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Abstract 

Rahamathunnisa Muhammad Azam 
The Study of Chromium Nitride Coating by Asymmetric Bipolar Pulsed DC 
Reactive Magnetron Sputtering 
Mikkeli 2017 
198 pages 
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Diss. Lappeenranta University of Technology 
ISBN 978-952-335-112-7, ISBN 978-952-335-113-4 (PDF), ISSN-L 1456-4491, 
ISSN 1456-4491 

Polymers and carbon fibre reinforced polymer (CFRP) composites are used to replace 
metallic components in wide range of applications. In most of the applications, the surface 
of the polymers and CFRP composites that interacts require good wear resistance. 
Coating the surface by chromium nitride known to possess good wear resistance by 
Pulsed DC Reactive Magnetron Sputtering technique is one of the methods suitable for 
polymers having low temperature resistance. Adhesion is a challenging part while coating 
the polymers and polymer based composites as polymers are innately hydrophobic having 
low surface energy. Plasma pretreatment of polymer surfaces helps to improve the 
adhesion. In the present study, the following polymer based substrates were used: vinyl 
ester matrix CFRP composites, vinyl ester-thermosetting polymer and thermoplastic 
polymers such as polyamide PA), polycarbonate (PC) and polymethyl methacrylate 
(PMMA). The effect of ion cleaning on adhesion by pull off adhesion tester was analysed 
with argon ions for CFRP, and with argon and argon/nitrogen mixture for the polymers. 
The film stoichiometry is generally found to influence the properties of the coating. To 
know the effect, chromium nitride was deposited at different nitrogen partial pressure on 
CFRP and polymer substrates. Other than the nitrogen partial pressure, the substrate 
material was also found to affect the structure, mechanical properties and wear 
performance of the coatings. Depending on the polymer substrate material, the 
relationship between wear resistance and plastic deformation resistance of the coating 
varied. The wear performance of coatings on CFRP was not well due to the presence of 
carbon fibres near the surface that made the surface rough and inhomogeneous. 

Asymmetric pulsed DC used for the unbalanced magnetron sputtering technique for the 
present study is known to produce high levels of energetic ion bombardment due to the 
fluctuations in plasma potential, which occur during the pulse cycle. The bombardment 
of the substrate by these ions may have a significant impact on the growing film. The ion 
fluxes and energies, which impinge on the substrate during the deposition of chromium 
were analyzed using energy resolved mass spectrometry at different pulse frequencies. It 
was found that there was a remarkable increase in ion flux at higher pulse frequencies. 
The variation of the ion flux with pulse frequency was explained by a simple model. The 
behavior of the ion fluxes on the magnetron centre line and in off-axis position was 
compared and was found that on the centre line there was an additional mid energy ion 
flux, which was not present in the offset position. This change arises from the ion flow 
directed along the magnetic field lines from the racetrack region to the substrate or probe 



position because of the unbalanced magnetron configuration. Chromium nitride was 
coated on silicon and glass substrates at different pulse frequencies to know the effect of 
ion bombardment at off-axis position of the substrate on coating characteristics such as 
structure, morphology and mechanical properties.  From distortion in structure to change 
in morphology, roughness, stress and mechanical properties, the ion energy bombardment 
was found to have a significant impact on the coating. 

Key words: Chromium nitride, CFRP, Polymers, Adhesion, Pulsed DC, Magnetron 
configuration, Ion flux and energy, Texture, Mechanical Properties, Wear Performance
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Latin alphabet 
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F force vector N 
f frequency Hz 
g acceleration due to gravity m/s2 

h heat transfer coefficient W/(m2K) 
h enthalpy J/kg 
j flux vector m/s 
L characteristic length m 
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M torque Nm 
m mass kg 
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n unit normal vector – 
p pressure Pa 
q heat flux W/m2 
r radius m 
T temperature K 
t time s 
qm mass flow kg/s 
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δ (delta)     notice the difference to � (partial differential) symbol in equations 
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ϵ (epsilon variant, Unicode 03F5, compare with equation symbol �) 
ζ (zeta) 
η (eta) 
Θ (capital theta) 
θ (theta) 
ϑ (theta variant, Unicode 03D1, compare with equation symbol �) 
ι (iota) 
κ (kappa) 
Λ (capital lambda) 
λ (lambda) 
μ (mu) 
ν (nu)     this is similar as Latin v (vee), avoid using 
Ξ (capital xi) 
ξ (xi) 
ο (omikron)     this is similar as Latin o (oh), avoid using 
Π (capital pi) 
π (pi)     usually reserved for mathematical value π = 3.14159... 
ρ (rho) 
ϱ (rho variant, Unicode 03F1, compare with equation symbol � 
Σ (capital sigma)     often used for sum without slanting: Σ 
σ (sigma) 
ς (final sigma) 
τ (tau) 
υ (upsilon) 
Φ (capital phi) 
ϕ  (phi variant, Unicode 03D5, compare with equation symbol �) 
Ø (oh with stroke, Unicode 00D8, comp. with "empty set" in eq. symbols: ∅) 
φ (phi) 
χ (chi) 
Ψ (capital psi) 
ψ (psi) 
Ω (capital omega) 
ω (omega) 

Superscripts 

p partial layer 
* dimensionless 
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Subscripts 

p particle 
eff effective 
g gas 
s solid 
l liquid 
max maximum 
min minimum 
tot total 

Abbreviations 

2D two dimensional 
3D three dimensional 
AFM atomic force microscope 
CA contact angle 
CFRP carbon fibre reinforced polymer 
CFD computational fluid dynamics 
CVD chemical vapor deposition 
DC direct current 
DMA differential mechanical analyser 
EDS energy dispersive spectroscopy 
FRP fibre reinforced polymer 
HiPIMS high power impulse magnetron sputtering 
IPA isopropyl alcohol 
LES large eddy simulation 
NG negative glow 
OEM optical emission monitor 
PA polyamide 
PC polycarbonate 
PMMA polymethylmethacrylate 
PMS pulsed DC magnteron sputtering 
PDF probability density function 
prf  pulse repetition frequency 
PVD  physical vapor deposition 
RF  radio frequency 
SEM  scanning electron microscope 
XRD  X-ray diffraction 
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1. Introduction 

Polymers and fibre reinforced polymer (FRP) composites find extensive usage in civil 
construction, aerospace engineering, biomedical applications, naval ships and sub-
marines, automotive applications etc. owing to their high-strength, high-stiffness, low-
cost, lightweight and improved mechanical properties and durability [1–9]. The fibres in 
composites are usually glass, carbon, aramid, or basalt and the composites that are made 
of carbon fibres known as carbon fibre reinforced polymer composites (CFRP) are 
extremely strong and light weight [10]. Polymers and their composites form a very 
important class of tribo engineering materials and are invariably used in mechanical 
components such as gears, cams, bearings, bushes, bearing cages in addition to chute liners, 
conveyor aids, vanes etc.[11]. In tribological applications where the surfaces of polymers 
and composites interact in relative motion, wear, friction and lubrication become 
important principles. Though some of the polymers possess good tribological properties 
due to their self-lubricating abilities through the formation of a polymer transfer film, the 
fibres added to the polymer matrix in the composite material are found to deteriorate these 
properties [11,12].  By suitably modifying the polymer based surfaces, one can obtain the 
desired surface characteristics without tempering with the bulk properties. Coating the 
surface with hard, wear resistant material is one such approach to improve the wear 
characteristics of polymers and composites [13]. 

Chromium nitride is a suitable choice for coating on polymers that have inherently low 
temperature resistance as chromium nitride not only possess good wear resistance, 
hardness, corrosion resistance and oxidation resistance, but it also has an additional 
advantage of being coated at low substrate temperature [14,15]. Sputter deposition or 
sputtering, a plasma based technique is one of the few low deposition temperature 
techniques available to coat the polymers as there is very little radiant heat in the process 
[16]. In the sputtering process, inert gas (commonly Argon) atoms are ionized and 
accelerated as a result of the potential difference between the negatively biased target 
(cathode) and anode. The ions bombard the target surface ejecting the atoms which 
condensate on a substrate to form a film [16]. The stoichiometric composition of the 
compound can be obtained by reactive sputtering where the depositing species like 
chromium reacts with the gaseous species such as nitrogen or oxygen that gets adsorbed 
on the surface to form a compound. Magnetron sputtering provides high density plasma 
from which ions can be extracted to efficiently sputter the target without energy loss 
through collision mechanism [16]. The unbalanced magnetron configuration helps to 
activate reactive species near the substrate and also improves the coating properties by 
supplying ions from the plasma that bombard the growing film [17,18]. Asymmetric 
bipolar pulsed DC target power supply improves film properties as it helps to avoid arcing 
that produces particulates and also reduces target poisoning or ‘disappearing anode’ that 
is normally encountered in reactive magnetron sputtering, thereby increasing the 
deposition rate [16,19,20]. Thermoplastic polymers such as polyamide (PA), 
polycarbonate (PC) and polymethyl methacrylate (PMMA) and the thermosetting 
polymer: vinyl ester find wide tribological applications in aerospace industries, 
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automotive, electrical and electronic industries and they are also used as matrix material 
in composites [1,7–9].  

Very limited research has been conducted on chromium nitride coatings on polymers 
mentioned above by pulsed DC magnetron sputtering. Considering the tribological and 
wide applications of polymers and composites and taking in the advantage of pulsed DC 
magnetron sputtering in coating these polymers and composites, it will be beneficial to 
do a study on the same. In the present work, chromium nitride coating has been reactively 
deposited over CFRP and thermoplastic polymer substrates (PA, PC and PMMA) and 
thermosetting polymer substrate: vinyl ester by pulsed DC magnetron sputtering 
technique. As polymers are innately hydrophobic having low surface energy, they tend to 
form intrinsically poor adhesion bonds with the coating. The adhesion of polymers can 
be improved by modifying the surface by many methods such as chemical, thermal, 
mechanical, electrical and plasma surface treatments prior to deposition [21,22]. Among 
them, plasma treatment is most adopted because it is rapid, convenient and environment 
friendly [23,24]. Plasma-treated polymers usually form adhesive bonds anywhere from 
two to four times stronger than bonds formed by traditional chemical or mechanical 
preparation [25].These individual surface modifications or a combination of these 
methods results in improved adhesion [26–30]. Plasma treatment with Argon ions is 
found to make the polymer surface hydrophilic [31], however, the effect is found to differ 
depending on the plasma gas used. To know the said effect on adhesion of coatings, 
plasma treatment of CFRP and polymers with different pressures of argon and 
argon/nitrogen mixture has been carried out and the results have been analysed. A clean 
substrate surface is a pre-requisite for good adhesion and the solvents used for cleaning 
should be chosen carefully as some can degrade the polymer substrates [25]. In the present 
study, substrates have been cleaned with different solvents such as detergent solution, 
acetone, ethanol and iso propyl alcohol (IPA) to achieve good adhesion and at the same 
time, the bulk properties of the substrates were analysed to know the degradation if any.  

The film growth that determines the coating properties is controlled by the depositing 
adatom flux and the energy the adatoms receive [16]. The deposition temperature plays a 
key role in transferring the energy to the adatoms, which is decisive in activating the 
substrate surface for the film growth. One way to achieve this is by heating the substrate 
by an external source but this cannot suit the polymers as they have poor temperature 
resistance. Another source of energy are the plasma species that bombard the growing 
film transferring their energy and momentum to the adatoms. The plasma species 
comprises of neutral and charged gas particles in addition to the sputtered species. Many 
studies have shown that the bombarding flux and energy tunes the film properties 
efficiently [20,32–36]. Magnetron sputtering process has low degree of ionization of the 
plasma particles which results in low ion flux received by the growing film. The energy 
of the bombardment species on the film can be increased by biasing the substrate with 
few to several hundred voltage depending on the substrate material. As the degree of 
ionization of the sputtered species is less than 1%, most of the ion flux the film receives 
will be of the inert gas such as Ar+ (argon ion) [37]. This together with the applied bias 
voltage may sub-implant the Argon atoms in the film which will cause film defects and 
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induce high residual stress deteriorating the film/substrate interface quality resulting in 
poor adhesion [37]. Increasing the ionization of the sputtered species will help to solve 
these issues.  

Operating the sputtering source in asymmetric pulse mode when compared with that of 
direct current (DC) mode results in ultra-dense or highly ionized plasma with electron 
densities in the order of 1018 m−3 which are much higher than the values of 1014–1016 m−3 
commonly obtained for DC magnetron sputtering. It also gives high electron temperature 
reaching to ~20 eV [38].  The energy delivered to the growing film is proportional to the 
product of Te

3/2 Ne where Te is the electron temperature and Ne is the electron density. 
Both Te and Ne strongly change in pulsed plasma [39]. High degree of ionization occurs 
due to the fluctuations in plasma potential arising from the pulse cycle [40]. A complete 
understanding of the variations of the ion fluxes and the factors affecting them is not 
available. The present work concentrates on study of flux and energy of ions and neutrals 
by energy analyser as a function of asymmetric bipolar pulse frequency during the 
reactive sputtering of chromium nitride. A simple model of the ion density and potential 
variations has been proposed to explain the changes in the ion fluxes with pulse 
frequency. Recently High Power Impulse Magnetron Sputtering (HiPIMS) technique 
where the sputtering target is operated in high power pulse has attracted many researchers 
as it gives the sputter material ionization of ~70% [37]. The benefits of HiPIMS in terms 
of high ionization of the target material come at the cost of a lowered deposition rate and 
this makes pulsed DC magnetron sputtering still a widely used technique [41–45]. 

Normally the magnetic fields in an unbalanced magnetron system are deliberately 
arranged to allow the electrons to escape from the region away from the cathode or target 
surface. These electrons create a plasma away from the magnetron surface, which not 
only activates the reactive species near the substrate but also provides ion energy 
bombardment on the substrate surface. But the flux of escaping electrons guided by the 
magnetic field lines is not uniform and so is the generated plasma. This is expected to 
affect the flux of ions bombarding the substrate depending on its position and eventually 
on the coatings properties. Not much research has been conducted on the influence of 
magnetic field lines on the ion flux. In the present work, the flux and energy of ions have 
been studied by energy analyser as a function of pulse frequency with a fixed reverse time 
of 1.1 µs at different positions on the centre line of the unbalanced type II magnetron and 
at a position offset from the centre line of the magnetron. As the film properties can be 
controlled by the ion energy bombardment [46,47] the study will be useful. Some of the 
studies that were carried out to know the influence of pulse frequency on the nitride film 
properties were done using symmetric bipolar pulsed DC and at high substrate 
temperature by applying high substrate bias voltage [44,48]. The pulse frequencies used 
in these studies were also low between 2 kHz and 50 kHz.  Jianliang Lin et al [49] did a 
good comparative study on chromium nitride films deposited with different techniques 
such as DC magnetron sputtering, asymmetric bipolar pulsed magnetron sputtering at 100 
kHz and modulated pulsed power magnetron sputtering. J.O’Brien et al. [50] analyzed 
alumina and titania coatings at different asymmetric bipolar pulse frequency and they 
found that the coating properties depended on the material coated.  Additionally, research 
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has been conducted on the influence of wide range of pulse frequencies on chromium 
nitride which is expected to have a diverse effect on the coating, chromium nitride has 
been deposited at different asymmetric pulse frequencies from 0-350 kHz at a fixed 
reverse time of 1.1 µs and the film characteristics such as texture, morphology, stress and 
mechanical properties have been analyzed. A floating substrate bias has been used for all 
depositions to ensure that the kinetic energy of the ion bombardment on the growing film 
is mainly from the intrinsic plasma and to simplify the study, glass and silicon substrates 
were used. Analyzing the coatings properties at different substrate positions as that of the 
energy analyzer will give a better understanding of magnetic field influence on the ion 
energy bombardment of the coatings and the properties. As a start to know the influence 
of substrate position on coating properties, chromium nitride has been deposited on the 
substrate positioned at an off-axis from the center line of the magnetron target.  

To get a better understanding of the research work, the thesis has been divided into few 
chapters. Chapter 2 explains elaborately on plastics and composites, their unique 
properties and applications, the need for coatings on these components and the challenges 
faced thereby. As the deposition technique used for coating is plasma based and plasma 
diagnostics is one of the principal focus of the study, plasma and the associated 
characteristics are enlightened in Chapter 3. Chapter 4 elaborates on Sputtering 
technology and the advantages of adopting asymmetric bipolar pulsed DC unbalanced 
magnetron system. It is the film growth that will ultimately determine the film 
crystallography and properties and hence the mechanism behind film growth has been 
explained in Chapter 5. Chapter 6 explains the experimental techniques involved and the 
results and discussion of the research work are explained in Chapters 7-10. The adhesion 
of coatings on composites and polymers has been explained in Chapter 7 and 
characterization of coatings on the same has been explained in Chapter 8. Chapter 9 and 
10 concentrates on study of ion energy with different pulse frequency and the dependence 
of coating characteristics on pulse frequency. The conclusion part is given in Chapter 11.  

Objectives of the thesis 

Polymers such as vinyl ester, polycarbonate, polyamide, polymethylmethacrylate and 
carbon fibre reinforced composite materials are used to replace metallic components in 
many applications for their low weight, high stiffness, low cost to mention a few. 
However to achieve adequate performance, wear resistant coatings on polymers are prime 
requisite for many applications. And achieving good adhesion of the coatings on the 
polymer has always been challenging. Considering this defect, one of the main objectives 
of the thesis is to employ different ex-situ pre-treatment methods using different solvents 
and in-situ pre-treatment techniques that involves plasma ion cleaning with Argon and 
nitrogen ions to see any discernible effect on the adhesion of wear resistant chromium 
nitride coatings on the above mentioned challenging substrates.  

The stoichiometry of the coating is found to influence the performance of the coating. To 
coat the Chromium nitride with different nitrogen flow rate to determine its effect on film 
stoichiometry and thereby on mechanical properties and wear behaviour of the coating 
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on CFRP and polymer substrates is the second objective. Magnetron sputtering technique 
is a versatile technique developed to coat different materials on wide range of substrates 
including polymer based materials. This together with pulsed DC power source utilized 
for sputtering can play a vital role in determining the coating properties by modifying the 
flux and energy of the plasma species. How the change of pulse frequency can affect the 
plasma species and affect the coating characteristics such as film structure, morphology, 
roughness and hardness subsequently is one another objective of the thesis. The 
configuration of magnetrons play a crucial role in directing the ions bombarding the 
substrate which eventually will modify the coating properties. The fourth objective of the 
thesis is to find how the position of substrate in relation to the magnetron will influence 
the flux and energy of ions received by the substrate and hence on the coating properties. 
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2. Coatings on Polymers and Composites 
 

2.1 Polymers 

Polymers occupy an important place in engineering applications not just for their ease in 
manufacturing using simple processes producing desirable features such as complex 
styles with low noise and low cost but also for their potentially excellent tribological 
performance. When it comes to applications related to barrier properties, polyethylene 
layers are excellent water barriers, polyvinyl alcohol is a good oxygen barrier and 
polyethylene terephthalate (PET) impedes the diffusion of carbon dioxide from 
carbonated drinks. Toothpaste tubes, diaper back sheets, tarpaulins and geomembranes 
that are used to line containment ponds and landfill pits are other barrier applications of 
polymers. Polymers are widely used as electrical insulators in applications such as wire 
and cable insulation, electrical appliance housings etc. [51]. Polyvinyl chloride (PVC), 
polyethylene and isotactic polypropylene are used in these applications. Transparent 
polymers find use in automotive tail lights, food package, camera and contact lenses. 
Opaque polymers are used for buckets, kitchenware etc. The polymers can be made glossy 
or matte by the production process. The glossy applications include household appliance 
housings and non-reflective applications cover  computer housings and automotive 
dashboards [51]. Tribological applications of polymers include gears, a range of bearings, 
bearing cages, artificial human joint bearing surfaces, bearing materials for space 
applications including coatings, tires, shoe soles, automobile brake pads, non-stick frying 
pans, floorings and various types of surfaces for optimum tactile properties such as fibres 
[52]. 

A polymer molecule is a complex molecule (usually organic) consisting of a large number 
of atoms joined together to form a chain with an order of magnitude greater than its 
thickness. The atoms in a molecular chain are held together by covalent bonds whereas 
the bonds between the different chains are much weaker. The chain molecules in a 
polymer are considered to be the basic building units. The molecules that bond to form a 
polymer chain are called as monomers. A polymer material has a wide variation of 
molecular weight (length), branching, inter-connections and different chemical defects. 
It also has physical variants based on the organization and alignment of neighbouring 
chains to various degrees at various scales of size. The properties of polymers depend on 
both the chemical and physical configurations of their component molecules. The average 
molecular weight of the polymers and distribution of the molecular weight along with the 
chemical composition determine the melt flow characteristics of the polymer. Molecular 
weight also influences tensile strength, extensibility and toughness of the polymer. 
Oriented polymers that exhibit anisotropy is commonly seen packaging films where it is 
easy to tear open in one direction parallel to the chain orientation than in the perpendicular 
direction [51].  
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A polymeric material is a combination of both viscous and elastic components. The 
viscoelastic nature of the polymers determines their mechanical properties. Under an 
applied force, the elastic components respond by deforming reversibly while the viscous 
elements flow. The polymer will exhibit different properties in accordance with the 
quantity of these components. For example, ultra-oriented polyethylene fibres (PE) have 
extraordinarily high modulus due to the presence of very high molecular weight 
molecules strongly aligned along the long axis of the fibre that can crystallize to a high 
degree. This unique property makes them to compete with steel on weight to modulus 
ratio. The toughness of these fibres finds them applied in bullet proof vests. On the other 
hand, ultra-low density polymers having a short chain branching that inhibits 
crystallization makes them soft, flexible and transparent. These properties are utilized in 
medical tubing, ice bags etc. The hard, tough and transparent polymers such as 
polycarbonate (PC) and polymethylmethacrylate (PMMA) are ideal for applications 
experiencing severe impact and find usage in bus shelters, motorcycle helmet visors and 
jet fighter canopies [51]. 

The polymers can be thermoplastic polymers and thermosetting polymers. Thermoplastic 
polymers consists of chains that are not chemically bonded permanently to their 
neighbours. When heat or pressure is applied to these polymers, the molecules flow 
behaving as a viscous liquid with the polymer chains sliding past one another. This 
facilitates to mold the thermoplastics into useful products. When cooled, they solidify 
taking some shape that remain constant until subjected to further heat or pressure. The 
thermoplastics can be dissolved in solvents without destroying any chemical bonds. 
Thermosetting polymers on the other hand consists of an interconnected network of 
chains that are permanently chemically connected to their neighbours either directly or 
via short bridging chains. In other words, the positions of interconnected chains are fixed 
relative to their neighbours and hence the thermoset polymer do not flow when heated or 
subjected to pressure. The interconnected networks are referred as crosslinked. Unlike 
thermoplastics, thermosets do not dissolve in solvents but can soften and swell. 
Thermosets exhibit better thermal stability, rigidity and dimensional stability than 
thermoplastics due to the crosslinking. These properties are made use of in tires, pleasure 
boat hulls, adhesives and electrical cable insulation [51].  

