without the chamber being cleaned. Extensive study on 

coating microstructure and defects indicated that the flakes from chamber components 

are the reason for most of the defects generated in the case of HIPIMS/UBM coatings. 

So, this additional study was conducted to investigate the 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 deposited before cleaning the chamber, while another set of 

coatings were produced after thoroughly cleaning the chamber. During all the 

deposition processes, the substrate bias and the chamber pressure were fixed at - 65 V 

and 0.35 Pa respectively. The deposition time was 120 min for all the coatings. 

 

As observed in the previous sections (4.1, 4.2 and 4.3), the variation in deposition 

parameters (deposition time, bias voltage and chamber pressure) affected the flake 

generation resulting in the deviation in surface defect density. At the same time, coating 

morphology, crystallographic orientation and bilayer thickness were also altered due to 

the change in ion energies and sputter rates with the variation of deposition parameters 

(bias voltage and chamber pressure). Also, the thickness of the coatings was changed in 

each case. As a result, the corrosion and the tribological performances of the coatings 
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were not only influenced by the surface defect density but also by the coating thickness, 

structure and morphology. 

Thus, this chapter also reports the effect of surface defect density on the corrosion and 

the tribological performances of the coatings with similar mechanical and chemical 

properties. 

 

4.4.2 Surface defect density 

Fig. 4.38 represents the optical microscopic images of the HIPIMS/UBM coatings 

deposited before and after cleaning the chamber. It is clear from the figure that the 

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 

microscopic images were converted into black and white binary images. Then using 

Image J software, percentage of surface area occupied by the defects was evaluated. As 

anticipated, the surface defect density of the coating produced in a comparatively clean 

chamber was reduced to 1.37 % 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 hence, the surface defect density was reduced after cleaning the chamber. 

However, zero surface defect density could not be achieved. This is because the high-

energy flux bombardments on chamber wall and other components still produced some 

flakes and resulted in 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 in the following table. 

 

Chamber condition (cleanness) Roughness, Ra (µm) 

Before cleaning 0.039 ± 0.002  

After cleaning 0.031 ± 0.002 

 

Table 4.11. Roughness values of the coatings deposited before and after cleaning the 

chamber. 

 

In the sections 4.2.7 and 4.3.6, coating roughness was found to be influenced by the 

morphology as well as by the surface defect density. However, SEM images (Fig. 4.39) 

of the coatings exhibited the morphological similarities, which confirmed the 

reproducibility in the coating deposition. Hence, in this case, the difference in roughness 

values of the coatings was mainly due to the variation in surface defect density before 

and after cleaning the chamber. The decrease in surface defect density from 3.18 % to 

1.37 % lowered the roughness from 0.039 µm to 0.031 µm. 
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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 parameters (deposition time, bias voltage, chamber pressure) 

revealed the importance of dense microstructure for better corrosion performance. In 

section 4.2.8, the optimum voltage to produce a coating with sufficient density was 

found to be - 65 V. Nevertheless, localised coating failure due to the removal of coating 

defects was also apparent in Fig. 4.22. So, the present study was conducted to 

investigate the effect of surface defect density on corrosion performance of the coatings 

with similar dense microstructures as both coatings were produced at Ub = - 65 V, 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 from the Fig. 4.40, in the potential range of - 300 mV to + 300 mV, the 

corrosion current density was little lower for the coating with fewer defects (1.37 %). 
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Also, the Ecorr value (- 222 mV) of the coating was more noble. Coating defects like 

open void defects act as a pathway for corrosive media to reach the substrate resulting 

in poor corrosion resistance. The higher surface defect density in the coating deposited 

before cleaning the chamber deteriorated the corrosion properties. 

 

4.4.5 Tribological properties 

Fig. 4.41 represents the dependence of friction coefficient on number of revolutions 

(friction cycles) for the coatings deposited before and after cleaning the chamber. A 

significant decrease in friction coefficient (µ) was observed for the coating deposited 

after cleaning the chamber. Moreover, the fluctuation in the µ value was not apparent 

for this coating. As found in the previous sections (sec 4.2.9 and 4.3.9), removal of 

defects initiated three body tribo-contact mechanism which subsequently made the 

friction coefficient behaviour unstable. Thus, due to the presence of higher number of 

defects, the coating deposited before cleaning the chamber had unstable µ value in the 

range of 10000 to 20000 cycles. 