As for the present study, thermoplastics such as polycarbonate (PC), 
Polymethylmethacrylate (PMMA), Polyamide (PA) and thermosetting polymer: vinyl 
ester have been used and therefore the properties and applications of the same are 
discussed further.  

2.1.1 Polycarbonate (PC) 

Polycarbonates are classified as aliphatic and aromatic. The aliphatic polycarbonate do 
not have much commercial significance due to low melting point. The most common 
aromatic polycarbonate characterized by high heat resistance, toughness and transparency 
is derived from bisphenol A and phosgene via an interfacial polymerization process. The 
structure of a linear PC is shown below: 
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Figure 2.1 Chemical structure of bisphenol A Polycarbonate 

Despite PCs having high hardness, they display ductile failure rather than brittle failure 
on impact making them very tough, which is the most desired property relative to other 
engineering polymers in an unmodified state. The outstanding toughness of the 
polycarbonate is attributed to the recurring carbonate present in the aromatic 
polycarbonate structure and the high glass transition temperature stems from the rigid 
aromatic unit [53,54].  Due to PCs intrinsically high ductility, they can easily be processed 
on standard extrusion, injection and blow moulding equipment. PC exhibits unique 
birefringence behaviour as a result of small scale orientation of the polymer chains in 
injection moulded parts [51]. Though PC is resistant to water and many organic 
compounds, it is chemically attacked by alkalis, amines and ketones. Ten properties that 
can be attributed to PC are transparency, toughness, strength and stiffness, dimensional 
stability, easy to mold, easy to paint/decorate/finish, excellence in aesthetics, flame 
resistance, heat resistance and safety (medical and food contact). When there are different 
polymers available for different applications, transparency is one of the important 
characteristics of PC that makes it significant because there are really very few transparent 
polymers when compared to opaque or translucent polymers [9]. The very high clarity of 
PC stems from their amorphous nature. There are no crystalline/amorphous interfaces that 
can scatter light leading to opacity [51].  The refractive index of PC differs very little 
from that of glass and hence makes an excellent choice for glass replacement applications 
[51].  

PC has unique combination of toughness and transparency and again the number of 
plastics that are both tough and transparent is relatively small. Compact discs, CD-ROMs, 
refrigerator crisper trays, lighting fixtures, automotive head lamps, prescription 
eyeglasses, safety face shields, aircraft windows, bullet-resistant glass, architectural 
window glazing, automotive moon roofs, automotive side window glazing and aircraft 
canopies are examples of applications in which polycarbonate is used for transparency 
and toughness. Opaque polycarbonate are used in impact-modified products area. The 
impact-modified PC applications include automotive products, safety products, athletic 
products, communication devices and chemically resistant products. Polycarbonate when 
blended with partly miscible crystallizable polyesters such as polybutylene terephthalate 
and polyethylene terephthalate creates an alloy that provides improved chemical 
resistance [9]. The disadvantages of PC include low solvent resistance, photo degradation 
when exposed to ultraviolet and gamma radiation, and a high susceptibility to crazing 
when exposed to solvents, mechanical stresses or high temperature conditions [51]. 
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2.1.2 Polyamide (PA)  

Polyamides represent hetero-chain linear polymers containing in their main chain 
repeating amide groups, -CONH-. High-molecular-weight polyamides are commonly 
known as nylon. Polyamides are crystalline polymers typically produced by the poly-
condensation of a diacid and a diamine which requires the most complete removal of the 
low molecular reaction products in order to obtain the desirable high molecular weight. 
There are several types with each type identified by a number. One number indicates that 
the product was prepared from a single monomeric substance and represents the number 
of carbon atoms in the linear chain of the recurring polymer unit. For example, nylon-6 
is manufactured by the polymerization of caprolactam that has 6 carbon atoms and nylon-
11 from 11-aminoundecanoic acid. When two reactants are used in the polymer 
manufacture, they are represented by two numbers separated by a comma. The first refers 
to the number of carbon atoms in the dibasic substance. Thus nylon-6,6 is prepared by 
the reaction of hexamethylene diamine and adipic acid and nylon-6,12 from 
hexamethylene diamine and dodecanoic acid [54,55]. Depending upon the number of 
carbon atoms, the physical and chemical properties of polyamides vary. Nylon-6 and 
Nylon-6,6 are the most commercially available polyamides.   

All polyamides absorb moisture that can alter their properties. Nylons are most suited for 
automated moulding operations characterized by fast cycles, good release and rapid setup. 
For electrical, mechanical and construction articles, normally injection moulded parts are 
used. Nylon resins are used for interior and exterior parts of automobiles and are also used 
under the hood. Some of such applications include filter bowls, window cranks, electrical 
connectors, fuse boxes, and speedometer gears. In electrical and electronics field, nylon 
resins are used for connectors and clamps. Mechanical applications include gears, 
sprockets and wedges where nylons actively replace metal counterparts. Construction 
industry utilizes injection moulded nylon parts for fasteners, hardware and tool parts. 
Nylon competes with polyester and polycarbonate resins in many applications [54].  

Nylon 6 or PA-6 or polycaprolactam used for the present study is synthesized by ring 
opening polymerization of ɛ-caprolactam under the action of water, alcohols, acids, other 
bases that cause ring cleavage. When water is used, the process is called hydrolytic 
polymerization and the ɛ-aminocaproic acid formed by hydrolysis of the lactam acts as a 
catalyst. As the hydrolytic polymerization is an equilibrium process, the end product 
always contains some monomers and oligomers. When the process is carried out at 250°-
270°C, these low molecular weight components can drop to 10%. As they are water 
soluble, they can be removed with water or by heating in vacuum which will eventually 
improve the polymer properties [54]. Polycaprolactam can also be synthesized in the 
presence of alkali and the end product is often called as alkaline polyamide. This method 
allows the production of articles directly in the synthetic process and is used for 
manufacturing bulky or thick-walled parts. Depending on the application of polyamide in 
the form of fibres or as engineering plastics, the process conditions differ [54]. The 
chemical structure of Nylon 6 is given in figure 2.2. 
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Figure 2.2 Chemical structure of Nylon-6 

Some of the characteristics of Nylon 6 includes outstanding balance of mechanical 
properties, high dimensional stability, outstanding toughness in equilibrium moisture 
content, excellent chemical resistance, oil resistance, wear and abrasion resistance, low 
flammability (almost all grades are self-extinguishing) and good long-term heat 
resistance. When nylon 6 are reinforced with glass or other fibres, they offer superior 
elastic modulus and strength with superior surface finish even after reinforcement. They 
also have low gasoline permeability and excels in gas barrier properties. Nylons are 
resistant to organic solvents, hydrocarbons, and refrigerants and have poor chemical 
resistance to strong acids and bases. 

2.1.3 Polymethylmethacrylate (PMMA) 

A colourless, transparent and rigid plastic, PMMA is prepared by radical polymerization 
of methyl methacrylate in bulk liquid form or suspension. PMMA has the following 
chemical structure: 

Figure 2.3 Chemical structure of PMMA 

It is amorphous in nature owing to the presence of bulky side groups in the molecules. 
The presence of the pendant methyl (CH3) groups prevents the polymer chains from 
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packing closely in a crystalline fashion and from rotating freely around the carbon-carbon 
bonds making it a tough and rigid plastic. It is resistant to many chemicals but soluble in 
organic solvents like ketones, chlorinated hydrocarbons and esters. When optical clarity 
is the main characteristic of this plastic, it acts as an excellent substitute for glass and is 
also called as acrylic glass used in products such as shatterproof windows, skylights, 
illuminated signs, and aircraft canopies. However, the scratch resistance of PMMA is low 
when compared with glass [56]. PMMA core optical fibres are now common but the 
clarity of the polymer is still below that of quartz. Blends of PMMA traditionally find 
applications as thermofoamable sheets, lighting fixtures, and other uses requiring 
decoration, gloss, and surface hardness. 

2.1.4 Vinyl ester 

Vinyl ester belong to the group of thermosetting polymers and find applications in 
coatings, adhesives, metal foil laminates, building materials, automotive parts, rigid 
foams, dental materials, fibre reinforced composites, military and aerospace applications. 
Vinyl ester is an unsaturated resin formed by the reaction of methacrylic or acrylic acid 
with a bisphenol diepoxide (epoxy resin). Methacrylic acid is most commonly used for 
vinyl ester resins intended for composite applications while acrylic acid is favoured for 
resins intended for applications in coatings [57]. Vinyl ester combine the excellent 
mechanical, chemical and solvent resistance properties of epoxy resins with the properties 
found in the unsaturated polyester resins. The toughness and greater tensile elongation 
properties of these resins stem from epoxy resin backbone. The molecular weight of the 
vinyl ester can be varied by choice of the epoxy backbone employed and accordingly 
molecular weight and backbone structure dependent properties like tensile strength and 
elongation, heat deflection point and reactivity can be varied for different applications. In 
case of vinyl ester resins that are used in composites, two mols of the diglycidyl ether of 
bisphenol A are chain extended with one mol of bisphenol A to form the epoxy backbone 
[57]. The temperature resistance range of Vinyl ester resin is 120-180°C [57]. Though the 
epoxy backbone and the use of methacrylic/acrylic acid make vinyl esters more expensive 
than the unsaturated polyester resins, their advantages exceed those of the unsaturated 
polyesters.  

The structures of vinyl ester and polyester differ only in the placement of unsaturated 
reactive sites (derived from carboxylic acid used) on polymer chain (fig. 2.4 and fig.2.5). 
As the ester linkages are present only at the end of the vinyl ester molecule when in 
polyester they are present in the middle position, their number is reduced by 35 to 50% 
relative to polyester. This increases the hydrolysis resistance of vinyl ester comparatively 
to polyester as ester groups are more hydrophilic. The absence of ester linkages in the 
epoxy backbone of vinyl ester in those sites where the polymer units are connected with 
phenyl ether linkages also gives superior chemical resistance to vinyl ester as ether 
linkages are much more resistant than ester linkages to degradation in many chemical 
environments and especially in high pH alkaline solutions. Also, if the vinyl ester resin 
molecule is terminated with methacrylate groups, the spatially large methyl group 
pendant on the methacrylate group sterically shields the ester linkage from chemical 
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attack [57,58]. The methacylate methyl group shielding the hydrophilic ester linkage also 
increases the hydrolysis resistance. The superior properties of vinyl ester makes them 
useful in pipelines, swimming pools, electro-refining tanks, chemical storage tanks and 
waste incineration gas cleaning units. Their applications extends to optical fibre coatings, 
topcoats for metal containers and UV curing inks. As they can constitute photo cross 
linkable systems, they are also used in printed circuit boards [59].Replacing the 
unsaturated monocarboxylic acid (metahcrylic acid) with a liquid carboxy terminated 
polydiene rubber by 20% can improve the impact resistance of the vinyl ester  [57]. Vinyl 
ester resins bond well to glass fibres but have poor bond to Kevlar and carbon fibres. As 
vinyl ester resin is sensitive to adhesion it requires careful surface preparation in case of 
any repair work.  

 

Figure 2.4 Chemical structure of epoxy based vinyl ester molecule and the schematic 
representation of cured and uncured vinyl ester where B indicates the reactive sites. 



2 Coatings on Polymers and Composites 32

 

Figure 2.5 Chemical structure of unsaturated polyester molecule and the schematic representation 
of cured and uncured polyester where B indicates the reactive sites. 

Vinyl ester and polyester are cured in the presence of a catalyst and addition of styrene 
‘S’. The styrene cross-links the polymer chains at each of the reactive sites to form a 
highly complex three dimensional network. During the curing, vinyl ester forms a rigid 
crystalline structure and the cross linking of side chains provide vinyl ester resins 
outstanding thermal stability. The cured vinyl ester resin also has physical properties 
superior to cured conventional polyester resin, particularly corrosion resistance and 
toughness. Above Tg (glass transition temperature) the polymer becomes amorphous 
which changes its mechanical properties drastically such as decrease in resin modulus 
(stiffness) and drop in compressive and shear strength [57]. Their excellent thermal 
performance and mechanical properties makes them the prime candidates for composites 
in transportation or infrastructure with applications in construction of parts for 
automobiles and other surface transportation vehicles, fascia for buildings, 
reinforcements for bridges, etc. 

.  
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2.2 Composites 

One of the ways to modify the polymer characteristics is to transform them into polymer 
composites. A composite is a material made of two or more constituent material with 
different physical or chemical properties that, when combined, produce a material with 
characteristics different from the individual components. The individual components 
remain separate and distinct within the finished structure. The polymer in polymer 
composite which is reinforced by fillers or reinforcements is called as the matrix, a 
continuous phase of the composite. The reinforcements can be in any form such as 
particles, flakes, whiskers, short fibres, continuous fibres or sheets. While the 
reinforcements improves the mechanical properties of the matrix such as strength, 
stiffness etc. by carrying the primary load, the matrix transfers stresses between the 
reinforcements and protects them from mechanical and/or environmental 
damage[60].Fibre reinforced polymer (FRP) composites are more prominent than other 
types because materials are stronger and stiffer in the fibrous form than in any form. [61]. 

One of the advantages of polymer matrix composite (PMC) is their light weight emerging 
from low specific gravity of their constituents. The specific gravities of polymers and 
reinforcements in PMCs are in the range 0.9-1.5 and 1.4-2.6 respectively. Depending on 
the polymer and reinforcement used, the specific gravity of PMC falls between 1.2 and 2 
which is very less when compared with steel that has 7.87 specific gravity and aluminium 
alloys having 2.7 specific gravity. The lower specific gravities of PMCs make their 
strength to weight and modulus to weight ratios comparatively much higher than those of 
metals and their alloys. This allows them to be competitive with high performance metal 
alloys in the aerospace industry. Also the fibres can be selectively oriented to resist load 
in any direction producing directional strengths or moduli unless like isotropic materials 
such as metals or unreinforced polymers. The choice of fibre type and orientation helps 
one to control a variety of thermal properties. Different types of fibres can be mixed 
together to form a hybrid structure with high stiffness and impact resistance. To produce 
stiff and lightweight structures, PMCs can be combined with aluminum honeycomb, 
structural plastic foam, or balsa wood [62]. The high damping factors of PMCs effectively 
damps the noise and vibrations in PMC structures than their metal counterparts. As PMCs 
do not corrode, the maintenance cost is low in automotive applications and they also give 
good design flexibility. However, depending on the nature of matrix and fibre, their 
properties may be affected by environmental factors such as elevated temperatures, 
moisture, chemicals, and ultraviolet light. And also different types of microscopic damage 
can occur in PMCs such as fibre breakage, matrix cracking, fibre/matrix interfacial 
debonding, and delamination at relatively low stresses. These damages can deteriorate 
the stiffness of the material when they grow in size and numbers. The notch sensitivity of 
the material can be severely reduced when the stresses develop at holes or cut-outs [62].   

Fibres in PMCs can be used as continuous fibres, discontinuous fibres or as a semi-
manufactured products such as woven fabrics. Continuous fibres are used in engineering 
applications requiring high stiffness, strength and fatigue resistance. Continuous fibre 
composites are characterized by a two dimensional laminated structure in which the fibres 
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are aligned along the plane (x and y direction) of the material. The manufacture of 2D 
laminates has the disadvantage of increased cost and time in addition to poor impact 
damage resistance and low post impact mechanical properties leading to the development 
of 3D fibre structures [63]. 3D composites have been largely used by the aerospace 
industry due to the increasing demands of FRP materials in load-bearing structures such 
as aircraft, helicopters and space-craft. They are also used in marine, construction and 
automotive industries. [63] Fibre reinforced polymer (FRP) composites have been found 
to successfully replace the existing deteriorated bridge decks (a bridge deck or road bed is 
the roadway, or the pedestrian walkway, surface of a bridge) and for new bridge 
construction. It must be recognized that a fibrous form results in reinforcement mainly in 
fibre direction and irrespective of the fibre arrangement in 2D or 3D arrays one cannot 
get the full reinforcement effect in directions other than the fibre axis. For applications 
requiring a less anisotropic behaviour, laminate or sandwich composites can be more 
effective and a particle reinforced composite will also be reasonably isotropic 
[64].Railway industry uses FRP’s for locomotive front ends, coach ends, doors, seat 
structures and other internal vehicle components. Track side applications include lockers, 
cabinets, ducting and insulators. FRPs are likely to be applied in many current civil 
engineering industry applications such as building cladding, roof lighting sheets, light-
weight bridges and walkways, covers and strengthening for bridges, shuttering, sewage 
and water treatment equipment, drainage interceptors, roadside equipment etc. The 
corrosion-resistant applications of FRP finds wide usage in pressure vessels, tanks and 
piping together with support structures and access equipment for chemical processing, 
laundries, agriculture and parts of the food industry. The marine environment finds many 
applications demanding corrosion resistance combined with other important properties 
such as fire resistance and low topside mass. These include dinghies, yachts, motor 
cruisers, life boats, work boats, mine sweepers and offshore structures. The high voltage 
insulators, parts of electrical machines, ‘hot’ line handling, wind turbine blades, printed 
circuit boards, radar installations and domestic appliances use FRPs in electrical industry. 
The leisure industry uses FRP for surf boards and wind surfers, skis, golf club shafts and 
numerous other applications [60]. The manufacturing cost of FRP composites is also 
much lower than steel counterparts as FRPs can be produced in one or two steps while it 
takes multiple steps for the steel parts particularly in automotive [62]. 

2.2.1 Constituents of composites 

Matrix: The matrix material in a PMC can be thermoplastics such as polyamide (PA or 
Nylon), polypropylene (PP), polyacetals, polycarbonate (PC) etc. or thermosetting resins 
such as epoxy, polyester, vinyl ester, acrylic resin, phenolic resin and polyurethane. Both 
thermoplastic and thermosetting polymers have their own advantages and disadvantages. 
Long continuous fibres can be easily coated and wetted by thermosetting resins as the 
starting material or pre-polymers that converts into thermosetting resins after curing have 
low viscosity. Thermoplastics on the other hand are highly viscous even at high 
temperature making the wetting of long continuous fibres difficult. Though the wettability 
of thermoplastics can be increased by few techniques, it increases the cost of the whole 
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process. Normally short fibres are used with thermoplastic polymers such as PP and 
nylon. Other than processing advantage, when compared to thermoplastics, thermosets 
are more thermally stable due to high glass transition temperature and chemical resistant. 
The thermoplastics such as PEEK (polyether ether ketone) and polyamide-imide (PAI) 
have high glass transition temperature but are very expensive. PA and PP, the low cost 
thermoplastics are used in less demanding application temperatures [62].  

Compared to thermosetting polymers, thermoplastics have high tensile strain to failure, 
greater crack resistance, higher impact strength, unlimited storage life and lesser 
processing time although the processing temperature of thermoplastics is higher than that 
of thermosets. One distinct advantage of thermoplastics is that they can be directly 
recycled in these environmentally conscious times. Also as thermoplastics can be 
softened repeatedly, they can be post-formed into various shapes and welded together 
without using any adhesives [62]. Comparatively the composites made of thermoplastics 
have low compressive strength and shear strength than the thermosets. Though low 
compressive strength can be attributed to poor fibre/matrix adhesion and low resin 
modulus, the latter is found to be the dominant factor in evaluating the compressive 
strength. As thermoplastics have lower values of modulus than the thermosets, 
composites made of thermoplastics have low compression strength. At best, 
unidirectional carbon reinforced thermoplastics have compression strengths of about 150 
ksi, whereas for (high performance) thermosets 225 ksi is typical. In the case of aerospace 
composites, the cost of making thermoplastic prepegs can be three times the cost of 
making epoxy prepegs [62].  

Among the thermosetting resins epoxy, polyester and vinyl ester are widely used. 
Unsaturated polyester resins (UPR) are used in large quantities because of their 
convenience in use, low cost and ready availability [60]. Epoxies have significant 
advantages over UPRs such as good adhesion with fibres, which results in improved 
performance of the composite, low volume shrinkage during curing process (3% for 
epoxies and 7% for polyesters), better heat resistance, better fatigue resistance and the 
ease of tailoring the chemistry and thereby meeting specific processing needs. The main 
drawbacks of epoxies are slow processing and high cost when compared to UPR. The 
price ratio for UPR, vinyl ester and epoxies is 1:2:4 [60].  Vinyl ester resins not just have 
processing speed similar to UPR with similar constituents such as catalysts and 
accelerators like that of UPR but also have their chemical origin more related to epoxy 
resins. This makes vinyl ester possess better properties than polyesters. In spite of their 
higher cost, they are attractive to the automotive and construction industries [60].  

Additives: The constituents of FRPs are important as they determine the properties of 
FRPs based on their relative amounts, their dispersion and the processing route with 
which the final shape of the product is made. [60] In high performance aerospace PMC, 
the fibre volume fraction is typically 55-60%. In addition to matrix and fibres, small 
particles known as additives are added to the composites for further improvement of their 
mechanical properties like strength, stiffness, and toughness; to enhance barrier properties 
and their resistance to heat and fire; to enhance electromagnetic properties, or simply to 
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lower the cost. Some additives are also used to improve the behaviour of composite in the 
manufacturing process. The additives other than fibre itself are catalysts, fillers, 
thickeners, mold release agents, inhibitors, pigments, thermoplastic polymers, 
polyethylene powders, flame retardants, and ultraviolet absorbers [60,61]. Fibres can be 
treated or sized by coating them with organic material called as size prior to use to 
improve the interactions between matrix material and reinforcements in the composites 
[61]. Sizing also protects the fibres from damage from fibre-fibre contact during handling. 
Silane added to the composite acts a coupling agent or adhesion promoter and also for 
sizing the fibres. The amount of sizing is usually less than 1% dry mass to the product 
[60]. Thermoplastics such as PVAc are also used for sizing of the fibres and to have low 
polymerization shrinkage during composite processing. Here the content of the 
thermoplastic in resin system is less than 5% [61]. The sizes are chosen based on the 
thermosetting polymer and can be made to be soluble or insoluble in resin [60]. Alumina 
trihydrate is commonly used as a fire retardant since it gives off water vapour when heated 
[60]. It also enhances the electrical properties.  

Pigments provide wide range of colours but not all compounds accept colour especially 
when used with thermoplastic additives. Titanium dioxide pigment is used for white 
material and carbon black for dark grey or almost black material [60]. Carbon black also 
protects the composite from UV- and thermal radiation and to enhance the electrical 
conductivity and formability [62]. Pigments can affect the cure time and shelf life stability 
of composite and can also accelerate or inhibit the reactivity of the catalyst-resin system. 
Pigment concentration is generally 1 to 5 w% of the resin [65]. The process of cross-
linking is called as curing and the amount of curing agent in the resin varies in the range 
of 1 to 4 w% depending on which type of composite it will be used for. For laminating, 
the content is between 1 and 2 w% and in surface resin it varies between 2 and 4 w%. 
Styrene blended with the basic resin acts as a cross-linking agent as well as to control 
viscosity [60]. The most common catalyst used is benzoyl peroxide and the function of 
catalyst is to activate the curing reaction. It also allows the compound to continually flow 
until the mould is completely filled that requires rapid curing once the temperature in the 
mould is raised [60]. Internal mould release agents such as calcium or zinc stearates and 
stearic acid are essential in order to secure good release of moulded parts from tools [60]. 
The concentration of internal release agent is less than 2 w% of the resin [61]. Inhibitors 
such as hydroquinone tend to increase the storage life of the compound. They also interact 
with the catalyst and help in assisting the flow characteristics of the compound [60].  

Fillers are incorporated primarily to reduce cost and also to improve the mechanical 
properties like stiffness, to reduce volumetric shrinkage during cure, to reduce the peak 
exothermic temperature and to impart desirable moulding characteristics. Elimination of 
shrinkage improves the surface quality of the finished component [60]. Different fillers 
can be added to the polymer systems. There are hundreds of fillers available but the most 
commonly used are calcium carbonate, magnesium carbonate, silicon dioxide, hydrated 
alumina, clays like kaolin and talc and light-weight materials like Fillite [60,66]. The term 
filler is sometimes used specifically to mean particulate additives. Fillers can be divided 
by their sizes and shapes. Calcium carbonates reduce the shrinkage of the moulded parts 
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and enhance the strength uniformity. Kaolin clays when used together with calcium 
carbonate improve resistance to cracking in moulded parts [67]. Silicon dioxide in 
thermosets will enhance the electrical insulating properties, dimension stability and 
thermal conductivity [62]. Usually the total amount of reinforcements and additives in 
composite is between 30-70 weight percent.  

Fibres: Glass fibres have been in use for a long period of time but as glass fibre is not 
very stiff, the composite made from glass fibres has low stiffness in spite of being very 
light and strong [64]. This led to the emergence of fibres made of boron, carbon, silicon, 
carbide and alumina known for extremely high modulus and high strength. Carbon fibre 
reinforced polymer (CFRP) composites have a relative stiffness five times that of steel. 
Because of these excellent properties, they are used in epoxy and polyester uniquely suited 
for components in new jet aircraft, parts for automobiles, boat hulls, rocket motor cases, and 
chemical reaction vessels. As the automobiles made of CFRP composites are stronger than 
steel but at the same time lighter, the fuel efficiency is praiseworthy. While for most 
aerospace applications, carbon fibres are used mainly for their highest fatigue resistance 
other than showing high modulus and strength, aramid fibres such as Kevlar 49 are 
finding applications in both aerospace and marine composites because of their higher 
strength to weight ratio than carbon fibres [62]. Carbon fibre reinforced epoxy composite 
is used in antennas, struts, brackets, and supporting structures of reflectors, telescopes, 
solar arrays and other parts in satellites and space stations. As these applications are 
stiffness-critical, very high modulus carbon fibres are used. Carbon fibre-epoxy 
composite are used in these applications for their low density and very low coefficient of 
thermal expansion (CTE). While low density leads to weight reduction, low CTE which 
can be less than 0.2×10-6/°C is important for dimensional stability of the structures 
particularly in the space environment where the temperatures may vary between -100 °C 
to +100 °C throughout day and night [62]. High cost is the major concern related to CFRP 
composites. In general, polymeric fibres are very ductile and have a significant capacity 
to absorb impact energy; for example, Kevlar and Spectra are used in bulletproof vests 
and helmets. All polymeric fibres have low compressive strength. Alumina and boron 
fibres followed by SiC and some PAN-based carbon fibres represent the high compressive 
strength fibres. Inorganic fibres such as glass and alumina are brittle. Brittleness of carbon 
fibres varies with fibre precursor and tensile modulus. Higher modulus carbon fibres tend 
to be more brittle; however there appear to be some variations [62]. As carbon fibre CFRP 
composites are used for the present study, carbon fibres is discussed further.  

Carbon fibres are anisotropic, and fibre anisotropy increases with increasing axial 
modulus. Carbon fibres can be made using different precursors such as polyacrylonitrile 
(PAN), mesophase pitch and cellulose. The compressive strength of carbon fibres varies 
with the fibre tensile modulus and precursor material. The compressive strength of PAN 
based fibres is greater than the pitch based fibres exhibiting the same modulus. Currently 
the most used carbon fibre is based on PAN and it is generally not 100% PAN [62]. PAN 
is typically a copolymer that contains methyl acrylate, methyl methacrylate, vinyl acetate, 
itaconic acid, or vinyl chloride. Up to 15% comonomer content has been reported. The 
fibres are stabilized in air at 200-300 °C while being stretched to induce the molecular 
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orientation that is required for achieving high modulus. Stabilized fibres are carbonized 
above 1000 °C in nitrogen. The fibre axial modulus increases with heat treatment 
temperature. To achieve very high modulus, a heat treatment temperature of up to 3000 
°C can be used. Heat treatment above 2000 °C is carried out in an inert atmosphere rather 
than in nitrogen [62]. The structure of highly oriented high modulus carbon fibres is 
graphitic while that of inter-modulus PAN based carbon fibres is turbo-static graphitic. 
The carbon atoms are arranged in planar sheets, whose spacing is slightly greater than 
that of pure graphite because of the impurities. Some of the attributes of carbon fibres are 
high specific strength and stiffness, low coefficient of thermal expansion and low 
abrasion, biological and chemical inertness, X-ray permeability, fatigue resistance, self-
lubrication, high damping, high corrosion resistance and electrical conductivity.  

2.3 Tribology of Polymers and Composites 

Tribology is the science and technology of surfaces in contact with each other and is 
therefore related to wear, friction and lubrication. The tribological properties of polymers 
and composites become an important aspect in most of the applications that include gears, 
cams, a range of bearings, bearing cages, artificial human joint bearing surfaces like 
replacement hip and knee joints, bearing materials for space applications including 
coatings, tires, shoe soles, automobile brake pads, non-stick frying pans, floorings and 
various types of surfaces for optimum tactile properties such as fibres [52]. The polymers 
discussed in section 2.1 are used in many of these applications. The elasticity, 
accommodation to shock loading, low friction and wear resistance of polymers are 
exploited in tribological applications [68]. Nylons were the first plastics used for gear 
applications and the most common grades used were Nylon 6, 6/6 and 6/12. These 
materials are used in an unmodified, toughened and reinforced forms exhibiting 
outstanding toughness and wear resistance, low coefficient of friction and excellent 
electrical properties and chemical resistance [69]. As polymers are viscoelastic their 
properties are time-dependent [68]. The tribological characteristics of polymers depend 
on many factors like temperature, relative speed of the interacting surfaces, normal load 
and the environment [52]. Dealing with these factors in a controlled way can improve the 
tribological performance.  

2.3.1 Wear 

Wear is defined as the removal of material from a solid surface as a result of friction or 
impact. Wear is classified into various ways. Some classify based on the type of relative 
motion producing wear that includes sliding wear, impact wear and rolling contact wear. 
and some classify based on the wear mechanism involved which includes abrasion, 
erosion, adhesion and surface fatigue [55]. The wear regime of polymers are 
experimentally found to be strongly affected by the formation of transfer film as well as 
fatigue loading. The mutual effects of applied pressure and sliding speed are found to 
have an effect on the interference between physical and mechanical characteristics of 
polymers [68]. Low loads can lead to mild wear while high loads can cause severe wear 
[70]. The severe wear regime is characterized by brittle fracture or severe plastic 
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deformation and the mild wear regime is characterized by the formation of a thin transfer 
film also called as the shear layer and a delamination type of wear process of the shear 
layer [70]. In the mild wear regime, the wear rate which is the wear per unit sliding 
distance increases linearly with the load while in the severe wear regime, the wear rate 
increases exponentially with the load [70]. High sliding speed produce high temperatures 
due to frictional heating which can degrade the polymer or polymer based composites but 
in some cases it can be beneficial to the lubricating process. High temperature can not 
only drive out the absorbed water vapour but also can provide greater mobility of polymer 
molecules above the some molecular relaxation temperature. In order to develop a transfer 
film, the polymer chains must have time to reorient. When the sliding speed is high, the 
unoriented chains instead of getting time to reorient they will fracture leading to the 
production of large wear particles and high wear. For the best results, sliding speed should 
be chosen appropriately for each polymer [70]. 

The transfer film is formed on the metal counterface against which the polymer slides. 
When adhesive bonds between the sliding surfaces are stronger than the cohesive strength 
of the bulk polymer, some parts of the polymer are transferred to the counterface surface 
while another part of the worn polymer is removed forming wear debris [68]. The transfer 
film of a polymer has a significant effect in determining the mechanisms of sliding, 
abrasive or adhesive wear [68]. The stronger the bonding of the transfer film on the 
counterface, the smaller is the wear loss. Depending on the topography of the sliding 
surfaces through the formation transfer film on the metal counterface, the wear resistance 
may improve or degrade [68]. If the roughness of the metal counterface is increased by 
the uneven polymer transfer film, the wear factor is increased and when the surface 
becomes smoother, the wear resistance increases [68,70]. The contact area between the 
surfaces determines the amount and type of transfer. Thin transfer film is desired for wear 
applications and if the contact area becomes too large, instead of the transfer flowing 
across the metallic counterface surface, it will tend to build up and form ridges which in 
turn will form highly localized stresses and higher adhesion. This will lead to higher 
friction and severe wear [70]. 

Abrasive wear: Abrasive wear occurs by hard sharp asperities of the counter surface that 
dig into the soft rubbing surface of the polymer removing the material resulting in micro-
machining, wear grooves, tearing, ploughing, scratching and surface cracking [68]. It has 
been argued that the abrasive wear resistance of polymers can be improved by changing 
the mechanical properties. The abrasive wear of polymers is inversely proportional to the 
product of the breaking stress and the elongation to break [68]. The breaking strength and 
elongation to break tends to increase with increasing molecular weight before reaching a 
constant value and this has been observed in polyethylene. The abrasion resistance is thus 
correlated with molecular weight [68]. 

Erosional wear: Erosion is the removal of a polymer’s surface by abrasive material 
carried in a fluid medium. This type of wear is commonly found in plastic pipes used to 
transport waterborne slurries of minerals in mining operations and in vacuum transfer 
pipes used to convey powders in a stream of air.  
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Adhesive wear: This is the most common type of dry wear arising from the shear of 
adhesive bonding. This occurs in the polymer, which slides repeatedly over the same wear 
track on a smooth metal counterface. Due to the repeated sliding process, high local 
pressure is experienced between the polymer surface and the counterface causing plastic 
deformation leading to the formation of an adhesive junction. Further motion results in 
continuous formation and rupture of these junctions. This is normally accompanied by 
the formation of transfer film from the soft polymer onto the hard mating surface 
changing the topography of the surfaces involved. In many cases, adhesive wear is 
independent of surface roughness, often occurring on very smooth surfaces as well as 
rougher ones [68]. 

Surface fatigue wear: This type of wear occurs when the polymer undergoes repeated 
stressing during rolling and sliding motion. This process happens during friction 
accompanying nearly all wear modes where the frictional contact undergoes repeated 
cyclic stress at rolling and reciprocal sliding. The repeated cycles initiate subsurface crack 
on the polymer surface which propagates parallel to the surface with further deformation. 
The debris is spalled off the surface by continued motion exposing the new surface that 
experiences similar cyclic stress leading to a progressive deformation and flaking off of 
fragments [68]. 

2.3.2 Friction 

Friction is the resistive force experienced when sliding one object over the surface of the 
other. The co-efficient of friction is the ratio of the lateral force required to slide the 
surfaces past one another relative to the force holding them in contact. Polymers exhibit 
two co-efficients of friction: the static and dynamic co-efficients of friction. The former 
is a measure of the force required for initial movement and the latter is a measure of the 
force required to sustain movement at a constant rate. Normally the force required to 
initiate sliding is greater than that required to maintain a constant rate of movement. The 
coefficients of friction of polymers depend on many variables including the chemical 
composition of the sliding material against which it is sliding, surface roughness, sliding 
speed, temperature and frictional heating. The relationships controlling friction of 
polymers are complex and varied, so it is difficult to evaluate how these factors affect 
coefficient of friction. Friction generally increases with the polymer temperature because 
it becomes softer. The viscous component of the polymer plays a main role in determining 
its frictional property and this can be clearly seen by observing the coefficient of friction 
above and below the glass transition temperature of the polymer [51].  

2.4 Improving Tribological Performance 

2.4.1 Additives 

The tribological performance of polymers can be improved by adding appropriate fillers 
in accordance with the application. Solid lubricants such as polytetrafluoroethylene 
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(PTFE), graphite and molybdenum disulphide (MoS2) added to polymers affect 
significantly the formation of the transfer films, and decrease the friction coefficient [68]. 
Lead oxides and copper oxides added to low density and high density polyethylene 
improve the wear and friction characteristics [68]. When additives or fillers are present 
in a polymer, the transfer film on the metal counterface may develop from the fillers, 
polymer or both and that is why the additives such as graphite, MoS2 or PTFE reduce the 
coefficient of friction as well as the wear rate. On the other hand, the fillers usually lowers 
the product of the fracture strength and elongation to fracture. And as the abrasive wear 
resistance is proportional to this product, the wear rates of filled and unfilled polymers 
under abrasive conditions tend to be greater than those of unfilled polymers [68].  

When it comes to polymer composites, their tribological properties have been found not 
to be an intrinsic property of the composites but depends strongly upon constituent 
variables such as fibre material, fibre orientation, matrix polymer etc. [68]. It also depends 
on process variables such as counter face material, normal load, sliding velocity etc. The 
fibre reinforced composites have improved strength, stiffness, fatigue and wear resistance 
because most of the applied force is carried by strong, stiff and brittle fibres [68]. When 
addition of fibres to the polymers is found to reinforce the tribological properties of the 
bulk polymer, occasionally it has been found to worsen them [68]. The high stiffness and 
low thermal conductivity of composites results in high temperature at the sliding contact 
surface during friction, and beyond a certain critical temperature, wear rates are found to 
increase sharply [68]. Advancement in nanotechnology has led to polymer matrix 
nanocomposites with a reinforcing element of dimensional range of about 10-100 nm 
having special effects on wear resistance which cannot be easily achieved with traditional 
fillers [68]. 

2.4.2 Surface Coating 

An innovative method of improving the wear performance of the tribo-materials such as 
polymer and polymer based composites is by coating their surface with a hard material 
[71–73]. As hard materials generally wear less than the soft materials under the same 
frictional conditions, the wear performance of the soft underlying material is greatly 
improved by the hard coating as long as it exists on its surface [13]. Polymers and polymer 
based composite materials have relatively low temperature resistance. Due to this, there 
are only a few suitable coating methods that can be used for metal and ceramic deposition 
on composite materials. The size and shape of the product will also put a limitation on 
the coating methods. One of the applications of composite materials is the functional parts 
of the paper machine requiring tribological improvements. These are made of CFRP with 
vinyl ester as the matrix material and are used as one of the substrate materials for the 
present study. These parts can be over 10 meters long and might have very complex 
shapes (scraper blade holder). 
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2.4.1 Hard Chrome Plating Versus Physical Vapour Deposition (PVD) 

The coating methods mainly used for the composite materials are lamination and profiling 
(adhesive bonding), lacquering, thermal spraying, PVD and electroless-electrolytic 
plating [16]. All of these methods can be divided into sub categories with their own 
features and effects on the substrate and coating performance. Hard chrome plating was 
used in industry for many decades in applications requiring abrasive wear resistance, 
sliding properties, hardness and corrosion resistance. One of the advantages of this 
technique is that the worn coating can be repaired by striping and re-plating the surface. 
It also provides high hardness (up to 880 Hv0.01) but the high toxicity of galvanic bath 
containing Cr2O3 releasing the carcinogenic vapours of hexavalent chromium are not 
environment friendly and the waste disposal costs a lot. The process might also require 
post baking of the plating and grinding of the uneven thick chrome layer that increases 
the cost further [16,74–76].  

In addition, during the chromium plating mainly chromium hydride is formed and at 
dissociation of the chromium-hydride (hexagonal structure), the body-centered cubic 
chromium is formed with a smaller volume than the chromium-hydride. As a result of the 
volume reduction, very high internal tensions prevail in the deposit cracking the 
deposition when the layer reaches certain thickness [77]. The low deposition rate and 
limited corrosion resistance also adds up to the disadvantages of chrome plating [75]. 
PVD refers to a variety of coating techniques commonly used in a vacuum or a partial 
vacuum of gases for the deposition of metallic, ceramic or cermet coatings [73]. PVD 
processes such as sputtering are found to replace hard chrome plating to produce low cost 
chromium depositions. The high hardness of electrodeposited chromium is attributed to 
the presence of complex hydrides formed by the generation of hydrogen gas during 
electroplating. Though sputter deposited pure chromium coatings are not as hard as the 
former one, the incorporation of nitrogen in the sputtering process known as reactive 
sputtering is found to enhance the hardness of these coatings either by forming a Cr phase 
with nitrogen dissolved in the lattice or by chromium-nitride phases based on the nitrogen 
content [78–80]. PVD by which these nitride coatings are deposited provide greater 
flexibility for designing films with a specific chemistry and microstructure, leading to 
coatings with unique properties. It also facilitates deposition at low temperature [78,81–
84].  

2.4 The Excellence of Chromium Nitride as a Protective Coating 

Transition metal nitride coatings mainly based on titanium and chromium are widely used 
in wear and corrosion technologies in addition to cutting tool industries, optical and 
decorative applications [81]. There is an increasing use of plastic packaging for electronic 
devices, including computers, telephones, and in particular cellular telephones, for which 
a coating that is both electrically conducting for electromagnetic radiation shielding, and 
hard for scratch protection, is desired. In spite of being a good conductive material, 
compared to titanium nitride coatings, chromium nitride coatings exhibit good wear 
resistance, abrasion resistance, corrosion resistance, oxidation resistance and thermal 
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stability [85–89]. Compared to other nitrides and carbides, CrN can be formed at much 
lower substrate temperature. This enables coating the material requiring low deposition 
temperature [14]. Chemical composition, crystallographic phase and morphology play a 
vital role in determining film properties and can be optimized by deposition conditions. 
CrN offers a dense, continuous coating unlike chrome that has micro-cracking. CrN forms 
an outstanding bond to the base material that will not blister, flake or chip. Due to lower 
residual compressive stresses than TiN, CrN can be built thicker [80,90,91].  

2.5.1 Wear Resistance 

CrN coating is found to possess the frictional value by 10-20% lower than that of TiN 
making it a better wear resistant material. The low frictional values of CrN are attributed 
to the generation of stable, hard and well adherent oxide layers CrO3 and Cr2O3 with 
lubricating effect on the coating surface enhancing the sliding and wear properties of the 
coating. The hardness of bulk Cr2O3 is about 2000 HV [89,91]. The frictional properties 
are also related to the structure and orientation of the crystals in the film. The low 
frictional coefficient of CrN allows a decrease in the initial cracking during asperity 
interaction making it a superior wear resistant material and the high toughness of the CrN 
coating prevents the crack initiation and propagation from the surface to the inner part of 
film in erosive applications [83,92]. The impact, sliding and abrasive wear resistance is 
found to be increased by the dissolution of nitrogen in the chromium lattice. The impact 
resistance is improved by increasing the nitrogen content with the formation of hard and 
dense Cr2N phase [93]. The wear resistance is found to be enhanced by nano-layer 
structured alternate layers of softer CrN and harder Cr2N by facilitating the relaxation of 
fatigue stress generated during wear. The wear performance and mechanical properties of 
CrN have also been improved by additives like silicon, carbon, aluminium, vanadium and 
yttrium [88,91,94–96].   

2.5.2 Hardness 

The mechanical strength of the coating is indicated by its micro-hardness. Comparatively 
the hardness of TiN is higher than CrN. When the film thickness is increased, significant 
improvement in hardness is seen in CrN competing with the hardness values of TiN [97]. 
Stoichiometric Cr2N films exhibit a maximum hardness value of about 2950 HV while 
well-crystallized CrN films exhibit hardness values in the range of 1800 HV, which are 
significantly higher in comparison with those of bulk CrN (1100 HV). The bonding of 
the hardest materials, like diamond and cubic boron nitride, is characterized by a high 
degree of covalence. The hexagonal Cr2N is more covalent than cubic CrN and this high 
covalent bonding character in Cr2N corresponds to the higher hardness values compared 
with that of the cubic phase that has higher degree of ionicity [98,99].  
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2.5.3 Corrosion Resistance 

The porosity or density of the film affects the corrosion properties of the film and due to 
the dense structure, CrN shows good corrosion resistance. Local corrosion may appear 
on the defect sites like voids and cause an accelerated degradation of the metallic 
substrate. The appearance of defects in coatings is closely related to residual coating 
stress.  Cr2N is found to increase the corrosion resistance owing to its dense 
microstructure. While intermediate TiN layer induces higher porosity in the external CrN 
layer, nickel or thin metallic layer like chromium as an intermediate layer are found to 
decrease the corrosion rate of the substrate [90,93]. The nano segregated biphasic 
structure with alternate phases of CrN and Cr2N are found to increase the corrosion 
resistance by significantly reducing the porosity [91].  

2.5.4 Oxidation Resistance 

Though Cr2N is found to exhibit higher hardness than CrN phase, the oxidation resistance 
of Cr2N is inferior to that of CrN. The low oxidation resistance of Cr2N is attributed to 
the depletion of its higher chromium content and high porosity of the coating at high 
temperature when Cr2N transforms into CrN [100,101]. The oxidation resistance of CrN 
is enhanced by adding Si due to the oxidized SiO2 of the silicon nitride phase that retards 
the oxygen diffusion into the coating. The Si addition also inhibits the formation of Cr2N 
phase. It has been found that a silicon addition for concentration as low as 3 at. % is 
sufficient to promote the onset of oxidation by nearly 150 ºC compared to pure CrN 
coatings [102,103]. Addition of appropriate amount of Yttrium to CrN is also found to 
increase the oxidation resistance [96]. When aluminium is added to the nitride coating, 
the dense alumina scale formed on the coating surface retards further oxidation of the 
underneath coating improving the oxidation resistance. The oxidation resistance of the 
coating has also been found to influence the hardness of the coating [104].  