In sec 4.1.8, 4.2.9 and 4.3.9, µ values were found to be influenced by the oxides 

produced within the wear tracks during tribological tests. Hence, the Raman spectra 

were also obtained from the wear track and wear debris. Fig. 4.42 shows that both the 

tribolayers were similar in nature. This confirmed that the difference in the friction 

behaviour of these coatings was mainly because of the difference in the surface defect 

density of the coatings rather than the chemistry of the tribolayers formed in their wear 

tracks. However, the coefficient of wear values of these coatings were in the similar 

range (KC = 2.68 × 10-15 m3N-1m-1 for the coating deposited before and KC = 2.37 × 10-

15 m3N-1m-1 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 coatings deposited before and after cleaning the chamber. 

 

 

 

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

and after cleaning the chamber. 
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.4.4.6 Summary 

�x Coatings produced in a relatively clean chamber had almost three times lower 

surface defect density of 1.37 % as compared to 3.18 % 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 Ecorr value of the coating with less defects (Ecorr = - 222 mV) was more 

noble as compared to the coating with higher defects (Ecorr = - 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 pin-on-disk tribological tests confirmed the influence of coating defects on 

tribological performance. With a decrease in surface defect density from 3.18 % 

to 1.37 %�����W�K�H���I�U�L�F�W�L�R�Q���F�R�H�I�I�L�F�L�H�Q�W�����������Z�D�V���U�H�G�X�F�H�G���I�U�R�P�������������W�R������������ 
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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 effect of surface defect density on the 

coatings deposited by two different physical vapour deposition approaches. One set of 

CrN/NbN coatings were produced using pure UBM technique and another 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 targets (one Cr and one Nb) were operated in UBM 

mode. On the other hand, all the four targets were operated in UBM mode in the case of 

pure UBM coating deposition. During all the deposition processes, the machine was 

operated 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 pressure was maintained at 0.35 Pa. 

However, to produce coatings of similar thickness, the deposition time for 

HIPIMS/UBM coatings was higher (120 min) than that (100 min) for UBM coatings. 

This difference in deposition time is because of a lower deposition rate of HIPIMS 

process as compared to conventional magnetron sputtering [46]. 

 

4.5.2 Microstructure 

SEM was used to study the microstructures of the coatings deposited by two different 

PVD techniques. Fig. 4.43 represents the SEM images of planar surface view of the 

UBM and HIPIMS/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 more apparent (Fig. 4.43a). The 

wider and more prominent grain boundary indicates the higher possibility of the space 

void between the grain columns [102]. Hence, Fig. 4.43a suggested that the UBM 

coating structure was under dense. In Fig. 4.43b, the advantage of 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. 4.44a-d shows the various types of defects found in UBM and HIPIMS/UBM 

coatings. The 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 step was same for both processes and as described earlier (sec 4.1.6), these 

defects were generated due to the 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. 4.44b,d). 

Several SEM images of the coating surfaces exhibited the existence of larger pinhole 

defects in case of UBM coatings. In contrast, smaller pinhole defects were observed in 

HIPIMS/UBM deposited coatings. As seen from the Fig. 4.44e the surface of UBM 

coating was porous as compared to the surface of HIPIMS/UBM coating (Fig. 44f). The 

highly ionised HIPIMS plasma during HIPIMS/UMB process helped to overcome the 

shadowing effect to some extent and produced more dense structures [102] and also 

resulted in reduction of 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) pinhole defect in HIPIMS/UBMcoating, (e) UBM coating surface and 

(f)HIPIMS/UBM coating surface. 
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Fig. 4.45 shows the FIB-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 defects can 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. (a) Plan view of the nodular defect, (b) Cross sectional view after ion beam 

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

 

 

 

 

Fig. 4.46. Optical microscopic image of (a) UBM and (b) HIPIMS/UBM coating. 
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Optical microscopic 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 density calculation releaved that the surface defect density of UBM 

coating was only 0.21 %,  whereas HIPIMS/UBM coating surface was populated with 

more defects (Ad = 3.18 %). Although the UBM coatings were deposited in a clean 

chamber, the deference in surface defect density was still significant if  compared to the 

HIPIMS/UBM coatings deposited in the same clean chamber. As found in sec 4.4.2, the 

surface defect density of HIPIMS/UBM coatings deposited after thoroghly cleaning the 

chamber was 1.87 %. The lower surface defect density in UBM coating can be 

attributed to the low energetic particles in the plasma during UBM deposition, which 

resulted in fewer seed particles generation 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 in 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 of - 400 mV to + 400 mV, the corrosion current density 

of UBM coating is significantly higher compared to that of HIPIMS/UBM coating. So, 

this study indicated that the coating removal rate i.e. the corrosion rate of the 

HIPIMS/UBM coating was lower than the UBM coating. This result shows the similar 

trend with the previous study [18]. Interestingly, the surface defect density of 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 polarisation curves of the UBM and HIPIMS/UBM coatings. 

 

4.5.4 Tribological properties 

Fig. 4.48 represents the dependence of friction coefficient on number of revolutions 

(friction cycles) for the coatings deposited by UBM and HIPIMS/UBM technique. The 

dry sliding friction coefficient of the HIPIMS/UBM coating was lower (µ = 0.48) than 

the UBM coating (µ = 0.59). It was found in previous sections (4.1.8, 4.2.9 and 4.3.9) 

that the friction values of the coatings depend on the tribolayer produced during the 

tribological tests. So, the Raman spectra from the wear tracks of these coatings were 

collected (Fig. 4.49). There was not much difference between the natures of the 
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tribolayers formed on both coatings. The wear profiles of the coatings are shown in Fig. 

4.50. The wear coefficient of HIPIMS/UBM coating was a factor of 1.25 times smaller 

than that of UBM coating. Although, the surface defect density of UBM coating was 

much lower, weak inter-columnar connections (weak bonding among the columns) led 

to the higher wear rate (KC = 3.35 × 10-15 m3N-1m-1). Moreover, the production of large 

amount of debris gradually increased the friction between the coating and the alumina 

ball. In the range of 1000 to 4000 cycles, the coefficient of friction increased from 0.60 

to 0.78. In contrast, the µ value decreased from 0.69 to 0.40 in the same range for 

HIPIMS/UBM coating. The decrease in µ value can be attributed to uniform multilayer 

structure and sharp interfaces of HIPIMS/UBM coating which led to the layer by layer 

material removal mechanism. However, the effect of surface defect density was 

apparent in the range of 10000 to 20000 cycles. Due to the high stress during sliding, 

defects were plucked from the coatings, which subsequently made the friction behaviour 

unsteady and increased the µ value. 

 

 

 

Fig. 4.48. Dependence of friction coefficient on number of revolutions (friction cycles) 

for the UBM and HIPIMS/UBM coatings. 
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Fig. 4.49. Raman spectra obtained from the wear debris of the UBM and HIPIMS/UBM 

coatings. 

 

 

 

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

�x In this study, a significant difference between the defect densities of UBM and 

HIPIMS/UBM coatings was observed. High-energy flux bombardments on 

chamber components produced higher numbers of flakes during HIPIMS 

process and resulted in higher defect generation in the coatings. 

�x Instead of having more defects, the corrosion resistance of the HIPIMS/UBM 

coating was higher than the UBM coating. The better corrosion properties of the 

HIPIMS/UBM coating were associated with its superior microstructure i.e. void 

free dense microstructure. 

�x Super dense uniform microstructure of HIPIMS/UBM coating was also 

beneficial for tribological properties. The coefficient of wear and the coefficient 

of friction were found to be lower (KC = 2.68 × 10-15 m3N-1m-1 and µ = 0.48) 

than those of UBM coating (KC = 3.35 × 10-15 m3N-1m-1 and µ = 0.59). 

�x In case of HIPIMS/UBM coating, the effect of defects was apparent in the range 

of 10000 to 20000 cycles. This particular result suggests that not only the 

microstructure but the surface defect density also plays a major role in the 

friction and wear mechanisms. Thus, it is important to reduce surface defect 

density for better coating performance. 
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5 Conclusions 

This research has been conducted to understand the influence of coating deposition 

parameters on defect formation during HIPIMS processes. The investigation can be 

divided into three main sections: effect of deposition time, effect of substrate bias 

voltage and effect of total chamber pressure on defect formation and their influence on 

the corrosion and tribological properties of HIPIMS/UBM deposited CrN/NbN coatings.  