Considering the excellent tribo mechanical properties of chromium nitride, it is chosen as 
a coating material for all the polymers and polymer based composite used for the present 
study. 
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3. The Role of Plasma in Coating Technology

3.1 Plasma 

The PVD technique used for the present study is a plasma based technique. As plasma 
plays a key role in determining the coating properties, plasma and some of its important 
characteristics have been discussed further. Plasma which is often called the fourth state 
of matter is an ionized gas consisting of electrons, ions and atoms or molecules, moving 
in random directions that is, on the average, electrically neutral denoted by the state quasi 
neutral. As the temperature is raised, solid turns into liquid and then to gas. At a 
sufficiently high temperature, the molecules in the gas decompose to form a gas of atoms 
that move freely in random directions, except for infrequent collisions between atoms. If 
the temperature is elevated further, the gaseous state becomes the plasma state with an 
appreciable number of atoms ionized into freely moving charged particles. Positive 
charges are carried by the positive ions and negative charges are usually supplied by the 
electrons but in some cases negative ions have a contribution. The kinetic energy of the 
plasma particles is large compared with the potential energy, which is caused by a local 
charge. 

When ions and electrons move, these charged particles are interacted by the Coulomb 
force, a long range force which decays only as the inverse square of the distance between 
the charged particles. For this reason plasmas are said to exhibit collective behaviour. The 
resultant electric current flows due to the motion of these charged particles with Lorentz 
interaction taking place. Plasma is conductive and can be easily influenced by external 
electric or magnetic fields and its charge density is called as the plasma density. Since the 
plasma density continuously diminishes by loss mechanisms such as recombination 
within the plasma and diffusion out of the glowing plasma volume with subsequent wall 
reactions, an external power source is required to keep a state of equilibrium. This source 
can be thermal in nature (flame or stars) as well as electric (gaseous discharge) or radiative 
(ionosphere). Plasmas are stable within an enormous pressure range beginning at 10−4 Pa 
in the ionosphere (120−400 km height), 0.1 μbar (0.01 Pa) in ion beam sources, up to 1011 
bar in the interior of the stars.  

The name plasma is derived from the Greek word plassein, which means to shape or mold. 
It is possible to mold plasma shape by shaping the chamber and also move and energize 
plasma by using electromagnetic forces. Plasmas are broadly classified into two classes. 
One is a high temperature, fully ionized plasma in which nearly all atoms are ionized and 
the other is a low-temperature, weakly ionized one where only a small fraction of atoms 
are ionized. Plasmas with temperatures T < 105 K and T > 106 K are referred to as cold 
and hot plasmas respectively.  Even in weakly ionized plasma, the dynamics of the system 
may be dominated by effects caused by the relatively small number of relatively strongly 
interacting ions and electrons, as opposed to the relatively large number of relatively 
weakly interacting neutrals. It is this weakly ionized plasma in which many depositions 
of the coatings are carried out.  
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3.2 Plasma in Surface Modification  

The high energetic active plasma constituents provide an excellent source for surface 
modification of the materials in a unique way and finds wide applications such as, 

 Production of active molecules (e.g., ozone synthesis) 

 Pollution control (destruction of NOx and SOx, cleaning of flue gas, etc.) 

 Light sources (lightings, gaseous lasers and plasma displays) 

 Deposition of materials (production of thin films) 

 Etching for semiconductor devices 

 Surface modification and treatment 

 Plasma sterilization (inactivation of microorganisms) [105] 

Plasma processes have become inevitable in semiconductor industry as all the 
semiconductor devices passes through at least one plasma processing step which includes 
surface cleaning, coating and etching. Plasma treatment makes the cotton crease resistant, 
leather more durable and reduces the shrinkage of wool fibres during washing [106]. Fine 
polishing of surfaces has become easy with noble gas ion bombardment and the surfaces 
of glasses and semiconductors may become polished at an atomic scale. Indium-
containing III-V compound semiconductors, such as InAs, InP or InSb with initial rough 
surfaces get very smooth with a roughness of 0.2, 0.8 and 1.4 nm [107]. Plasma immersion 
ion implantation (PIII) have been effectively used for doping semiconducting materials 
and hardening medically implantable hip joints, tools and dies extending their working 
lifetimes remarkably [108]. Plasma Enhanced Chemical Vapour Deposition (PECVD) 
can produce thin films of amorphous silicon with adequate opto-electronic properties to 
be used in solar cells [108].  

Plasma-assisted modification of bio-relevant materials is an established technique to 
optimize the bio-functionality of implants or to qualify polymer surfaces for cell culturing 
and tissue engineering. Sensitive applications of plasma, like subjecting human body or 
internal organs to plasma treatment for medical purposes, are also possible [109]. In case 
of barrier coatings, leak proofing of common containers can be done by exposing their 
interiors to a CF4 plasma [110]. By means of plasma coatings, gas tanks can be made 
impervious to gasoline and plasma soft drink bottles can be protected against the outward 
diffusion of CO2 and the inward diffusion of O2 [110]. Plastic storage bags of food and 
car bumpers can be painted easily after subjecting to plasma treatment [110]. Fibrous 
materials like wool and synthetic fibres can be coloured more easily after being immersed 
in plasma [110]. Deposition of dielectric layers of different refraction indices has been 
done by sputtering, a plasma technology. Various films have been deposited using 
sputtering such as aluminum in integrated circuit devices, transition metals films such as 
iron, cobalt, and nickel for magnetic coatings, superconducting films such as niobium, 
reflective optical films such as aluminum, silver and gold, corrosion-resistant films such 
as chromium which are also used for decorative purposes [108]. As plasma 
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polymerization results in highly cross linked polymer chains, plastics produced are much 
stronger [108].  

3.3 Collisions in Plasma 

As the plasma is mainly characterized by the long range electrical interactions, the 
collisions of electrical carriers with neutrals within the plasma play a key role in 
determining the plasma equilibrium and also the chemical processes involved  [111]. 
Particle collisions can be divided into elastic and inelastic. A perfectly elastic collision is 
defined as one in which there is no loss of kinetic energy in the collision. An inelastic 
collision is one in which part of the kinetic energy is changed to some other form of 
energy in the collision. Inelastic collisions change the internal energy or state of the 
colliding particles. Collisions are characterized by a cross section, which is an effective 
area around the target particle within which a second passing particle will interact. The 
collision cross sections are complicated functions of the relative velocity between 
colliding particles and the total collision cross section can be sub-divided into 
contributions for each possible type of interaction including elastic scattering, ionization, 
excitation, charge transfer, recombination, attachment etc. Collision cross sections 
determine how far a plasma particle travels unimpeded and how rapidly it transfers energy 
and momentum to other particles [111]. Molecular gases have additional ways to interact 
including dissociation, dissociative attachment and ionization, and excitation of 
vibrational and rotational modes. Collision cross-sections determine how far a plasma 
particle travels unimpeded and how rapidly it transfers energy and momentum to other 
particles. Generally electron-neutron collisions are the most important for low-pressure, 
partially ionized plasmas due to the high electron temperature and the large number of 
neutral particles relative to charged particles (typically 102 to 106) [111].  

When particles of similar mass collide, a large fraction of the incident particle’s energy 
is transferred to the target particle, such as for electron-electron or ion-neutral collisions. 
This will lead to efficient energy transfer between the same species allowing them to 
reach a steady-state equilibrium distribution of energies among themselves without 
necessarily reaching equilibrium with the other species. As the external power used to 
ignite plasma is coupled first to the electrons, electrons will be normally much hotter than 
ions in a partially low pressure plasma. The ion temperatures on the other hand are closely 
tied to the temperature of the more numerous neutral particles, due to efficient collisional 
energy exchange between particles of equal mass and due also to ion-neutral charge 
exchange processes. The neutral particles are strongly coupled to the wall temperature 
because numerous electron-neutral collisions are required to heat the neutrals, whereas 
they will lose most of their energy in a single wall collision [111]. As neutrals are present 
in greater number in weakly ionized plasmas, electron-neutral collisions are the most 
probable in these plasmas. The electron-electron collisions can be dominant in high 
density plasma sources (ne>1017 m-3) operating in the low millitorr pressure range because 
the electron- electron collision frequency and the large energy transfer can have a greater 
effect than the weak energy exchange by the more numerous electron-neutral collisions 
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[111]. The charge exchange in ion-neutral collision can be important for ions accelerating 
through plasma sheaths. Penning excitation and ionization, which are due to metastable 
neutrals exciting or ionizing another neutral are important neutral-neutral processes [111]. 

Elastic collisions are of paramount importance for Ohmic heating and energy dissipation 
into the plasma; inelastic collisions are responsible for all the electronic excitation 
processes. The mechanism of Ohmic heating is the result of interaction between an 
electron, the force which is exerted by an electric field, and neutrals which collide with 
the accelerated electron [106]. The collision of electrical charges with the neutrals results 
in further charge carriers in addition to energy consuming processes like optical 
transitions making the collision inelastic. The ionization mainly takes place by the 
collision of slowly moving heavy particles with the rapidly moving electrons having the 
kinetic energy greater than the threshold of excitation and these electrons are available in 
a very small fraction. The electron kinetic energy is significantly reduced by inelastic 
collisions, which cause excitations of molecular rotations, vibrations and eventually 
electronic transitions. It is this excitation, which generates ions, radicals and other 
dissociation products; furthermore, metastable species can be formed. When these 
inelastic collisions are possible, they dominate all other processes because of their large 
losses of energy. All these species can again react among themselves, but they can also 
relax. An electronic transition is often combined with radiation of light (UV/VIS range) 
[106]. 

When the electron cannot excite a heavy particle like an atom or a molecule due to low 
kinetic energy, it can exchange momentum with its counterpart resulting in elastic 
collision. Due to the very large mass difference between the electrons and other plasma 
constituents (ions and neutrals), the transfer of kinetic energy is nearly negligible via 
elastic collision. This lack of efficiency of energy exchange results in athermal plasma 
i.e., electrons and heavy particles (sometimes even ions alone and neutrals alone) are in 
separate thermal equilibrium with tremendous temperature difference. The rise in gas 
temperature is also very small due to a very small fraction of exchange of kinetic energy 
through elastic collisions between particles of significantly different masses [106]. 

3.4 The Significance of Plasma in Adhesion of Coatings on Polymers 

One of the polymer surface modification applications is adhesion promotion. Plasma 
treatment of polymers with argon, helium, nitrogen and oxygen ions are done to modify 
the surface morphology, physical and chemical nature of the surface and hence the surface 
energy [29]. The chemical and plasma treatment of the polymers leads to formation of 
functional groups by chain scission followed by crosslinking that improves the adhesion 
with increased hardness, wear resistance and low frictional coefficient. The mechanical 
properties of materials are strongly dependent on the state of the near-surface region, 
where the new links between chains are formed. The above treatments also roughen the 
surface that affects the adhesion and is found to be different for different polymers [112]. 
The improvement of surface properties can be attributed mainly to the ionization 
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phenomena induced in the near surface region. Ions with elevated ionizing power (such 
as N) will be more effective. Thus, the polymer materials are hardened by ion 
implantation. The most important advantage of the plasma modification is that changes 
occur only at the surface layer due to the small depth of penetration of the active species 
[113]. Plasma-treated polymers usually form adhesive bonds anywhere from two to four 
times stronger than bonds formed by traditional chemical or mechanical preparation [25].  

3.3.1 Importance of Applied Power, Pressure and Treatment Time 

There are many parameters affecting the adhesion of coatings on the plasma treated 
polymer surfaces. Normally the polymer surfaces are subjected to plasma treatment for 
specific time and particular pressure and flow rate of the working gas. The applied power 
also plays an important part and the product of applied power and treatment time is 
considered to be the practical dose. Comparing the dose responses by varying all the 
above parameters, one can find the best treatment condition for any treated polymer in 
study and better understand the underlying mechanism involved. When the plasma 
modification is surface confined as the active plasma species such as ions, electrons and 
neutral species cannot penetrate very deep into the surface (typically approx. 10 nm), the 
vacuum ultraviolet (VUV) photons may penetrate micrometers deep, depending on the 
optical absorption properties of the material being treated. As a result, the progression of 
surface chemical changes with treatment time follows a saturation curve. The treatment 
starts from near-surface region (approximately 1-2 nm) making it heavily modified and 
thereby extending to subsurface region by diffusion of reactive species from the treated 
region above. Based on the death of analysis, the surface response with time may be a 
simple saturation or a region of rapid change with treatment time (reaction-limited 
regime), followed by a region of significantly slower change (diffusion-limited regime) 
[114]. 

3.3.2 Plasma Species 

The plasma treated surfaces are actually modified by the plasma species distributions 
impinging on them. The concentration and energy distribution of plasma species is 
determined by process conditions like applied power, process pressure such as total 
pressure and partial pressure, gas composition, the position of sample with respect to the 
electrodes etc. The applied power divided by the gas flow is related to the specific energy 
(i.e., energy per molecule) deposited in the plasma and hence is very significant. For 
example, a power of 1 W dissipated in a mass flow of 1 sccm amounts to 15.5 eV per 
molecule [114]. Nevertheless this ratio of power to gas flow do not explain how the power 
is partitioned among the various processes occurring within the plasma. In low 
temperature plasma used in laboratories, the applied power couples more effectively to 
the electrons in the plasma. The ions and excited neutrals are generated by these electrons 
through electron impact processes. The electron impact cross-sections for excitation 
determines the type of plasma species generated. Typical electron energy distribution 
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functions have average energies in the range 1–5 eV, with high-energy tails extending 
into the range of several tens of eV. 

While the ratio of power to gas flow is clearly an important parameter and one of far more 
fundamental significance than applied power, it gives no indication of how the applied 
power is partitioned among the various processes occurring within the plasma. In a typical 
low-temperature non-equilibrium plasma, the applied power couples more effectively to 
the electrons in the plasma. This energized population of electrons generates ions and 
excited neutrals by electron impact processes. The types of species formed are determined 
by the electron impact cross-sections for excitation. Typical electron energy distribution 
functions have average energies in the range 1–5 eV, with high-energy tails extending 
into the range of several tens of eV. The electrons in the high-energy tail are important 
for driving ionization and other excitation processes having thresholds of tens of eV. In 
discharges sustained by secondary electron emission from the cathodes, a significant 
population of energetic electrons is generated by acceleration of the secondary electrons 
in the cathode sheath. These electrons can gain much of the applied voltage amplitude 
upon traversing the sheath [114].  

Ions traveling from the bulk plasma to surfaces acquire kinetic energy as they traverse the 
sheaths associated with these surfaces. For a surface floating electrically in the plasma, 
the ions gain the difference between the plasma potential and the floating potential. This 
difference scales with the electron temperature and is typically in the range 10–20 V. In 
contrast, ions entering a cathode sheath gain the difference between plasma potential and 
the cathode voltage. Depending on the relative areas of cathode and anode, the maximum 
energy gained by the ions as they approach the cathode can be 1–2 times the driving 
voltage amplitude, with time-averaged energies of 0.5–1 times the driving voltage 
amplitude. At low process pressures, the ions do not experience a significant number of 
collisions in transit to the cathode. At high process pressures, the energy with which the 
ions arrive is reduced significantly by collisions with neutral gas species. Neutral reactive 
species can be extremely important in polymer surface modification processes. For 
example, monatomic species formed by dissociation of molecular gases can react with 
polymer surfaces to form new functional groups comprising the atomic species from the 
plasma and atomic constituents of the polymer repeat unit [114].  

In addition, electronically excited atoms and molecules can be important participants in 
surface reactions leading to the formation of new chemical functionalities. The total 
pressure and partial pressure of feedstock gases influence the types and concentrations of 
atomic species formed by electron impact dissociation and excited atomic and molecular 
species formed by electron impact excitation. Furthermore, metastable species formed by 
electron impact (e.g., metastable states of argon or helium) can excite neutral atoms and 
molecules upon collision to form ions and excited neutral species, and the total system 
pressure and the partial pressures of the feedstock gases influence the population of 
products formed by these processes. A consequence of the presence of excited molecular 
and atomic species is the emission of photons as the excited states decay. Many of the 
decay processes include transitions involving the emission of vacuum ultraviolet (VUV) 
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photons. Most polymers strongly absorb a certain range of UV radiation. VUV emissions 
can play a significant role in photochemical reactions during polymer surface 
modification, as well as in cross-linking reactions at the surface and in the subsurface 
region of the polymer [114]. 

3.5 Glow Discharge and its Significance 

A plasma discharge or glow discharge is the plasma formed by the passage of electric 
current through a low-pressure gas. The study of glow discharge is important to 
understand the weakly ionized plasma, its properties and the deposition mechanism of the 
sputtering process. A very simple glow discharge is a dc current glow discharge that can 
be generated by applying a dc voltage between two metal electrodes in a glass tube 
containing gas. When the voltage exceeds a certain value called the striking voltage, the 
gas in the tube ionizes, becoming a plasma, and begins conducting electricity, causing it 
to glow with a coloured light. The glow is created by relaxation processes of atoms which 
have been excited by inelastic electronic collisions and its colour depends on the gas used. 
The usual pressure range of operation is between 10 mTorr and 10 Torr. Typically, a few 
hundred volts between cathode and anode is required to maintain the discharge.   

Some of the ions' kinetic energy is transferred to the cathode. This happens partially 
through the ions striking the cathode directly. The primary mechanism, however, is less 
direct. Ions strike the more numerous neutral gas atoms, transferring a portion of their 
energy to them. These neutral atoms then strike the cathode. Whichever species (ions or 
atoms) strike the cathode; collisions within the cathode redistribute this energy until a 
portion of the cathode is ejected, typically in the form of free atoms. This process is known 
as sputtering and discussed more in Chapter 4. Once free of the cathode, atoms move into 
the bulk of the glow discharge through drift and due to the energy they gained from 
sputtering. The atoms can then be excited by collisions with ions, electrons, or other atoms 
that have been previously excited by collisions. Once excited, atoms will lose their energy 
fairly quickly. Of the various ways that this energy can be lost, the most important is 
radiatively, meaning that a photon is released to carry the energy away. In optical atomic 
spectroscopy, the wavelength of this photon can be used to determine the identity of the 
atom (that is, which chemical element it is) and the number of photons is directly 
proportional to the concentration of that element in the sample. Some collisions (those of 
high enough energy) will cause ionization. In atomic mass spectrometry, these ions are 
detected. Their mass identifies the type of atoms and their quantity reveals the amount of 
that element in the sample. 
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3.6 The Zones of Glow Discharge 

 

Figure 3.1 Qualitative characteristics of a dc glow discharge (adapted from [106]) 

The different zones of the discharge are shown in figure 3.1. The zones, which emit light 
at very different intensities reveal that the relaxation processes do not happen with the 
same intensity across the discharge. 

3.6.1 Aston Dark Space 

The region adjacent to the electrodes do not emit light and are called as dark space or 
heath. The extension of the dark space varies with pressure, power input and the gas used. 
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The cathodic dark spaces adjacent to the cathode constitute Aston’s dark space and 
Crooke’s dark space or Cathode fall. Aston dark space contains a layer of negative charge 
next to the cathode with stray electron and secondary electrons that outnumber the ions. 
As these electrons are of low density and energy, they cannot excite the gas leaving the 
region appear dark.  

3.6.2 Cathode Glow 

The Aston’s dark space is followed by cathode glow where the electrons have enough 
energy to excite the neutral atoms with which collide. Relatively the cathode glow has a 
high ion density and sometimes this region masks the Aston dark space as it approaches 
the cathode very closely. The extension of the cathode glow depends on the type of gas 
and pressure. 

3.6.3 Crooke’s Dark Space or Cathode Fall or Cathode Sheath 

The Crooke’s dark space or cathode sheath is the darkest phase in which the most of the 
voltage drop occurs and hence is also called as ‘cathode fall’. This region has moderately 
a strong electric field that accelerates the electrons away from the cathode and a relatively 
high ion density that forms a positive space charge layer. The positive ions are accelerated 
towards the cathode causing the sputtering of the cathode material and the emission of 
secondary electrons, which get accelerated creating new ions through collision with 
neutrals. The thickness of the cathodic dark space is determined by the attraction of the 
ions by the cathode and the mutual repulsion of the ions. Considering this, the dark space 
is expected to shrink with rising pressure and gas density.  

3.6.4 Negative Glow (NG) 

The electrons that are accelerated away from the cathode with high velocity leads to 
negative glow or cathode glow with the brightest intensity by intense ionization and 
excitation. The high electric field that accelerates the electrons in the cathode sheath must 
decrease to create the plasma like condition rather than sheath like condition. Thus, the 
electric field at the end of NG decreases rapidly where transition to positive column 
occurs. The electrons that are accelerated by high electric field hence slows down by 
elastic and inelastic collisions leading to high ionization and excitation. High speed 
electrons produce ionization while slower electrons cause excitation by inelastic collision 
that generate negative glow predominantly. The electron number density in the negative 
glow discharge is typically about 1016 electrons/m3. As most of exciting and ionizing 
collision processes occur in NG because of the high density of both negative and positive 
charged particles, the zone is the source of light used in GD-OES (Glow Discharge 
Optical Emission Spectroscopy) which allows to most analytical information. When the 
high mobility electrons slow down by losing most of their energy, excitation and 
ionization processes cease leading to the start of the next dark region, the Faraday dark 
space. 
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3.6.5 Faraday Dark Space 

This is the region separating the negative glow from the positive column. The electron 
energy is low in this region. The electron density decreases by recombination and 
diffusion to the walls, the net space charge is very low, and the axial electric field is small. 
The negative glow, Crook’s dark space and Faraday’s dark space nearly exhibit the same 
length. This is approximately the length, which has to be covered by the electron to gain 
enough energy of motion to at least equal the ionization energy or ionization potential. 
This ionization length is proportional to the inverted pressure of the discharge as well as 
the potential difference between the electrodes. 

3.6.6 Positive Column 

Positive column followed by Faraday dark space has a low net charge density with only 
a small electric field of typically 1 V/cm which is just large enough to maintain the degree 
of ionisation to reach the anode. Whenever the length of the discharge tube is increased 
at constant pressure, it is only the positive column that lengthens. The brightness of the 
positive column is often uniform but in case of molecular gases particularly can exhibit 
several zones of different glow density called as ‘striations’ which can be either spatially 
stationary or can be oscillating. The gas is in the ideal plasma state in the positive column 
with number of carriers equalling each other with very weak longitudinal electric field. 
When the distance between the electrodes is decreased or when the pressure is decreased, 
the positive column vanishes first followed by Faraday’s dark space. Without increasing 
the voltage if the electrodes are help so close such that the anode dips into the negative 
glow, then the discharge is quenched. Hence the Crooke’s dark space and negative glow 
can be concluded to be the most important zones of the discharge [106].  

3.6.7 Anode Glow 

This region, which is the boundary of the anode sheath, is usually brighter than the 
positive column, and is not always observed.  

3.6.8 Anode Dark Space 

Anode dark space or anode sheath is the space between the anode glow and the anode 
itself. It has a negative space net charge density due to electrons traveling towards the 
anode. The electric field is higher than in the positive column. 
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3.7  V-I Characteristic of the Glow Discharge 

 
Figure 3.2 Voltage-Current characteristic curve of the DC low-pressure electrical discharge 
(adapted from [i]) 

A typical voltage-current characteristic curve of a glow discharge shown in fig.3.2 is non-

linear and can be divided into three regions as dark current mode, glow mode and arc mode, 

each of which are explained below. 

3.7.1 Dark Current Mode  

The region of the plot between A and E in figure 3.2 is termed the dark current mode 
because, except for Townsend ‘corona’ discharges and the breakdown itself, the discharge 
remains invisible to the eye. 

A to B: In this low voltage region, the charge carriers in the gas created by background 
radiation such as cosmic rays, naturally radioactive minerals or other sources carry the 
weak electric current by drifting towards the electrodes in a weak electric field. As the 
degree of ionization is very low, the plasma is not visible to the human eye. When the 
voltage is increased, increased fraction of ions and electrons are swept out. 

B to C: At point B, when the voltage is high enough to sweep out all the charge carriers, 
the current does not further increase with the voltage and saturates.  

                                                
[i] http://electric-cosmos.org/PrimerAboutGD.pdf 
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C to D: The region from C to D is called the Townsend discharge region that has 
increasing current. When the voltage across the tube is increased beyond point C, the 
electric field is strong enough to accelerate the electrons initially present in the plasma 
that will acquire high kinetic energy. These high energetic electrons ionize the neutral 
atoms when they bombard them before reaching the anode.  

D to E: Due to the high electric field strengths near sharp points, edges or wires, corona 
discharges occur before the electrical breakdown, which is the transition from dark mode 
to glow mode. Corona discharges will be visible to the eye when the current level is high 
and will be dark for low current levels.  

E: When the electric field becomes even stronger, a liberated electron may also ionize 
another neutral atom leading to an avalanche of electron and ion production. This leads 
to electrical breakdown where transition from dark to glow mode of operation occur. At 
this breakdown voltage, VB, the current may increase by a factor of 104 to 108, and is 
usually limited only by the internal resistance of the power supply connected across the 
electrodes. If this resistance has a comparatively high ohmic value, the discharge tube 
cannot draw enough current to break down the gas, and the tube will remain in the 
Townsend region with small ‘corona points’ or ‘brush’ discharge being evident on the 
electrodes. If the internal resistance of the power supply is relatively lower, then the 
plasma will break down and move into the normal glow discharge mode. The breakdown 
voltage for a particular gas and electrode material depends on the product of the pressure 
and the distance between the electrodes as expressed in Paschen’s law. 

Paschen’s Law: As discussed above, in order to ionize the neutral atoms within the tube, 
an electron must acquire a certain minimum energy called as the ionization energy. It 
does this by falling through a sufficiently large voltage drop and thus attaining a required 
velocity. If it collides with anything before attaining this velocity, it will not have the 
required kinetic energy to perform the ionization. So the discharge tube length (the 
distance between the electrodes) must be larger than the ‘mean free path’ (average 
distance between collisions) of the electrons in the discharge. By lowering the pressure 
in the tube we can remove potential collision candidates. Of course, if the pressure is 
lowered too far, there will be nothing left to collide with after the ionization energy has 
been attained. Paschen’s Law quantifies the trade-off among the three determining 
quantities: distance between electrodes, applied voltage, and pressure in the tube. For 
example, if the applied voltage is fixed, then there is an optimum value of the product, 
pd, where p is the pressure and d is the distance between electrodes. 

3.7.2 Glow Mode 

When the electron energy and number density are high enough to generate visible light 
by excitation collisions and recombination, the plasma glows and hence the name glow 
discharge. The applications of glow discharge include TV displays, fluorescent lights, dc 
parallel-plate plasma reactors, magnetron discharges used for depositing thin films, and 
electro-bombardment plasma sources. 
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F to G (Normal Glow Mode): After a discontinuous transition from E to F, the plasma 
enters the ‘normal glow’ region, in which the voltage is a slightly decreasing function of 
the current. This is thus a region of negative dynamic resistance. In this range, plasma can 
decrease the E-field strength at any given point inside it by increasing the current density 
(using less than the full cross-section of the tube). The electrode current density is 
independent of the total current in this mode. This means that the plasma is in contact 
with only a part of the electrode surfaces at low currents in this range. As the current 
density is increased from F toward G, the fraction of the cathode occupied by the plasma 
increases, until plasma covers the entire cathode surface at point G. 

G to H (Abnormal Glow Mode): In the ‘abnormal glow’ range (to the right of point G), 
the voltage increases with increasing current in order to force the electrode current density 
above its natural value to provide the required current. 

Hysteresis at the Glow / Dark Mode Transition: Starting at point G and reducing the value 
of current or current density (moving to the left on the plot), a form of hysteresis is 
observed in the volt-ampere characteristic. On the way back down, the visible glow 
discharge maintains itself at considerably lower currents and current densities than at the 
original point F and only then, at a new point F, makes a transition back up to the 
Townsend region at point D. 

3.7.3 Arc Mode 

H to K: At point H, the electrodes become sufficiently hot that, in the lab, the cathode 
emits electrons thermionically. If the DC power supply has a sufficiently low internal 
resistance, the discharge will undergo an abrupt glow-to-arc transition. In cosmic plasma 
there is no metal cathode and so arc mode is achieved via an avalanche increase in the 
total number of current carriers. Arc mode emission is characterized by copious amounts 
of intense ultra-violet light as well as brilliant broad-spectrum EM radiation including 
visible light. Arc mode plasma is orders of magnitude more radiant than glow-mode. 

I to J: The arc regime, from I through J is one where the discharge voltage decreases 
steeply as the current increases (negative dynamic resistance). This causes filaments to 
form in the lower current density region of the arc mode. Natural lightning is clearly one 
example of such filamentation. Negative dynamic resistance occurs until a sufficiently 
large current level is achieved (point J). Above that point, the voltage increases slowly as 
the current increases. In this higher current density arc mode range, the discharge is not 
filamented. 

3.8 Plasma Sheath and Debye Shielding 

The plasma sheath is a sharp interface between the bulk plasma and the chamber walls or 
any other material surface. The laboratory plasma in general is confined within a chamber 
wall. When the ions and the electrons from the plasma hit the wall, they recombine and 
are lost. But as the electrons have much higher thermal velocities which are at least 100 
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times greater than the ions due to their low mass are lost faster and the ions that are left 
behind leaves the plasma with a net positive charge. In other words, the potential of the 
walls φw becomes negative with respect to the plasma. The function of a sheath is to form 
this potential barrier so that the more mobile species usually electrons are confined 
electrostatically. The height of the barrier adjust itself so that the flux of electrons having 
enough energy to go over the barrier to the wall is equal to the flux of ions reaching the 
wall and thereby maintaining the quasineutrality of the plasma interior. This effect is 
called the Debye shielding which confines the potential variation to a layer of the order 
of several Debye lengths in thickness. Sheaths are mainly important in processing plasmas 
because their properties determine how charged particles from the plasma interact with 
the surface are being processed. In particular, the energy and direction of ions striking the 
substrate is determined by their fall through the sheath. Voltage drops of tens to hundreds 
of volts can occur across sheaths, which impart kinetic energies of tens to hundreds of 
electron volts to the ions. These ion energies lead to sputtering and chemical activation 
of surfaces in contact with the plasma. The sheath region is visibly darker than the main 
body of the plasma due to the scarcity of electrons and the resultant decrease in excitation 
and emission [111].  

3.9 Debye Length 

The Debye radius or Debye length is the characteristic scale length of the sheath, which 
is usually much smaller than length of the plasma itself. The Debye length ��� =
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Inside of	��, charges feel the potential due to the external or say test charge introduced 
into the plasma. Outside of this Debye length, the potential falls off exponentially, and 
charges are no longer aware of the presence of the test charge. Indeed, the plasma particles 
act together, in a coordinated way, effectively reducing the influence of the externally 
introduced charge. It is clear that this effect can be observed only if Debye radius is 
substantially smaller than the size of the system (L) ��� ≪ � . This is one of the necessary 
conditions for a gas of charged particle to become plasma. ���  is inversely proportional 
to ��, and hence the shielding length decreases as the density increases. This results 
because there are more electrons to cancel an existing charge distribution, and hence a 
shorter length scale to reach neutrality in the plasma, as the density of the plasma 
increases. 
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3.10 Plasma Parameter 

Since the derived screened potential should be produced in a statistical way by many 
charges, it is required that the number of particles inside the Debye sphere be large  �� ∼

����
� ≫ 1 . The parameter � = 1

��
� is often called the plasma parameter. It can be seen 

that the condition � ≪ 1	is necessary to ensure that a gas of charged particles behave 
collectively, thus becoming plasma. The same parameter can be arrived in a different way. 
The average potential energy of the interaction between two charges of the plasma is � ∼
��

�̅�  where � ̅is the mean distance between the particles. The latter can be estimated from 
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If, � ≪ 1	as it should be for a plasma, then the average potential energy is substantially 
smaller than the average kinetic energy of a particle. In fact, we could expect that since 
in order that the charges be able to move freely, the interaction with other particles should 

not be too binding. If 	� �� ≪ 1 , the plasma is said to be ideal, otherwise it is non-ideal. 

It can be seen that only ideal plasmas are plasma indeed, otherwise the substance is more 
like a charged fluid with typical liquid properties. 

3.11 Plasma Frequency 

Plasma oscillation also known as Langmuir wave is one of the important properties of the 
plasma. Plasma oscillation is the organized motion of electrons or ions in a plasma. Each 
particle in a plasma assumes a position such that the total force resulting from all the 
particles is zero, thus producing a uniform state with a net charge of zero. If an electron 
is moved from its equilibrium position, the resulting positive charge exerts an electrostatic 
attraction on the electron that pulls back the electron back to its original position, thus 
restoring the neutrality of the plasma.  Because the interaction between electrons is strong 
and due to inertia, the electrons will overshoot and oscillate about their equilibrium 
positions at a characteristic frequency known as plasma frequency that depends on the 
nature of the particular plasma. Clearly, there is a different plasma frequency for each 
species. However, the relatively fast electron frequency is, by far, the most important, and 
refers to “the plasma frequency”. In the analysis of the Debye screening the plasma was 
assumed to be in the equilibrium, that is, the plasma charges were not moving (except for 
the fast random motion which is averaged out). Thus, the screening is an example of the 
static collective behaviour whereas plasma oscillation is an example of the dynamic 
collective behaviour. 
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To derive plasma frequency, let it be assumed that the plasma consists of freely moving 
electrons and an immobile neutralizing background. Let the charge of the electron be �, 
mass � , and density �. Consider that, for some reason, all electrons, which were in the 
half-space �	 > 	0, move to the distance d to the right, leaving a layer of the non-
neutralized background with the charge density � = −��  and width �. The electric field, 
produced by this layer on the electrons on both edges is �	 = 	2���	 =	−2����		(for the 
electrons at the right edge) and �	 = 	2���	 = 	2����		 (for the electrons at the left edge). 
The force �	 = 	��	 =	−2����� accelerates the electrons at the right edge to the left, 
while the electrons at the left edge experience similar acceleration to the right. The 
relative acceleration of the electrons at the right and left edges would be �	 =

	2(�� �⁄ )=	−4����� �⁄ . On the other hand, �	 =	 �̈, which gives 

� =̈ −� �
��,

��
� =	4����� �	(���	�����)= ��� ���⁄ 	(��	�����)…………. (3.3)⁄  

The derived equation describes oscillations with the plasma frequency	�� . It should be 

emphasized that the motion is caused by the coordinated movement of many particles 
together and is thus a purely collective effect. In order to be able to observe these 
oscillations, their period should be much smaller than the typical life time of the system. 

In practical units, �� =
� �

��
≈ 8980	���	��	(��	��	��

��). For a gas to behave like a 

plasma rather than a neutral gas, ��� > 1 where �	is the mean time between collisions 

with neutral atoms [110]. 

3.12 Plasma Pre-sheath and Bohm-Sheath Criterion 

The formation of the plasma sheath is a non-linear problem that is generally broken down 
into three regions as shown in fiure.3.3. In the region of sheath, the electron density drops 
well below the ion density and leaves a local positive space charge density. The sheath 
problem involves the self-consistent solution for the ion density, electron density, plasma 
potential and ion velocity as a function of position, x. A common formulation, valid for 
many low pressure plasma, assumes that collisions can be neglected in the sheath region. 
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Figure 3.3 Qualitative behaviour of sheath and presheath in contact with a wall (adapted from 

[108]) 

The electron density is determined in terms of the plasma potential from the Boltzmann 
equation.  

��(�)= ����
∅(�)

��
�

… …… ………… ………… ………… ………… …	(3.4)  

The ion density is determined from the continuity of the ion flux everywhere in the sheath 

��(�)�(�)= ���	��	… … ………… …………… ………… ………… …. (3.5)  

along with the conservation of ion energy assuming no collisions in the sheath.  
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1

2
�� �(�)=

1

2
�� �

� − �∅(�)…… ………… …………………… ……. (3.6)  

We define the zero of the potential ∅ at x = 0 and take the ions to have a velocity ��	 there. 

���	is the ion density at the sheath edge. 

Solving for u from Equation (3.6) and substituting in Equation (3.5) gives 

��= ���	�1 −
2��

�� �
�
�

��
��

… … ………… ………… ………… …………	(3.7)  

The plasma potential is determined from Poisson’s equation  

��∅

���
=

�

��
(�� − � �)…… ……… …………… ………… ………………. (3.8)  

Setting ��� = ���	=��	and subsequently substituting �� and ��in Equation (3.8) gives 

��∅

��� =
���	

��
����

∅

��
− �1 −

∅

∈�
�

��
��

�………… ………… ………… …(3.9)  

� ∈�=
�

�
�� �

� is the initial ion energy.  

Equation (3.9) is the basic nonlinear equation governing the sheath potential and ion and 
electron densities. A self-consistent solution where the electron charge density is 
everywhere less than the ion density in the sheath, exists only if the ions enter the sheath 
with a velocity greater than the ion sound speed or Bohm velocity ��	given by  

��	≥ � �	= �
���
�

�

�
��

… ……… ………… ………… ………… ……….. (3.10)  

As can be seen the Bohm velocity is equal to the velocity of ions having energy 
corresponding to the electron temperature. The condition (equation 3.10) of a sheath 
existence is usually referred to as the Bohm sheath criterion. The sheath boundary is taken 
as the location where the (Equation 3.8) is satisfied, i.e., where the ion flow towards the 
wall become supersonic. The Bohm-sheath criterion implies that if ions are too slow in 
entering the sheath then the sheath potential will find its way into the plasma to accelerate 
them. So ultimately a pre-sheath will develop where ions obtain the Bohm velocity by 
gradually accelerating through the pre-sheath’s weak potential drop. The pre-sheath’s 
scale is determined by the ion mean free path or ionization length. The ion energy equals 
the electron energy eTe at the sheath boundary. 
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The ions initially starting at quasi rest in the main plasma accelerate to the sound speed if 
the potential drop in the pre-sheath region is   

1

2
�� �

� = �∅� … ………… …………………… …………… ………… ..(3.11)  

Substituting Equation (3.10) in Equation (3.11) gives  

∅� =
��
2
… …………… ……… …………… ………… ………… ………. (3.12)  

The plasma density at the sheath edge is given by �� = ���
�
∅�

��
�

≈ 0.61��	from the 
Boltzmann relation where ��	is the density where the presheath and bulk plasma join. 
Experimental measurements have confirmed the existence of a pre-sheath whose length 
corresponds to a collisional mean free path.  

3.13 The Wall Floating Potential 

The wall floating potential ∅�  is the potential that a surface will acquire when in contact 
with the plasma. The potential drop between the sheath edge and the floating wall of the 
potential is determined by equating the ion flux 

 Γ�= ���� …… ………… ………… ………… ………… ………… ……(3.13)  

and electron flux at the wall 

 Γ� =
�

�
����̅�

� �
��
�

	…… ………… …………… ……… …………… ….(3.14)   

��̅ = (8��� ��⁄ )
�

��  is the mean electron speed. Substituting the Bohm velocity from 
Equation (3.7) gives 

���
���
�

�

�
��

=
1

4
���

8���
��

�

�
��

�
� �

��
�

… …… ………… ………… …. .(3.15)  

Solving for ∅�  we obtain  

∅� = −�� ln �
�

2��
�

�
��

… ……… …………………… ………… …….. (3.16)  

Because the ion to electron mass ratio M/m is large, the change of potential across the 
sheath (even at a floating wall) exceeds five to eight times that across the pre-sheath in 
this case of a floating potential.  
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3.14 High Voltage Sheaths: Matrix and Child Law Sheath 

Equation (3.16) was related to the floating potential that exceeds electron temperatures 
five to eight times. However, in general, the change of potential across the sheath is often 
driven to be very large compared to electron temperature in which case, the electron 
density in the sheath can be neglected and only ions need to be taken into account. The 
simplest model of such a high-voltage sheath assumes uniformity of ion density in the 
sheath. This sheath is usually referred to as the Matrix sheath. In the framework of the 
simplest matrix sheath model, the sheath thickness can be expressed in terms of Debye 
length corresponding to plasma concentration at the sheath edge: 

� = ���
�
2��
��

�

�
��

… ……… ……………………… ………… ………… .(3.17)  

When voltage is high enough numerically, the matrix sheath thickness can be large and 
can be tens of Debye lengths.  

The more accurate approach to describe the sheath should take into account the decrease 
of the ion density as the ions accelerate across the sheath. This is given by the model 
called as Child-law sheath. In the framework of this model, the ion current density �� =
�����  is taken equal to that of the well-known Child law of space-charge-limited current 
in a plane diode: 

�� = ����� =
4��
9

�
2�

�
�

�
�� ��

�
��

��
……… ………… ………… ………… (3.18)  

From the above equation, the thickness of the Child law sheath can be derived as  

� =
√2

3
���

�
2��
��

�

�
��

… ………… ………… ………… ………… ………(3.19)  

Numerically the Child law sheath can be of an order of 100 Debye lengths (~1	��)	in 
typical low pressure discharges applied for surface treatment.  
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4. Sputter Deposition 

4.1 Physical Vapour Deposition (PVD) 

Physical vapour deposition is a vacuum deposition process where deposition is carried 
out in a vacuum or low pressure plasma environment. PVD processes include vacuum 
evaporation, sputter deposition, arc vapour deposition and ion plating. In PVD processes, 
the vacuum, which is an enclosed space with gas pressure much less than the ambient 
atmospheric pressure increases the mean free path of collisions of atoms and reduces 
contamination to an acceptable level. The plasma established in the vacuum provides a 
source of ions and electrons that may be accelerated to high energies in an electric field 
or a combination of electric and magnetic fields. These high energy ions can be used to 
sputter a surface as a source of deposition material (target) and/or bombard a growing 
film to modify the growing film properties. PVD processes are atomistic where material 
vaporized from a solid or liquid source in the form of atoms or molecules condenses on 
the part or substrate by transporting as a vapour through a low pressure plasma 
environment. Some PVD processes like sputter deposition can deposit compound by the 
reaction of depositing material with ambient gas environment such as nitrogen known as 
reactive gas (titanium nitride, chromium nitride) or with a co-depositing material 
(titanium carbide). This process is called as reactive deposition. The process is called as 
quasi-reactive deposition when a compound is deposited from a compound source and 
the loss of the more volatile species or less reactive species during the transport and 
condensation process is compensated by having partial pressure of reactive gas in the 
deposition environment. The plasma activates the reactive gas making it more chemically 
reactive. The typical deposition rates of PVD processes are 10-100Å (1-10 nanometers) 
per second and are generally used to deposit films with thicknesses in the range of few 
nanometers to thousands of nanometers. Nevertheless, they can also be used to form 
multilayer coatings, thick deposits and free standing structures. The size of substrates can 
range from very small to very large as used for architectural glass [16].  As sputtering 
technique is adopted for the deposition of coatings under study, the same is discussed 
further. 

4.2 Physical Sputtering 

Physical sputtering is a non-thermal vaporization process where surface atoms are 
physically ejected by a momentum transfer from an energetic bombarding particle that is 
usually a gaseous ion accelerated from an “ion gun” or low pressure plasma (< 5 mTorr). 
The energetic particles are usually ions of a gaseous material accelerated in an electric 
field. Typically, argon (40 amu) is used for inert gas sputtering since it is a relatively 
inexpensive inert gas. Argon also has the advantage that its atomic mass is similar to that 
of many of the metals such as Ti, Al, and Cu, which are used in many applications. 
Sputtering can also be done in a higher plasma pressure (5–30 mTorr) where energetic 
particles sputtered or reflected from the sputtering target are “thermalized” by gas phase 
collisions before they reach the substrate surface. The sputtering source can be an 
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element, alloy or a compound. Sputter deposition is widely used to deposit thin film 
metallization on semiconductor material, coatings on architectural glass, and reflective 
coatings on compact discs, magnetic films, dry film lubricants and decorative coatings. 
Sputtering occurs when the incident particles collide with the surface atoms, which are 
bound to the target by the binding force called as the surface binding energy. It is easier 
to remove the atoms from the surface not confined on one side than if it was inside the 
solid surrounded by other atoms. In other words, a surface atom has fewer electronic 
bonds, which must be broken to release it. Thus, the sputtered particles originate 
predominantly from the topmost surface layer with only small contributions from the 
second and third atomic layer. The surface binding energy of an atom is known only for 
a few materials but it is common to use the heat of sublimation as an estimate. Physical 
sputtering takes place for all target materials and incident particles with an energy above 
a threshold energy, which is the minimum ion energy required for sputtering to take place 
for a given material. This value could be up to 40 eV for most materials.  