At the end of each section of the investigation, a brief summary has been provided. The 

general conclusions of the whole study are presented as follows. 

 

1. Coating deposition time had a significant effect on the generation of 

contamination related defects and on the reduction of the defects associated with 

substrate pit. With the increase of deposition time from 15 min to 120 min, the 

surface defect density of the coating increased from 0.48 % to 3.18 %. This 

increase was due to the formation of contamination related defects. The 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. Foreign 

particles were generated from the chamber components of the coating system 

due to the thermal and structural stresses or the flux-bombardment on them. The 

rotation of the substrates holders also produced small amount of wear debris. 

The number of flakes was increased in the chamber with time because of all 

these continuous processes. Deposition of coating materials on these flakes 

increased the number of defects in the coatings. Although, the defects associated 

with substrate pit reduced with the deposition time due to the deposition of 

coating materials on the pits. 

Deposition time also influenced the corrosion and tribological properties of the 

coatings. Regardless of having the highest defects (3.18 %), the coating 
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deposited for the longest time of 120 min exhibited significant improvements in 

corrosion and tribological performances. This suggests that a critical coating 

thickness is required to protect the underlying substrate. 

 

2. Increasing substrate bias from - 40 V to - 150 V led to an increase in surface 

defect density from 3.13 % to 4.30 %. The increase in surface defect density 

with the increase of substrate bias was associated with two factors, high-energy 

flux bombardment and re-sputtering phenomena. High-energy flux 

bombardments on chamber components increased the flakes generation at higher 

bias voltages. These flakes produced more defects in the coating. Nevertheless, 

re-sputtering process could also raise the surface defect density. At very high 

negative bias voltages, the extremely high-energy bombardments of species (Ar 

and/or coating materials, Cr, Nb and N) on the growing coating surface can 

expose the already formed defects and hence increase the area under the defects. 

Also, some loosely bound nodular defects can be expelled from the coatings 

leaving more visible voids. 

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 

performances of the coatings.  

With the increase of bias voltage, the coatings became denser. As a result, 

corrosion resistance of the coatings was improved. The effect of coating defects 

was also apparent. Corrosion curves of the coatings with the higher defects 

exhibited the sudden increase in current densities due to the removal of loosely 

bound defects. 
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The wear mechanism of the coatings was dominated by the removal of coating 

defects during the tests as well as by the bilayer thickness. Coatings with the 

maximum bilayer thickness had the lowest wear rate. 

 

3. With the increase of chamber pressure from 0.2 Pa to 1 Pa, the surface defect 

density increased from 0.84 % to 5.94 %. At the higher chamber pressure, 

plasma volume covered more area of the chamber, which increased the amount 

of sputter flux bombardments on chamber wall and subsequent flake generation. 

These flakes promoted further defect formation within the coatings. 

The chamber pressure also influenced the microstructure, chemical composition, 

crystallographic orientation and bilayer thickness of the coatings. The coating 

with fewer defects (0.84 %) had better corrosion resistance than the coatings 

with higher defects. The bilayer thickness of this coating was found to be the 

high�H�V�W�����û��� �� �����������@). The thicker hard layers prevented the plastic deformation 

and the abrasive penetration in the metal layers resulting in the highest wear 

resistance (KC = 1.61 × 10-15 m3N-1m-1). 

 

4. For all the above mentioned coatings deposited by varying deposition time, 

substrate bias voltage and total chamber pressure, the friction coefficient (µ) was 

influenced by the nature of oxides formed at the tribological contact. When 

Nb2O5 based tribolayers in the wear track were formed, the friction coefficient 

of the coatings reached a value of 0.70. In contrast, the coating deposited for t = 

120 min, at Ub = - 65 V and P = 0.35 Pa did not show any significant Raman 

peak. This coating had the lowest friction coefficient value (µ = 0.48) thanks to 

the lubricious 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 among all the coatings deposited for this 

study. The coating deposited for t = 120 min, at Ub = - 65 V and P = 0.2 Pa had the 

higher hardness, the lower roughness, surface defect density, corrosion current and wear 

coefficient than the coating deposited for t = 120 min, at Ub = - 65 V and P = 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 in the following table 

5.1. 
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Deposition parameters: 

Deposition time (min) 