Historically, sputter deposition and evaporation have been broadly grouped under the 
term “physical vapour deposition” (PVD). Sputter deposition has many advantages over 
the evaporation. The kinetic energy of sputtered atoms is found to be very high when 
compared with the evaporated atoms. For example, the average kinetic energy of 
sputtered copper atom is 8 eV whereas the energy is less than 1 eV for an evaporated 
copper atom [115]. Normally 1% of the incident energy is transferred to each sputtered 
atom. For low energy sputtering with incident energy 1 keV, the ejected particle may have 
an energy of 10 eV. In contrast, the thermal energy of an atom evaporated from a source 
at 2000k is less than 0.2 eV [116]. This high energy flux has a significant impact on the 
sticking coefficients for deposited materials, which is the probability of an atom reaching 
the substrate that gets condensed on it. The sticking coefficient is generally higher for 
higher energy atoms and can thus condense into smooth, dense, conformal, and 
continuous films more easily than can evaporated films. Also unlike evaporation, 
sputtering preserves the stoichiometry of the target source since the physical 
bombardment mechanism of particle ejection results in a consistent stoichiometry on the 
sample surface. Out of two sputtering techniques based on the ion source used namely 
ion beam sputtering and glow discharge sputtering, the latter is most convenient because 
of the precise control of the chemical composition and physical properties of the films 
using various sputtering parameters. 

4.3 Sputtering Yield 

During the sputtering process, the accelerating energy of the bombardment ion is typically 
provided by the potential drop between the ionized plasma gas and the bombarded 
surface. The atoms ejected from the target by ion bombardment condenses on the 
substrate to form a film and the efficiency of the sputtering therefore depends on the 
number of atoms ejected by the ion bombardment. Sputtering yield Y gives the measure 
of this efficiency as given by,  
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� =
������	��	���������	�����	�������	

������	��		��������	���������
… ………… ………… (4.1)  

During ion bombardment of the target, besides the ejection of target atoms, several other 
effects takes place such as a fraction of the incident ions is backscattered in collisions 
with target atoms, the others are implanted and come to rest in the solid in transferring 
their energy to electrons and lattice atoms. After slowing down, they may diffuse further 
and finally be trapped in the solid or be desorbed at the surface. The ion bombardment 
also results in emission of electrons and photons that may cause radiation damage in the 
surface layers of the target changing its surface structure and topography. Sputtering yield 
Y gives the measure of the erosion of target due to ion irradiation. Sputtering yield, the 
most important sputtering depends on many factors like ion energy, the mass of incident 
ions and the target atoms, the incidence angle of the sputtering material and the crystal 
structure of the target.  

4.3.1 Ion energy 

The sputtering yield varies with the incident ion energy E. Fig. 4.1 shows that threshold 
energy exists for the sputtering in the low energy region and the sputter field exhibits 
maximum value in a high energy region. The threshold values are normally in the range 
of 15-30 eV and the threshold values of sputtering yield are in the order of 10-4 to 10-5 
atoms/ion. In the low-energy region near the threshold, S obeys the relation � ∝ ��. In 
the energy region where � ∝ � , the incident ions collide with the surface atoms of the 
target, and the number of displaced atoms due to the collision is proportional to the 
incident energy.  At higher ion energies of 10-100 KeV, the incident ions travel beneath 
the surface and the sputtering yields are not governed by the surface scattering but by the 
scattering inside of the target. Maximum sputter yields are seen in the ion energy region 
of about 10 keV and at higher energies, the sputter yields will decrease due to energy 
dissipation of the incident ions deep in the target. The threshold energy also strongly 
depends on the particular sputtering collision sequence involved. High threshold energy 
is expected in the collision sequence where primary recoil produced in the first collision 
is ejected directly. Lower values are observed for the multiple sputtering collisions. 
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Figure 4.1 Variation of sputtering yield with incident ion energy (adapted from [117]) 

Depending on the energy of the incident particles and the collision cross-section between 
the incident particles and the atoms of the solid, for physical sputtering several collision 
regimes have been identified (Figure 4.2).  

 The single knock-on regime applies for light ions and low energy heavier ions. 
Here the recoil atoms from the incident particle-target atom collisions receive a 
sufficient high energy that they may be sputtered, but not enough energy to 
generate a recoil cascade. This regime applies mainly to primary ion energies 
below 1 keV. This regime may be expected for light incident ions such as H+ and 
D+. Sputter yields are orders of magnitude less than unity, in the range of 10-2 to 
10-6, since the bombarding ions can only eject the most loosely bound surface 
atoms or adsorbed molecular species. 

 The linear cascade regime: The primary energy is 100 eV-10 KeV, which are of 
prime interest for commercial and industrial applications of sputtering. Here recoil 
atoms from the incident particle-target atom collisions receive a sufficiently high 
energy to generate recoil cascades. Once the energy of the sputtering ions is 
greater than the surface binding energy of the cathode material, it is energetically 
possible to dislodge surface and near-surface atoms from their equilibrium sites. 
These dislodged atoms then in turn set in motion recoil collisions, which 
eventually result in the ejection of atoms from the cathode surface. But, the density 
of recoil atoms is sufficiently low so that knock-on collisions with atoms of the 
solid at rest dominate and collisions between moving atoms are infrequent. The 
key hallmark of this energy regime is the roughly linear dependence of the sputter 
yield on the ion bombardment energy and the ion current. Sputter yields in this 
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regime are generally in the range of 0.1–3.0 for most materials of technological 
interest. Both the linear cascade regime and single knock-on regime can be 
exhibited for ions with intermediate mass, such as Ar+.  

 The spike regime: This applies for incidence of heavy ions having a large collision 
cross-section and for the incidence of molecules or atom clusters. Here the density 
of recoil atoms is so high that the majority of atoms in a certain volume (the spike 
volume) is set in motion. The difference between a linear collision cascade and a 
spike regime is that only a small fraction of the atoms are in motion in a certain 
linear cascade volume, whereas almost all the atoms move in a certain spike 
volume. Sputter yields in this regime will be in the range of ~5 to 50 and higher. 
Due to the high energies required and the high ejected energies of the sputtered 
atoms, this regime is usually not of industrial interest. Incident ion energies above 
50 keV result in deep-ion implantation into the cathode and a reduction in net 
sputter yield. 
 

 

Figure 4.2 a) single knock-on regime b) linear cascade regime c) spike regime (adapted from 
[118] ) 

For the different collision regimes, the atoms sputtered have characteristic energy and 
angular distributions. For crystalline targets, sputtering is largely influenced by the lattice 
structure. For ion incidence near close-packed crystal directions, the probability for 
collisions to create primary knock-on atoms is reduced. Sputtering is lower than for other 
directions of ion incidence due to a higher transparency of the lattice and channelling. 
The maximum of the energy dependence of the sputtering yield is shifted towards lower 
energies. Furthermore, sputtered particles are preferentially emitted in close-packed 
crystal directions. This has been attributed to focusing collision sequences. However, the 
details of the last collision between the subsurface layer and surface atoms can also play 
a major role. In insulators, another energy transfer process is possible, which is also 
effective for low energy electrons and photons. The incident ions can produce a localized 
excitation, which, after decay, creates a repulsive potential strong enough to replace 



4 Sputter Deposition 70

lattice atoms. The excitation in the bulk may diffuse to the surface and cause intense 
erosion [107,118].  

4.3.2 Incident Ions, Target Materials 

One of the models has shown that for target atomic mass greater than five times that of 
incident ion atomic mass, the threshold energy (E) can be given by  

� =
�

�(1 − �)
… ………… ………… ………… ……………………… . .(4.2)  

U is the heat of vaporization of the target material and � is the energy transfer parameter. 
� is given by 

� =
4� �� �

(�� + � �)�
……… ………… ………… ………… ………… …….. (4.3)  

M1 and M2 are atomic masses of the colliding atoms. This suggests that E becomes 
maximum when M1= M2. Experimental results, however, show that this is not always 
true. Other models predicted a threshold of about four times the binding energy (heat of 
sublimation) of the target material, which led values close to 30 eV. Later studies showed 
that in high-density plasma as used in the electro cyclotron resonance technique, 
sputtering can take place below four times the binding energy of the target material. 

It was noted that sputter yield increases as the electronic d shell of the materials are filled 
within a period of a periodic table. Hence, copper, silver and gold have high sputter yield. 
In contrast, elements with the most open electronic structures have the lowest sputter 
yield. Early literature showed that calculated sputter yields agree well with experimental 
results of elements from certain families of the periodic table, e.g., Be of IIA, C, Si and 
Ge of IVA, Co, Ru, Os, Rh, Ir, Ni, Pd and Pt of VIIIB, Cu, Ag, and Au of IB. However, 
calculated sputter yield of certain families of elements are about a factor two greater than 
the experimentally measured sputter yield. These are Ti, Zr and Hf of IVB, V, Nb and Ta 
of VB, Th and U of actinide series. These elements came from families of the periodic 
table that correspond to the initial population of the d shell (IVB and VB) and f shell. 

4.3.3  Incidence Angle 

It has been inferred from a large quantity of experimental and calculated data that 
generally the sputtering yield increases with increasing incident angle that is measured 
from the surface normal because of a cascade developed more close to the surface. After 
passing the maximum, it decreases with increasing incident angle since for large incident 
angles, the screening effect of neighbouring surface atoms begins to prevent incident ions 
from entering the surface and finally it decreases sharply since incident ions are almost 
all reflected without giving energy to the solid. The knockout process of a surface target 
atom executed by an incident light ion becomes dominant at large angles. The knockout 
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process at large angles is divided roughly into direct and indirect ones, where a “direct” 
one means the direct knockoff of a surface atom by an incoming ion and an “indirect” 
one means the knockoff of a surface atom by an incident ion, which is scattered just before 
near the surface by the other target atoms, as illustrated in Figure 4.3. While only the 
indirect one works for the not-too-oblique incidence, the direct one plays a major role at 
grazing angles of incidence.  

 

Figure 4.3 Schematic diagram of knockout processes by light ions for oblique incidence. (a) Direct 
knockout process. (b) Indirect knockout process (adapted from [119]) 
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Figure 4.4 Relative sputter yields of various metals as a function of angle of ion incidence 
(adapted from [119]) 

Materials with high sputtering yield such as Au, Ag, Cu show weaker dependence on the angle 
of ion incidence while those with lower sputtering yield such as Ta, Mo, Fe show stronger 
ion incidence angle dependence. When the maximum sputtering yield is achieved 
between 60° and 80°, the sputtering yield of most materials drop rapidly beyond 80° angle 
of incidence. Fig.4.4 shows relative sputter yield of representative metals (Al, Ti, Ta and 
Ag) as a function of angle of incidence of ions. The dotted line represents cosine 
dependence of sputter yield because yield scales roughly as 1/cosine of the angle 0° up to 
about 50°. As shown, 0° represents normal incidence of ions to the target and 90° the 
grazing incidence of ions. The angle of orientation of ions with respect to the target 
surface can be easily controlled by ion beam sputtering technique, whereas in the case of 
DC magnetron and RF sputtering, the incident ion angle cannot be controlled by a 
straightforward way as the ions generated from the plasma gets accelerated by the plasma 
sheath at the target surface at an angle normal to the target surface. Irrespective of 
manipulating the macroscopic shape of the target surface, the ions will always strike the 
target in a normal direction. The only effective way to bring a change is to introduce very 
fine grooves (smaller than the sheath thickness) on the target surface such that ions 
impinge on to the target surface at larger angles. However, inclination of the target surface 
with respect to the incident ions reduces the ion current density to the target surface. This 
reduction in current density also scales with 1/cosine of the angle of incidence of ions and 
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as a result, no effective increase in sputter yield is seen because of the increased angle of 
ion incidence [119].  

4.3.4  Crystal Structure of Target 

Figure 4.5 shows a conventional way of representing angular distribution of sputtered 
atoms at various ion energy conditions. The outward arrows from the impact point 
represent atom flux and the lengths equal to the sputter yields at normal ion incidence 
times the cosine of the angles from normal to the target surface. Under-cosine angular 
distribution of sputtered atoms arises from low ion energy (wide and less normal 
incidence of ions) and over-cosine angular distribution from higher ion energy (more 
peaked and more normal incidence of ions). In the under-cosine case, more emissions 
take place at low angles than at surface normal, and in the over-cosine case, more peaked 
emission takes place in the surface normal direction. 

 

Figure 4.5 Emission-distribution for sputtered atoms (adapted from [119]) 

Normally single crystals and textured targets can cause departure from a cosine angular 
distribution of sputtered atoms. Single and polycrystalline targets show very different 
yield as a function of ion energy. Non-uniform angular distribution is often observed from 
the single crystal target. Depending on the crystal orientation, the sputtering yield is found 
to vary with ion energy.  Single crystal targets with high atomic density planes subjected 
to ion bombardment in the normal direction showed larger sputter yield. Similarly, 
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depending on the ion angle incidence, the sputter yield of single and polycrystalline 
targets varies. It has been suggested that near threshold, the sputtered atoms are ejected 
in the direction of close-packed atoms. For instance, in fcc Ag, the close-packed direction 
corresponds to ⟨110⟩. When an fcc (111) Ag target is sputtered, a threefold symmetrical 
pattern appears, since there are three close-packed directions in the (111) plane. At higher 
ion energy, additional atoms are freed from the more numerous positions where neighbour 
atoms may interfere with the direction of close-packed rows. This causes deviations from 
these directions. Measurements of Ar+ incident onto fcc crystals such as Cu, Ag, Au, and 
Al confirm the general features; the sputter yields S111>Spoly>S110 for incident energies of 
a few keV. At low incident energies <100 eV, the ordering of the sputter yields becomes 
S110>S100>S111. The theoretical approaches suggest that the ordering of the sputter yields 
relates to that of the binding energy U111>U100>U100. The sputter yields of hcp crystals for 
a few keV Ar+ bombardment exhibit: S0001>S1010>S1120 for Mg, S1010>S0001>S1120 for Zr, 
and S0001>S1010>S1120 for Zn and Cd [119].  

4.4 Advantages of Sputter Deposition 

 Elements, alloys and compounds can be sputtered and deposited 
 The sputtering target provides a stable, long-lived vaporization source 
 In some configurations, the sputtering source can be a defined shape such as a line 

or the surface of a rod or a cylinder 
 In some configurations, reactive deposition can be easily accomplished using 

reactive gaseous species that are activated in plasma 
 There is very little heat in the deposition process 
 The source and the substrate can be spaced close together 
 The sputter deposition chamber can have a small volume 
 The average arrival energy at the substrate surface is higher for sputtered atoms 

(about 10 eV) than for evaporated atoms (about 0.25 eV at 3000K) and there is an 
enhanced adhesion of the sputtered deposited films on the surface of the substrate 

4.5 Disadvantages of Sputter Deposition 

 In many configurations, the deposition flux distribution is non-uniform, requiring 
moving fixturing to obtain films of uniform thickness 

 Most of the energy incident on the target becomes heat, which must be removed 
 In some cases, gaseous contaminants are “activated” in the plasma, making film 

contamination 
 In reactive sputter deposition, the gas composition must be carefully controlled to 

prevent poisoning the sputtering target [16] 

4.6 Magnetron Sputtering 

In a simple glow discharge arrangement, electron trajectories are only defined by the 
electrical field between the cathode and the anode. Hence, the electrons are accelerated 
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over the cathode sheath and move with high velocity toward the anode. To ensure that the 
electrons produce sufficient ions to sustain the discharge, the pressure must be quite high, 
i.e., of the order of few Pascal. The classical approach to avoid the rapid loss of electrons 
from the discharge is to apply a magnetic field. By applying a magnetic field during glow 
discharge sputter deposition, one can trap the electrons in the discharge longer and hence, 
produce more ions for the same electron density. As the electron trajectory is elongated, 
the probability of ionizing a gas atom during their travel from cathode to anode increases, 
which enables a reduction in the discharge pressure and the cathode sheath. In this way, 
the ions can reach the cathode with almost the full discharge voltage and the sputtered 
atoms can reach the substrate with only a few collisions. Also the deposition rate, a 
technically meaningful criterion, will dramatically increase compared to simple glow 
discharge systems [120].  

When magnetic field is applied between the target and the substrate, electrons in the 
plasma experience the Lorentz force in addition to that derived from the electric field, so 
that the total force on the electron is given by,  

� = �
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��
= �� + �� × � …… ………… ………… ………… ……….(4.4)  

Where F is the total force experienced by the electron, m and e are the electron mass and 
charge respectively, v is the electron velocity, E is the electric field and B is the magnetic 
field. When the electric field is neglected (E=0) and the magnetic field is uniform, the 
electrons drift along the field lines with velocity v which is unaffected by the magnetic 
field. When the electric field is applied, these electrons orbit the field lines with a 
cyclotron frequency and the radius of gyration (r) is given by  
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This is the equation of the helix. When the electric and magnetic fields are at an angle Θ, 
then the resulting radius of gyration is 

� =
��	���Θ
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……… ………… …………………… ………… ………… .(4.6)  

This equation indicates that the radius of the helix decreases with increasing B and there 
is maximum radius when the electric and magnetic fields are mutually perpendicular. 
During the orbit, the electron energy increases from 0 to 500 eV at its maximum distance 
from the target and begins to decrease as it approaches the target to make an ionizing 
collision with an argon atom. i.e., e- + Ar = Ar+ + e-. The resultant electrons are subjected 
to the E×B field. Since the ionization potential of Ar is 15.75 eV, a single E×B subjected 
electron provides up to 30 Ar ions before it loses all of its energy and escapes the magnetic 
trap. Electrons may lose their energy through other processes like excitation of argon 
atoms and relaxation of these excited atoms by photon emission. This is mainly 
responsible for glow discharge. The advantage of the magnetic field is the repeated 



4 Sputter Deposition 76

collision resulting in the generation of high density positive ions and low energy electrons 
at a distance of few millimeters from the target within the region of the magnetic trap. As 
there are equal number of electrons and ions, there is no electric field in the plasma region. 
This plasma region has the properties of a perfect conductor.  

The effect of the two fields is to cause the electrons to move in spiral rather than linear 
paths, and therefore to greatly increase the distance travelled by the electrons in the 
plasma. This substantially increases the time the electrons are within the plasma, and thus 
the probability of their causing secondary ionization is also significantly enhanced. In 
turn, this leads to increased current flow and crucially increased deposition rates. The 
magnetron sputtering source is constructed by mounting a powerful magnet below the 
target, with one pole concentric with the other as shown in figure 4.6. The magnets used 
may be either permanent having high retentivity and coercivity or electromagnets. 
Permanent magnets have the advantage that they may be placed so as to position the field 
lines in a desirable manner and this is harder to do with electromagnets. The design of the 
magnetron sputtering target involves the optimization of the magnetic field geometry to 
satisfy the condition that the magnetic field lines should be parallel to the target surface 
and perpendicular to the electric field. This condition can be achieved by placing the 
bar/horse shoe ring magnets behind the target. The magnetic field lines first emanate 
normal to the target surface, then bend with a component parallel to the target surface 
(this component is useful for the confinement of the electrons) and finally return, 
completing the magnetic circuit. The result of the two interacting fields, electric and 
magnetic fields, is to confine the electrons for a significant period within a region termed 
the racetrack at the surface of the target, where the electrons effectively hop across the 
surface. Ionization of the sputtering gas occurs mainly above the racetrack, and erosion 
of the target takes place preferentially in this region. In addition to the enhanced 
deposition rate, magnetron sputtering also has several other advantages. Since the 
ionization region is effectively confined to the racetrack, unwanted sputtering from the 
substrate and the walls of the chamber are reduced, as is the substrate temperature. The 
gas pressure required to sustain the discharge is also reduced, owing to the greater 
ionization efficiency [116].  
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Figure 4.6 The technique of magnetron sputtering, showing the hopping electrons of the target 
confined to a racetrack region by the magnetic fields from the magnets under the target (adapted 
from [116]) 

4.6.1 Balanced and Unbalanced Magnetron Sputtering 

Magnetrons are commonly classified as 'balanced' or 'unbalanced'. Conventional 
magnetrons are usually of the balanced type. Unbalanced magnetron is the term given to 
magnetic configurations where some of the electrons are allowed to escape. The magnetic 
field does not directly influence ion motion, but ion flux follows that of electrons due to 
electrostatic attraction. Most magnetrons have some degree of unbalance but in the 
application of unbalanced magnetrons, the magnetic fields are deliberately arranged to 
allow electrons to escape. These electrons create plasma away from the magnetron 
surface. This plasma can then provide the ions for bombardment of the substrate and/or 
can activate a reactive gas of reactive deposition processes. The magnetron configuration 
for unbalancing the magnetron configuration can be supplied either by permanent 
magnets or by electromagnets. 

Unbalanced magnetrons are often used in a dual arrangement where the escaping of the 
north pole of one magnetron is opposite the south pole of the other magnetron. This aids 
in trapping the escaping electrons. The escaping electrons are further trapped by having 
a negatively biased plate above and below the magnetrons.  
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There are two types of unbalanced magnetron configuration Type-1 and Type-2 
distinguished by the geometry of magnetic field lines as shown in figure 4.7.  

 

Figure 4.7 Magnetron configuration: (a) Balanced magnetron configuration, (b) unbalanced 
magnetron configuration: Type-1 and (c) unbalanced magnetron configuration: Type-2  

4.7 Reactive Magnetron Sputtering 

In reactive sputtering, sputtering of a target is conducted in the presence of a reactive gas 
(e.g., oxygen, nitrogen) that reacts with sputtered material and forms compound film on 
the substrate. Compound materials like metal oxides, carbides and nitrides are commonly 
reactively sputter deposited by using a reactive gas in the plasma. Typically, the metal 
atoms from a solid target is sputtered using an argon plasma. The plasma activates the 
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reactive gas making it more chemically reactive. The target atoms react with the reactive 
gas to form a compound on the substrate. Though reactive sputtering may appear as a 
simple process, in fact, the reaction between reactive gas and the sputtered material is 
known to cause some process instabilities, which include a reduced deposition rate and 
drop in discharge voltage related to a sudden increase in partial pressure of the reactive 
gas and compound formation on the target surface (known as target poisoning).  

In the case of DC diode reactive sputtering, particularly in the presence of oxygen gas, 
the target discharge current has been found to drop significantly. In the case of magnetron 
reactive sputtering, a unique behaviour similar to hysteresis shown by magnetic materials 
was observed. As an example, reactive sputtering of aluminum in the presence of oxygen 
gas is shown in figure 4.8 displaying the variation of deposition rate, discharge voltage 
and partial pressure of oxygen gas with gas flow rate into the chamber. Up to a certain 
critical level (A) of oxygen flow rate, no significant change in deposition rate, oxygen 
partial pressure and discharge voltage is noted. In this range of gas flow rate, oxygen is 
adsorbed by the films on substrate and on the chamber. Chemical analysis of these films 
will show oxygen richness of the films. With further increase in oxygen flow rate, 
deposition rate and discharge current drops sharply, this corresponds to the sharp increase 
in oxygen partial pressure from A to B in Figure 4.8(b).  

This behaviour relates to the state of reactive sputtering of aluminum films that cannot 
absorb any more oxygen and alumina compound formation takes place on the target 
surface leading to target poisoning. Once the target surface is covered with oxide 
compound, less sputtered material is available for reaction with free oxygen in 
background gas and as a result deposition rate drops significantly. Sputter yield of an 
oxidized aluminum target can be 25 times less than its cleaner counterpart aluminum 
target. Also because of less usage of oxygen, partial pressure of oxygen increases sharply 
from A to B. Further increase in oxygen flow rate leads to steady (linear) increase in 
oxygen partial pressure shown by the dotted line. This is parallel to the pumping curve 
and lies below it. In this increased oxygen flow rate region, both deposition rate and the 
discharge voltage remain at their minimum and unchanged. On reducing the oxygen flow 
rate, while the deposition rate and discharge voltage remain unchanged, the oxygen partial 
pressure drops steadily from B to C. The oxidized layer on the target surface is broken at 
C. Because of the increased deposition rate of elemental aluminum, the oxygen partial 
pressure drops to D. The best oxide thin film at higher deposition rate is obtained at an 
oxygen flow rate just before reaching A. The hysteresis effect is very undesirable and has 
to be eliminated, if flow control of reactive gas is used, because the process is unstable 
inside this region. Experimental results shows that it is possible to reduce or eliminate the 
hysteresis effect by  

(i) Varying the pumping speed reaching a high enough pumping speed along with 
a reactive gas flow rate when the same operating pressure is achieved [119] 

(ii) Varying the substrate to target distance 
(iii) Obstructing reactive gas flow to the cathode and 
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(iv) Pulsed reactive gas flow in which the reactive gas flow switches on and off 
periodically for short times [121]  

 

Figure 4.8 Representative hysteresis curves in reactive sputtering: (a) deposition rate, (b) chamber 
pressure and (c) discharge voltage as a function of reactive gas flow used in sputtering of a metal 
target (adapted from [119]) 

Poisoning of the racetrack surface is associated with a number of effects, of which the 
following two have great importance: 

1.  Change in secondary electron emission, which results in a change of the discharge 
impedance. Consequently, at the same discharge power, the current and voltage can 
change substantially as reactive gas is introduced. 

2. Drop in sputtering rate due to typically lower sputter yield of compound than the 
element.  

It is known that three magnetron sputtering target poisoning mechanisms can be taking 
place [122,123]: 

 Chemisorption,  
 Ion implantation and  
 Diffusion 
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The thickness of the compound formed depends on the location in the racetrack. It is 
generally accepted that AC and DC processes at typical cathode operation conditions can 
result in a few nanometer compound layers (mostly by chemisorption and ion 
implantation). “Hot” processes (characterized by an elevated sputter target bulk and/or 
surface temperature), such as Hot Target Sputtering (HTS) [124] or High Power Impulse 
Magnetron Sputtering (HIPIMS) [125], can have pronounced diffusion taking place, with 
diffusion profiles extending as deep as a few tens or even hundreds of nanometers [122]. 

4.8 Pulsed DC Magnetron Sputtering (PMS) 

The main problem encountered in reactive magnetron sputtering using DC potential is 
reduced deposition rate due to the reaction of reactive gas with the target surface forming 
compound referred to as ‘target poisoning’ or ‘disappearing anode’. As the secondary 
electron emission coefficient of compound is higher than the pure metal films, the 
sputtering rate of target decreases leading to decrease in deposition rate affecting the film 
stoichiometry. Also in deposition of dielectric films, the target poisoning results in charge 
build-up of positive ions resulting in dielectric breakdown forming an arc. Consequently, 
the arc ejects droplets of target material that will affect the film quality. The arcing also 
reduces deposition rate and the stoichiometry of the growing film. The damaged area on 
the target may become a source of further arc discharges, leading to an increasing 
frequency of arcing and to a reduced deposition rate, which can affect the stable operation 
and the stoichiometry of the growing film. 

The above problems could be overcome by applying pulsed DC to the target in the range 
10 to 400 kHz that reduces arcing and defects in the film. The deposition rate may also 
approach those for pure metal films and hence the stoichiometry is controlled. In pulse 
DC sputtering, the negative voltage part of the cycle is used to perform the sputtering, as 
the ions bombard the cathode. The positive voltage part of the cycle is used to attract 
electrons from the plasma that move to the surface neutralizing any charge build-up 
generated during the negative portion of the cycle. The pulse can be unipolar or bipolar. 
The bipolar pulse can be symmetric, where the positive and negative pulse heights are 
equal and the pulse duration can be varied or asymmetric with the relative voltages and 
the duration time being variable. Because of the higher mobility of the electrons, the 
positive part of the cycle can be relatively short compared to the local cycle time. Figure 
4.9 represents continuous DC and different types of pulse modes. 
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Figure 4.9 Representation of DC pulse modes (a) Continuous DC (b) Unipolar pulsed DC (c) 
Bipolar pulsed DC (d) Asymmetric bipolar Pulsed DC 
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5. Thin Film Growth

5.1 Thin Film Growth Mechanism 

The quality and properties of coating suiting various application depends on many factors 
like chemical composition, crystal structure, uniformity, surface roughness and film 
stress. As the sputtering parameters determine the film properties, it is important to 
understand the correlation between them. The growth process of thin film is crucial in 
determining the end properties of the film. The film growth includes the basis steps of 
nucleation, surface-diffusion-controlled growth of the three-dimensional nuclei and 
formation of a network structure and its subsequent filling to give a continuous film.  In 
short, two stages are distinguished in thin film growth: initial growth (nucleation and 
coalescence) and actual growth. During initial growth, chemical and physical properties 
of the substrate, and interaction between substrate and particles arriving there, play an 
important role. After an initial layer covering the substrate has formed, actual growth 
begins, during which interaction only occurs between particles of the film material. 
Important parameters are the energy of the particles arriving at the substrate-film surface, 
energy absorption at the time of collision, and chemical and physical interaction between 
adatoms and the substrate-film surface as well as temperature. These parameters 
determine to a great extent, the morphology (overall shape of the film and the geometry 
of crystallites or amorphous structures inside the film) and texture (orientation of the 
crystallites) [126].  

As explained by R.Koch [127], at thermodynamic equilibrium, the film growth is 
determined by the surface and interface free energies of film and substrate. Surface or 
interface energy γ is the characteristic free energy per unit area to create an additional 
piece of surface or interface energy. The film growth is said to proceed with one of the 
three following growth modes: 

Volmer–Weber (VW) or 3D island mode: In this growth mode, adatom-adatom 
interactions are stronger than those of the adatom with the surface, leading to the 
formation of three-dimensional adatom clusters or islands. Growth of these clusters, along 
with coarsening, will cause rough multi-layer films to grow on the substrate surface. The 

island growth (Volmer-Weber mode) will be predominant at γs- γfs< γf where γs is the 

surface energy of the substrate, γf is the surface energy of the film and γfs is the interfacial 
energy. 

Frank–van der Merwe (FM) or layer by layer mode: During this growth, adatoms attach 
preferentially to surface sites resulting in atomically smooth, fully formed layers as the 
interaction between substrate and layer atoms is stronger than that between neighbouring 
layer atoms. This layer-by-layer growth is two dimensional, indicating that complete 
films form prior to growth of subsequent layers. The layer growth will be predominant at 

γs- γfs> γf. 
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Stranski–Krastanov (SK): This growth is an intermediary process characterized by both 
2D layer and 3D island growth where after formation of one or sometimes several 
complete monolayers, island formation occurs. The mixed Stranski-Krastanov mode can 
be explained by assuming a lattice mismatch between deposited film and substrate. The 
lattice of the film tries to adjust to the substrate lattice, but at the expense of elastic 
deformation energy. The transition from island to layer growth occurs when the spatial 
extent of the elastic strain field exceeds the range of the adhesion forces within the 
deposited material [118].  

Though the film growth is said to proceed with one of the three above growth modes at 
thermodynamic equilibrium, it is not always the same for most of the cases as kinetically 
controlled processes, substrate defects, and impurities in the film and substrate material 
or impinging from the residual gas also has a considerable effect on the film growth. In 
case of compound deposition, the kinetics can be influenced by chemical composition. 
Substrate defects (like vacancies, step ledges, impurities, etc.) for instance act as favoured 
nucleation centres. Grain boundaries are created upon island coalescence from random 
orientation of islands. On single crystal substrates, at conditions for epitaxial growth, a 
misfit between the lattices of film and substrate favours the formation of dislocations. 
Furthermore, dislocations and anti-phase domain boundaries are introduced also upon 
merging of relaxed epitaxial islands, if they are mismatched with respect to each other. 
Stacking faults form even on non-misfitted single crystal substrates. At reduced mobility, 
step edge barriers in the film may limit the free surface diffusion of atoms, thus 
stimulating three dimensional growth. In the case of chemically reactive materials, inter-
diffusion of substrate and thin film material may take place and cause the precipitation of 
interface compounds. Upon segregation to the surface, surfactant effects may alter the 
growth.  

5.2 Film Morphology 

The morphology of the depositing film is determined by the surface roughness and the 
surface mobility of the depositing atoms with geometrical shadowing and surface 
diffusion competing to determine the morphology of the depositing material. When the 
surface is rough, the peaks receive the adatom flux from all directions and, if the surface 
mobility of the adatoms is low, the peaks grow faster than the valleys due to geometrical 
shadowing. The shadowing effect is exacerbated if the adatom flux is off-normal so that 
the valleys are in “deeper shadows” than when the flux is normal to the surface. Adsorbed 
gaseous species decrease the adatom surface mobility while concurrent energetic particle 
bombardment can increase or decrease the surface mobility. Sputter coated films 
normally exhibit columnar morphology that develops due to geometrical shadowing 
effects. Since the columnar growth is strictly a function of surface geometry, angle-of-
incidence and adatom surface mobility, amorphous as well as crystalline materials show 
the columnar growth mode. The development of the columnar morphology begins very 
early in the film growth stage and generally becomes prominent after about 100 nm of 
thickness [16]. The morphology of sputtered film can be explained by Structure Zone 
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Models (SZM) introduced originally by Movchan and Demchichin (zone I, II, and III) for 
evaporated films and extended later on by Thornton (zone T) and many others. The SZMs 
mainly take into account the mobility of the film atoms, which is affected by the substrate 
temperature during deposition, the deposition rate (flux) as well as the specific sputter 
conditions like Ar pressure, ion energy, bias voltage, etc. According to the SZMs, 
morphological changes proceed in steps at which the activation energy for a certain 
diffusion process is surmounted, e. g. upon raising the deposition temperature. 

Figure 5.1 Structure Zone Model by Thornton (adapted from [16]) 

 A brief summary of different zones is given below: 

Zone 1a: When the overall diffusion is very low (particularly at low temperatures), film 
growth proceeds by a hit-and-stick mechanism. Voids resulting from self-shadowing 
effects during deposition are not filled due to lacking atom mobility. Respective films, 
belonging to zone Ia, are porous exhibiting a density much lower than the bulk material.  

Zone 1b: In zone Ib some kinetic energy is provided by the ion bombardment upon 
sputtering. Since atoms are pushed to the shadowed areas, void formation s suppressed 
resulting in a three dimensional grainy morphology. Thin films of zone Ia and Ib are 
amorphous.  

Zone 1C: When the film deposition is carried out at higher temperatures, impinging atoms 
are able to nucleate and form crystalline islands. For films of zone Ic adsorbed atoms are 
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able to diffuse on a grain after island coalescence, but not to another one. As a result, a 
polycrystalline columnar grain structure is obtained (zone Ic).  

Zone T: Upon further increase of the deposition temperature diffusion from one grain to 
another becomes possible, leading to a film morphology of zone T. The mobility is high 
enough for grains to develop their kinetically stable facets. Since adsorbed atoms are able 
to hop from one grain to another, overgrowth of one grain by another is possible. 
However, due to the immobility of grain boundaries, no recrystallization or restructuring 
will occur once a grain is buried. Grains with the fastest growing direction perpendicular 
to the substrate overgrow all other grains leading to V-shaped faceted columns.  

Zone II: Up to zone T, atoms are immobile as soon as they are incorporated into the 
growing film. At even higher growth temperatures recrystallization and restructuring 
eventually become possible. Since unstable islands or grains are dissolved in more stable 
ones, a columnar grain structure with approximately straight columns throughout the 
whole film thickness is formed. 

Zone III: Zone III refers to films deposited in the presence of impurities. Because of bulk 
diffusion smaller grains coalesce to form larger, not necessarily columnar, grains. The 
sequence of types I, T, II, and III corresponds to increasing energy where the 
microstructure gradually changes from porous columnar grains to fully recrystallized.  

Because of collisions with argon atoms, the energy of the particles arriving at the 
substrate-film surface decreases with increasing argon pressure, leaving less energy for 
surface diffusion. In addition, at high pressures, adsorbed argon limits adatom mobility. 
Therefore the transition temperatures between zones 1, T and 2 increase with argon 
pressure. The transition temperature between zone 2 and 3 is independent of argon 
pressure, since this transition is determined by bulk diffusion [126,128]. 

While this system helps in interpreting qualitative trends, it does not incorporate 
quantitative aspects of the microstructure, such as crystallographic texture or surface 
roughness, and also has not been clearly linked to stress data. 
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Figure 5.2. Schematic drawings illustrating the three thermodynamical growth modes (first row): 
Volmer-Weber (VW), Frank-van der Merwe (FM) and Stranski-Krastanow (SK) and the 
morphology of zones Ic, T, and II of the structure zone model (second row) (adapted from [127]) 

 

Figure 5.3 Thornton SZM extended into the region of low-pressure sputtering—a way to produce 
new advanced materials at low deposition temperatures Ts (adapted from [129]) 

The morphology can be strongly affected by ion energy bombardment. J.Musil describes 
that the ion bombardment is a strongly non-equilibrium process, in which ions transfer 
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their kinetic energy to the growing film and heat it at an atomic level. This process is 
called the atomic scale heating (ASH). The ion bombardment significantly differs from 
conventional heating because the kinetic energy of bombarding ions is transferred into 
very small areas of atomic dimensions and is accompanied by an extremely fast (about 
1014 K/s) cooling. Moreover, it is necessary to note that the energy delivered to the 
growing film by the conventional heating (Ts/Tm) and the particle bombardment is not 
physically equivalent. In spite of this fact the ASH makes it possible to produce dense 
films with extraordinary properties, corresponding to a zone T in the Thornton structural 
zone model (SZM) if sputtering is carried out at low pressures of about 0.1 Pa and lower. 
(figure 5.3) The low-pressure sputtering shifts the transition zone T into a region of low 
values of the ratio Ts/Tm, and so it allows to create dense films, corresponding to the 
zone T, at low deposition temperatures Ts [129].  

5.3 Crystallographic Orientation 

Preferred orientation also known as crystallographic texture means that a certain portion 
of grains in the material would crystallographically orient themselves within a narrower 
orientation range than the neighbouring grains. Except under special conditions, the 
crystallographic orientations and the topographical details of different islands are 
randomly distributed, so that when they touch each other during growth, grain boundaries 
and various point and line defects are incorporated into the film due to mismatch of 
geometrical configurations and crystallographic orientations. If the grains are randomly 
oriented, the film is supposed to be polycrystalline. It can be noted that even if the 
orientation of different islands is the same throughout, as obtained under special 
deposition conditions on suitable single-crystal substrates, a single-crystal film is not 
obtained. Instead, the film consists of single-crystal grains oriented parallel to each other 
and connected by low angle grain boundaries. These films show diffraction patterns 
similar to those of single crystals and are called epitaxial/single-crystal films. A crystal 
phase of thin film materials is mainly controlled by the growth temperature and chemical 
composition of the thin films. The growth rate of the thin films is an important influenced 
parameter for the crystal phase and/or crystal orientation of thin films [130].  
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Figure 5.4 Schematic representation of columns and grains (adapted from [ii]) 

In the thermodynamic model, it has been established that the growth orientation in thin 
films is produced at the thermodynamic equilibrium, which it reaches when the total 
energy (Whkl) of the system substrate-film is at a minimum. In this case, Whkl is formed 
by the addition of surface energy (Shkl) and deformation or strain energy (Uhkl), Shkl 

passivation; energy is produced by unsaturated bonding at the surface. Shkl can be 
calculated by: 
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where ∆�  is the sublimation energy, ����  is the number of unsaturated bondings per atom 
at the plane (hkl), and � is the amount of coordination among neighbors. Equation 8.1 
does not include impurities. 

On the other hand, deformation energy is related to intrinsic efforts in the film. 
Considering only two dimensions, Uhkl can be calculated by:  

���� = ����
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Where εhkl is the deformation along the plane (hkl) of the film, Ehkl is the elastic modulus 
of the plane (hkl), and μ is the Poisson’s ratio. εhkl and Ehkl is different for different planes 
and an order relation is obtained as S111>S220>S200 and U200>U220>U111. These relations 
imply that the preferential orientation is determined by a configuration of minimum total 
energy, which results in competition between the (111) with minimum deformation 
energy, and (200) planes with minimum surface energy. It also has been observed that the 
surface energy does not change with the thickness, the deformation energy increases 
proportionally with the thickness [131].  

[ii] http://ej.iop.org/images/0957-4484/24/26/265603/Full/nano459590f2_online.jpg 
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In the kinetic model, it is proposed  that the kinetic process of the ions is involved in the 
orientation of the growth, which influences the substrate surface [132]. The energy and 
flow of the ions are the main parameters. Low adatom mobility caused by the low 
substrate temperature and the restricted flow of the ions results in a kinetically limited 
growth of the adatoms where they land and bond leading to a preferentially (111) texture. 
Increasing the mobility, either through increasing the substrate temperature or raising the 
relation Ji/Ja above five, a preferential orientation in the [200] direction is obtained. At 
high ion fluxes and ion energy, the competitive growth between (111) and (200) favours 
the grains with low surface and interface energy (200) where an adatom on the film 
surface receives energy from the bombarding ions and can relax to the energetically more 
favourable sites producing a strong (200) texture.   

The additional effect of the ion energy in the development of preferential orientation in 
cubic metal nitrides has been explained as a consequence of the presence of atomic 
nitrogen. Most probably, the atomic nitrogen is created by collisional dissociation on the 
sample surface. Atomic nitrogen can chemisorb on (100) grains but not on terminated 
(111) grains; therefore the presence of atomic nitrogen on the surface decreases the 
effective adatom potential energy of the (200) surface below that of (111). The 
consequence of this is that the net flux of cations from (200) to (111) oriented grains is 
reversed resulting in the development of the (200) texture [17].  

Finally, the atomistic model considers that in thin films deposited at high temperatures, 
the thermodynamic parameters control the orientation of the growth, favouring planes 
with low energy, i.e. the (200) planes. This behaviour can be understood, if adatoms as in 
the case of the cation Cl in NaCl are considered. The adatoms have low diffusion in 
surface (111) that has 3 bonds on the surface and high diffusion in surface (200) having 
only one bond resulting in the growth of NaCl thin films probably along [200] direction 
when grown at elevated temperature [131].  

5.4 Roughness 

Generally, as the film grows, the surface roughness increases because some features or 
crystallographic planes grow faster than others. Rough surfaces typically indicate a higher 
degree of columnar growth and growth nuclei. Under conditions of a low nucleation 
barrier and high supersaturation [iii], the initial nucleation density is high and the size of 
the critical nucleus is small. This results in fine grained, smooth deposits, which become 
continuous at small thicknesses. On the other hand, when the nucleation barrier is large 
and the supersaturation is low, large but few nuclei are formed as a result of which coarse-
grained rough films which become continuous at relatively large thicknesses, are 
obtained. High surface mobility in general, increases the surface smoothness of the films 
by filling in the concavities. One exception is the special case where the deposited 
                                                
[iii] The value of the vapor pressure/solution concentration above that required for condensation into 

the solid phase under thermodynamically equilibrium conditions 
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material has a tendency to grow preferentially along certain crystal faces because of either 
large anisotrophy in the surface energy or the presence of faceted roughness on the 
substrate. A further enhancement of the roughness occurs when the impinging species are 
incident at oblique angles instead of falling normally on the surface. This occurs largely 
due to the shadowing effect of the neighbouring columns oriented toward the direction of 
the incident species [117]. The surface roughness (surface finish) can be specified as to 
the Ra finish, which is the arithmetic mean of the departure of the roughness profile from 
a mean line (micro inches, microns) as shown in Figure 5.5. 

Figure 5.5. Surface Roughness 

Ra is calculated as the Roughness Average of a surfaces measured microscopic peaks and 
valleys. The RMS roughness (Rq) is calculated as the Root Mean Square (RMS) of a 
surface’s measured microscopic peaks and valleys. Each value uses the same individual 
height measurements of the surface’s peaks and valleys, but uses the measurements in a 
different formula. The formulas are shown below: 
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Where L is the evaluation length and Z(x) is the profile height function. One can infer 
from examination of the formulas, that a single large peak or flaw within the microscopic 
surface texture will effect (raise) the RMS value more than the Ra value. 

5.5 Residual stress 

During the growth of the film, a strain field is generated when the spacing between the 
two neighbouring atoms deviates from the local equilibrium. In accordance to Hook’s 
law, this gives rise to elastic forces developing stress in the film. Similarly, stress may 
arise at the substrate-coating interface. When stress can be induced by external factors 
during the application process, it is also an intrinsic property evolving already during the 
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film growth and called as intrinsic stress or residual stress. The intrinsic stress can be 
tensile or compressive, depending on the energetics of the deposition process like particle 
flux and energy striking the condensing film, which are a function of many process 
parameters such as pressure (discharge voltage), target/sputtering gas mass ratio, cathode 
shape, bias voltage, and substrate orientation [127,133]. Stress can also be thermal stress 
that is caused by the different thermal expansion coefficients between the film and the 
substrate [134–138]. Residual stress plays an important role in determining coating 
performance as it significantly affects the fracture toughness, adhesion and load bearing 
capacity of thin films. In tribological applications, the coating will experience large 
tensile stresses in which case it can be beneficial to build-in compressive stresses in the 
coating. 

5.5.1 Tensile and Compressive stresses 

G.C.A.M. Janssen defines the tensile and compressive stresses as “The film “wants” to 
be smaller or larger than the substrate allows it to be, hence the film is in tensile stress 
(film “wants” to shrink) or compressive stress (film “wants” to expand)” [139]. Tensile 
stresses are designated by a positive sign and compressive stresses by a negative sign. 
Large stresses have to be avoided for many applications because large tensile stresses 
may lead to cracking of the film and large compressive stresses may lead to buckling.  