Bias voltage (V) 

Chamber pressure (Pa) 

Coating 1 Coating 2 

120 

- 65 

0.2 

120 

- 65 

0.35 

Deposition technique HIPIMS/UBM HIPIMS/UBM 

Thickness (µm) 3.65 2.15 

Chemical composition (at %) 

Cr 

Nb 

N 

 

38.41 

16.76  

44.83 

 

39.51 

14.13 

46.36 

Crystallographic orientation (200) (111) 

Bilayer thickness (�@) 39.3 27.3 

Hardness (GPa) 26.38 25.85 

Roughness (µm) 0.025 0.039 

Surface defect density (%) 0.84 3.18 

Corrosion current density 

(mA/cm2) 

(In the range of �± 200 mV to 

+ 300 mV) 

From 

7.75 ×10-5  

to 

4.01×10-4 

From 

1.41×10-4 

to 

6.8 × 10-4 

Wear coefficient (m3N-1m-1) 1.61 × 10-15 2.68 × 10-15 

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 these studies 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 factors, such as chamber 

dust or substrate surface imperfections, such as pits. So, an additional study was 

conducted to investigate the effect of a clean environment on the defect formation. The 

study revealed that the coating deposited after cleaning the chamber had lower defects 

on its surface than the coating deposited before cleaning. The corrosion and tribological 

properties were improved with the decrease in the surface defect density. In addition to 

that, the comparison between HIPIMS/UBM deposited and pure UBM deposited 

CrN/NbN coatings confirmed the importance of dense microstructure for better coating 

performance. 

 

The systematic investigation on coating properties has guided to achieve the objectives 

set out at the start of the project. The sources of the defects found in HIPIMS deposited 

coatings have been identified. The study has recommended to minimise the chance of 

flake generation during deposition in order to reduce defects in the coatings. Surface 

defect density decreased from 3.18 % to 1.87 % after thoroughly cleaning the chamber 

components for the deposition processes with t = 120 min, Ub = - 65 V and P = 0.35 Pa. 

However, the chamber pressure was found to be the most effective tool to control the 

surface defect density. Reduction in chamber pressure from 0.35 Pa to 0.2 Pa decreased 

the surface defect density from 3.18 % to 0.84 % for the coatings deposited for t = 120 

min and at Ub = - 65 V in the chamber with similar condition in term of cleanliness 

(note that both the coatings were produced before thoroughly cleaning the chamber).  

 

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

corrosion current density of the coatings, the corrosion and tribological studies and the 
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microscopic studies (optical and SEM) after corrosion and tribological tests suggested 

that these defects influenced the coating performances to a certain extent depending on 

their natures (nodular/cone-like defects or pit/void). The loosely bound nodular defects 

influenced the tribological performance while voids affected the corrosion activities. 

Nevertheless, the performances of the coatings were also dependent on their 

microstructure, crystallographic orientation, bilayer thickness, hardness and roughness. 
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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 the bilayer thickness influenced the wear mechanism. In this 

study LAXRD was used to determine the bilayer thickness. However, to 

analyse the multilayer structure in detail, a transmission electron microscope 

(TEM) would be useful. 

2. Comparison of the coatings showed that the higher bilayer thickness improved 

the wear resistance. So, one can produce sets of coatings for t = 120 min, at Ub 

= - 65 V and P = 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 dominated by the oxides 

produced during tribological tests. Further, the static oxidation test will be 

useful to understand the behaviour of the coatings during tribological tests. 

4. The coating produced for t = 120 min, at Ub = - 65 V and P = 0.2 Pa exhibited 

the best coating properties if the friction coefficient value (µ) is ignored. The 

preferred orientation of this coating was (200). Interestingly, all the coatings 

with (200) orientation had higher friction values (only considering the coatings 

with thickne�V�V���K�L�J�K�H�U���W�K�D�Q���������P��. In contrast, 2.15 µm thick coating with (111) 

orientation had much lower friction coefficient. Thus, it would be interesting if 

the coatings with (111) orientation can be produced by controlling the energies 

of the depositing materials (i.e. by varying the process parameters, such as peak 

power, pulses frequency, peak current etc.) at the lower pressure, P = 0.2 Pa. 
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Coating morphology: The form or structure of the coating. 
Surface roughness: Surface 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. 