Figure 5.6 Some of the failure patterns that can be observed in films with compressive 
and tensile stress (adapted from [iv]) 

Tensile stress: Tensile stress is most often explained by a grain coalescence mechanism, 
where neighbouring grains of the growing film are presumed to spontaneously join 
together under the action of interatomic forces, eliminating two free surfaces in favour of 
an elastically strained grain boundary. Numerous experimental investigations have shown 
that on average these grain boundaries produce a tensile stress in the films. This is 

[iv] http://www.svc.org/Publications/Sample-Education-Guide-in-HTML.cfm 
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explained by considering the atomic forces acting between the boundary atoms of 
neighbouring grains. On average, the distances between these atoms are larger than the 
equilibrium atomic distances, and thus the forces are attractive, i.e. neighbouring grains 
are strained in tension [140]. The net in-plane contraction producing tensile stress in the 
growing film is expected to be active regardless of the specific synthesis technique or 
material. Since the resulting tensile stress is proportional to the total grain boundary area, 
it depends inversely on the average grain size, thus being larger in fine-grained films. A 
similar mechanism has been proposed also for the rise of tensile stress upon island 
coalescence in the discontinuous film. When three-dimensional islands come into contact 
at their bases during growth, neighbouring side-walls are zipped together in order to 
minimize the total free energy. By reducing surface area of the merging islands during 
grain-boundary formation, surface energy is gained at the cost of interface and strain 
energy. A further source of tensile stress in thin films is due to recrystallization and 
restructuring processes. If the self-diffusion of the deposited film material is high enough 
(zone II), the films may recrystallize during and after the film deposition. In the course of 
such processes all kinds of defects (grain boundaries, voids, point defects, etc.) are 
eliminated and the resulting densification of the films gives rise to a tensile stress 
contribution [140]. The film roughness increases the tensile stress due to the tendency for 
in-plane contact between neighbouring grain surfaces. A smooth surface will have low 
tensile stress [128].  

Compressive stress: Compressive stress models, on the other hand, depend on processing 
details and generally fall into two categories based on either atomic peening (atoms close 
to the surface are recoil-implanted into spaces smaller than their atomic volume) or 
adatom diffusion. Atomic peening is like shot peening, where atoms (or particles) of high 
incoming energy strike the growing film surface, causing local atomic displacements and 
densification of the film. Diffusion-based models assume that excess adatoms are 
incorporated into the grain boundaries during deposition, resulting in densities above 
those expected in equilibrium. Both of these processes are conceptually similar, 
describing compressive stress as a consequence of densification. However, the routes to 
densification are fundamentally different, such that diffusion based models are expected 
to apply under conditions of high homologous temperature [v] (mobility), while ion 
peening likely dominates under conditions of high kinetic energy. The overall stress state 
observed experimentally will involve some competition between the above mechanisms, 
dependent on the energy supplied to the growing film surface. When the mobility of the 
adatoms is controlled by all the factors that influence the kinetics like temperature, ion 
bombardment, impurity content (and in the case of compound deposition, by chemical 
composition), the mobility of grain boundaries is only influenced by temperature and 
impurity content. 

                                                
[v] The homologous temperature is defined as Tdep /Tmelt, with Tdep the deposition temperature in K and 

Tmelt the melting temperature in K of the film material. 
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In short, tensile stress is generated at the grain boundaries, stretching the film in-plane 
and contracting the film in the normal direction while compressive stress is caused by 
ion- or atom-peening, leading to the introduction of a surplus of atoms in the lattice. The 
extra atoms inflate the film, causing compressive stress [128,139].  
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6. Experimental Techniques

6.1 Unbalanced Magnetron Sputtering Equipment 

Two types of magnetron sputtering equipment have been employed for the present study: 
1) Closed field unbalanced type 2 four magnetrons system from Teer Coatings Ltd with
automated system and 2) Custom built system with two type 2 unbalanced magnetrons, 
named as Equipment 1 and Equipment 2 respectively. The schematic diagram of 
Equipment 1 is shown in figure 6.1. The four unbalanced magnetrons are arranged in a 
manner that it forms a close field. The sample at the centre can be rotated at a desired 
speed. When high vacuum of about 5 × 10-5 mbar in the chamber is created by turbo-
molecular pump backed by a roughing pump in Equipment 1, cryo pump is used for high 
vacuum in Equipment 2. Plasma pre-treatment of CFRP substrates and coating of 
chromium nitride on these substrates were carried out in this Equipment 1 and the rest of 
the coatings and ion energy studies were carried out in Equipment 2. Figure 6.2 shows 
the schematic picture of Equipment 2. The sample before the two magnetrons can be slid 
from end to end with the speed controlled by the computer. The probe of the Hiden EQP 
300 mass spectrometer connected to Equipment 2 can be positioned in two locations:  in 
front of the centre of the two targets and at an off-set position as shown in the picture. 
The distance between the probe and the target can also be adjusted by moving the probe 
in and out.  

In both the equipment, the flow rate of reactive gases is regulated rapidly and accurately 
by means of piezo valve and optical emission monitor (OEM). The OEM detects the 
optical emission of the chromium plasma excited by magnetron sources during the 
reactive sputtering process. The emission measurement is conducted with the help of a 
fibre optics system and a matched photomultiplier. The electronic system connected to 
this measurement unit controls the piezo valve that regulates the admission of reactive 
gas into the chamber. The OEM setting indicates the ratio of the plasma intensity of Cr+ 
ion at 358 nm during the reactive sputtering process with respect to its full emission 
intensity in metallic sputtering mode. 
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Figure 6.1. Schematic diagram of Equipment 1 

Figure 6.2. Schematic diagram of Equipment 2 
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6.2 X-Ray Diffraction (XRD) 

XRD is a rapid analytical technique primarily used for the phase identification of a 
crystalline material and is based on the constructive interference of monochromatic X 
rays irradiating a crystalline sample. The X rays are generated by a cathode ray tube, 
filtered to produce monochromatic radiation, collimated, and directed toward a sample. 
The interaction of the incident rays with the sample produces constructive interference 

when the conditions satisfy Bragg's law:  sin2dn   holds, where n is an integer. About
95% of all solid materials can be described as crystalline. A.W.Hull describes the X-ray 
pattern as, “Every crystalline substance gives a pattern; the same substance always gives 
the same pattern; and in a mixture of substances each produces its pattern independently 
of the others“. The X-ray diffraction pattern of a pure substance is, therefore, like a 
fingerprint of the substance. An electron in an alternating electromagnetic field will 
oscillate with the same frequency as the field. When an X-ray beam hits an atom, the 
electrons around the atom start to oscillate with the same frequency as the incoming beam. 
In almost all directions we will have destructive interference, that is, the combining waves 
are out of phase and there is no resultant energy leaving the solid sample. However the 
atoms in a crystal are arranged in a regular pattern, and in a very few directions we will 
have constructive interference. The waves will be in phase and there will be well defined 
X-ray beams leaving the sample at various directions. Hence, a diffracted beam may be 
described as a beam composed of a large number of scattered rays mutually reinforcing 
one another. Thus, diffraction treats each atom as a scattering centre and if the scattered 
radiation from the points is in phase, there is constructive interference and a strong signal. 
This signal position and its intensity are dependent on the separation between diffraction 
points and the number of points on a particular plane. 

As an X-ray beam travels through any substance, its intensity decreases with the distance 
travelled through the substance. The mathematical definition for this is expanded as 
follows: 

−
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where µ is the linear absorption coefficient. This constant is dependent on the material 
properties, its density and the wavelength of x-rays. Integrating this equation gives:  

�� = �� exp(−��)…………… …………………… ………… ………… (6.2)  

where I0 = intensity of incident beam, and Ix = intensity of transmitted beam after passing 
through distance x. The linear absorption constant coefficient is linearly proportional to 
the density of the material ρ and is usually tabulated as the mass absorption coefficient (µ 
/ ρ). This gives: 
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When a material is interacted with an accelerated electron having sufficient energy, an 
electron from an inner energy shell is excited in to an outer energy level. To restore 
equilibrium, the empty inner level is filled by electrons from a high energy level. 

There are discrete energy differences between two energy levels. When an electron drops 
from one level to a second level, a photon having that particular energy and wavelength 
is emitted. Photons with his energy and wavelength comprise the characteristic spectrum 
and are X- rays. If an electron is excited from the K shell, electrons may fill that vacancy 
from any outer shell. Normally, electrons in the next closest shell fill the vacancies. Thus, 

photons with energies LK EEE   (Kα X rays) or MK EEE   (Kβ X rays) are 
emitted. If an electron from the L shell fills the K shell, then an electron from the M shell 

may fill the L shell, giving a photon with energy ML EEE  (Lα X rays) which has a 
longer wavelength or lower energy. We need a more energetic stimulus to produce Kα X 
rays compared to Lα X rays. Only a small range of characteristic x-rays are widely used 
for diffraction. Their Kα lines are used. The Kβ line, which is always present with Kα, at 
a slightly shorter wavelength, is filtered out using an absorbing film. The most useful of 
the X rays are the most energetic, shortest wavelength photons produced by filling the K 
and L shells. These X-rays can be used to determine the composition of the material. 

When an unknown material is bombarded with high energy photons, the material emits 
both the characteristic and the continuous spectra. If the emitted characteristic 
wavelengths matches with those expected for various materials, the identity of the 
material can be determined. The intensity of the characteristic peaks can also be 
measured. By comparing measured intensities to standard intensities, the amount of each 
emitting atom can be estimated and the composition of the material can be determined 
using X-ray fluorescent analysis or on a microscopic scale using the electron microprobe 
or the scanning electron microscope, permitting to identify individual phases or even 
inclusions in the microstructure. 

6.2.1 Peak Broadening 

A perfect sample and diffractometer gives sharp diffraction peaks, which is practically 
not the case resulting in peak broadening. The usual way to measure the Instrumental 
broadening contribution (Binstrument) of a diffractometer is to use a near-perfect sample 
whose broadening contribution is negligible in comparison. Suitable materials for this 
purpose include LaB6, BaF2 and KCl. The sample contribution (Bsample) include change 
in crystallite size, crystal lattice distortion (micro-strain) due to dislocations and 
concentration gradients, structural mistakes like stacking faults, twin faults or later 
mistakes and concentration gradients in non-stoichiometric compounds. The normal way 
to measure the sample broadening contribution is to first determine the diffractometer's 
broadening, Binstrument, as described above using a near-perfect sample, and then repeat the 
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measurement with the desired sample to determine Btotal. The instrument contribution 
needs to be "subtracted" from βtotal. 

Crystallite Size: When crystallite size and strain being the main causes of sample 
contribution of peak broadening, the crystallite size L can be related to broadening of the 
peak by Scherrer formula (eqn 6.4) that ignores the other effects such as strain. 
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where θ is the usual Bragg angle, λ is the radiation wavelength, β is full width at half the 
maximum (FWHM) and K is a constant which depends on the assumptions made in the 
theory, which is close to unity and often taken as 0.9. Thus β and L are reciprocally 
related: the greater the broadening the smaller the crystallite size and vice-versa. 

The Scherrer formula provides a lower bound on the particle size. The reason for this is 
that a variety of factors can contribute to the width of a diffraction peak besides 
instrumental effects and crystallite size. The most important of these are usually 
inhomogeneous strain and crystal lattice imperfections such as dislocations, stacking 
faults, twinning, micro-stresses, grain boundaries etc. Some of these and other 
imperfections may also result in peak shift, peak asymmetry, anisotropic peak 
broadening, or affect peak shape. If all of these other contributions to the peak width were 
zero, then the peak width would be determined solely by the crystallite size and the 
Scherrer formula would apply. If the other contributions to the width are non-zero, then 
the crystallite size can be larger than that predicted by the Scherrer formula, with the 
"extra" peak width coming from the other factors.  

Strain: The second main source of specimen broadening is strain, or more 
correctly inhomogeneous strain. If the crystallite is strained then the d spacing will 
change; a compressive stress would make the d spacing smaller (and a tensile stress 
would make the d spacing larger), say reducing a given spacing d to d− δd. Then by 
Bragg's Law, the position of the peak will increase from 2θ to 2(θ+ δθ). 

� = 2(� − �� )sin(� + ��)…… ………… ………… ………… ………(6.5)  
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Figure 6.3 Illustration of peak shift and broadening of diffraction peak (adapted from [vi]) 

The structure of the coating was studied using Philips X-raydiffractometer with Cu Kα 

radiation of wavelength 1.54056 Å. Two types of scans have been adopted for the present 
study: 1) 2θ-ω mode, where both the detector and the sample moves and 2) 2θ scan also 
called as the glancing or grazing angle geometry, where the X-ray incident angle is fixed 
while the detector scans. 

Figure 6.4 Schematic diagram of difrractometer geometry: ω is the angle between the X-
ray source and the sample, 2θ is the angle between the incident beam and the detector and 
φ is the in-plane rotation angle. 

6.3 Scanning Electron Microscopy (SEM) 

Scanning electrom microscope (SEM) is a microscope that uses high energy forcussed 
electrons to form the image. The interaction of high energy electron with the surface of 
the sample generates many information about the sample like external morphology 
(texture), chemical composition, crystalline structure and orientation of materials making 

[vi] http://pd.chem.ucl.ac.uk/pdnn/peaks/strain.gif 
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up the sample. When the electron beam strikes a sample, these electrons will scatter 
through the sample within a defined area called the interaction volume. During the 
electron beam-specimen interactions, the high kinetic energy of the electrons gets 
dissipated forming secondary products like secondary electrons, backscattered electrons, 
X-rays, heat and light. Image formation of surface structures using the SEM mainly 
depends on the production of secondary electrons. Secondary electrons are low energy 
electrons and when produced deeper within the interaction volume, will be absorbed by 
the sample. Only secondary electrons close to the surface will be able to escape the 
specimen (figure 6.5). The weakly negative secondary electrons will be deflected by a 
positive pull exerted by the Faraday cage surrounding the secondary electron detector and 
therefore will contribute to the image formation. Backscattered electrons are also 
produced deep within the sample but have a much higher energy and because of this, are 
able to escape from deeper within the interaction volume. Because of their high energy, 
backscattered electrons will not be deflected by the Faraday Cage and therefore not 
contribute to the image formation. Only a few backscattered electrons will interfere with 
the signal for secondary electrons. The secondary electrons are most valuable for showing 
morphology and topography on samples and backscattered electrons are most valuable 
for illustrating contrasts in composition in multiphase samples. X-ray is produced by 
inelastic collisions of the incident electrons with electrons in discrete shells of atoms in 
the sample. As the excited electrons return to lower energy states, they yield X-rays of a 
fixed wavelength, a characteristic of an element that depends on the difference in energy 
levels of electrons in different shells of that element. Thus, characteristic X-rays are 
produced for each element in a mineral that is "excited" by the electron beam. SEM 
analysis is considered to be "non-destructive" as the x-rays generated by electron 
interactions do not lead to volume loss of the sample enabling to analyse the same 
materials repeatedly. 

Figure 6.5 Interaction volume between the electron beam and the specimen. Notice that the 
backscattered electrons are able to escape from far deeper in the sample 
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6.4 Atomic Force Microscope 

Atomic Force Microscope (AFM) is a high resolution microscopy technique that produces 
precise topographic images of a sample by scanning the surface with a nanometer-scale 
probe (lateral resolution ~ 1 nm, vertical ~ 0.1 nm). AFM, which is sometimes called the 
Scanning Force Microscope (SFM), is based on the forces experienced by a probe as it 
approaches a surface to within a few angstroms and operates by measuring attractive or 
repulsive forces between a tip and the sample. A typical probe has a 500 Å radius and is 
mounted on a cantilever, which has a spring constant less than that of the atom-atom 
bonding. This cantilever spring is deflected by the attractive van der Waals (and other) 
forces and repulsed as it comes into contact with the surface (“loading”). The deflection 
of the spring is measured to within 0.1 Å. By holding the deflection constant and 
monitoring its position, the surface morphology can be plotted. Because there is no 
current flow, the AFM can be used on electrically conductive or non-conductive surfaces 
and in air, vacuum, or fluid environment. The AFM can be operated in three modes: 
contact, noncontact and “tapping.” The contact mode takes advantage of van der Waal’s 
attractive forces as surfaces approach each other and provides the highest resolution. In 
the non-contacting mode, a vibrating probe scans the surface at a constant distance and 
the amplitude of the vibration is changed by the surface morphology. In the tapping mode, 
the vibrating probe touches the surface at the end of each vibration exerting less pressure 
on the surface than in the contacting mode. With very gentle contacting pressure, tapping 
mode provides resolution of surface morphology better than 10 nm. This is called as phase 
imaging. Complicated surface geometries such as the sidewalls of features that are etched 
into surfaces can also be imaged by using special probe tip geometries [16]. For the 
present study, AFM images were taken in tapping mode using a CP-II scanning probe 
microscope from Veeco Instruments.  

6.5 Mass Spectrometer 

Principle: Mass spectrometry is an analytical technique that identifies the chemical 
composition of a compound or sample on the basis of the mass-to-charge ratio of charged 
particles. The method employs chemical fragmentation of a sample into charged particles 
(ions) and measurements of two properties, charge and mass, of the resulting particles, 
the ratio of which is deduced by passing the particles through electric and magnetic fields 
in a mass spectrometer. The design of a mass spectrometer has three essential modules: 
an ion source, which transforms the molecules in a sample into ionized fragments; a mass 
analyser, which sorts the ions by their masses by applying electric and magnetic fields; 
and a detector, which measures the value of some indicator quantity and thus provides 
data for calculating the abundances each ion fragment present. The technique has both 
qualitative and quantitative uses, such as identifying unknown compounds, determining 
the isotopic composition of elements in a compound, determining the structure of a 
compound by observing its fragmentation, quantifying the amount of a compound in a 
sample using carefully designed methods (e.g., by comparison with known quantities of 
heavy isotopes), studying the fundamentals of gas phase ion chemistry (the chemistry of 
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ions and neutrals in vacuum), and determining other physical, chemical, or biological 
properties of compounds. 

Quadrupole Mass Analyser: Mass analysers separate the ions according to their mass-
to-charge ratio. There are different types of mass analysers. The quadrupole mass analyser 
is one type of mass analyser used in mass spectrometry. As the name implies, it consists 
of 4 circular rods, set perfectly parallel to each other. In a quadrupole mass spectrometer 
the quadrupole mass analyser is the component of the instrument responsible for filtering 
sample ions, based on their mass-to-charge ratio (m/z). Ions are separated in a quadrupole 
based on the stability of their trajectories in the oscillating electric fields that are applied 
to the rods. The quadrupole consists of four parallel metal rods. Each opposing rod pair 
is connected together electrically and a radio frequency voltage is applied between one 
pair of rods, and the other. A direct current voltage is then superimposed on the R.F. 
voltage. Ions travel down the quadrupole in between the rods. Only ions of a certain m/z 
will reach the detector for a given ratio of voltages: other ions have unstable trajectories 
and will collide with the rods. This allows selection of a particular ion, or scanning by 
varying the voltages. 

Figure 6.6 Schematic representation of quadrupole mass analyser (adapted from 

[vii]) 

[vii] http://www.mcb.mcgill.ca/~hallett/GEP/PLecture1/MassSpe_files/image011.gif 



6 Experimental Techniques 104

6.6 Nano-indenter 

The micro hardness and Young’s modulus were determined using the nano-indenter XP 
with a Berkovich diamond tip using Oliver and Pharr method [141,142]. The average of 
nine points was taken for each sample. The indentation depth was approximately one-
tenth of the coating thickness to minimize substrate effects [143]. 

6.7 Stylus Profilometer 

The film stress was measured on thin glass plate of 100 micron thickness using Dektak 
6M stylus. The stress was calculated by measuring the radius of curvature of substrate 
before and after deposition using Stoney’s equation. 
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Where 

 = stress in the film after deposition  

Rpre= substrate radius of curvature, before deposition 

Rpost= substrate radius of curvature, after deposition 

E= Young’s modulus of substrate 

= Poisson’s ratio of substrate

ts= substrate thickness 

tf= film thickness 

Note that only the elastic properties of the substrate enter into the Stoney formula. This is 
related to the thin film approximation, i.e. the film thickness is much smaller than the 
thickness of the substrate. 
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6.8 Calo Tester or Ball Craterer 

Figure 6.7. Schematic diagram of the crater and the geometry used for calotest 

The study of wear performance of the coatings requires robust wear testing techniques. 
Ball bearing, pin on disk and ball on disk are few successful methods of wear tests 
adopted. Research is going on to develop new wear test techniques that includes ball 
craterer. The Calo tester consists of a holder for the surface to be tested and a steel sphere 
of known diameter that is rotated and pressed against the coated test surface. Abrasive 
slurry such as diamond paste is introduced between the ball and the test sample. After a 
fixed number of revolutions, the volume of the crater formed is used to calculate the wear. 
Calo tester proves to be a simple, quick and inexpensive equipment measuring the amount 
of coating wear. Moreover, ball cratering test method can be used to evaluate a variety of 
coating including polymeric films, thin hard ceramic coatings, metallic coatings and thick 
thermally sprayed coatings [145]. An alternate system includes the ball cratering without 
any added abrasive [146]. The schematic diagram is represented in figure 6.9. One 
disadvantage is the reliability of ball cratering test, which is related to the measurement 
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accuracy. Thus, optical microscopy has become a conventional tool for measuring the 
diameter of the wear crater generated in the abrasion test, and a primary method of 
measurement. A ball of 30 mm diameter was rotated at a speed of 180 rpm against the 
coated sample without any abrasive slurry for the present study. The bearing ball produces 
a crater, a circular depression, which is used to determine the wear rate of the coating and 
the substrate by geometrical considerations. The wear performance was analysed by 
measuring the crater diameter observed under the optical microscope.  

6.9 Dynamic Mechanical Analyser (DMA) 

DMA can be simply described as applying an oscillating force to a sample and analysing 
the material’s response to that force. The sample can be subjected by a controlled stress 
or a controlled strain. According to the known stress, the sample will deform to a certain 
amount related to its stiffness. DMA measures stiffness and damping which are normally 
reported as modulus and tan δ. As the applied force is sinusoidal, the storage modulus E’ 
is expressed as an in-phase component and the loss modulus E” is expressed as an out of 
phase component. The storage modulus E’ is the measure of the sample’s elastic 
behaviour and ratio of the loss to the storage is tan δ, often called as damping, which is a 
measure of the energy dissipation of a material. The modulus values change with 
temperature and the transitions in materials can be seen as changes in the E’ or tan δ 
curves that includes glass transition and melt. Different configurations are adopted for 
loading the sample depending the physical state of the sample and the difficulty in 
loading. In the three point bending mode, the sample is supported at both ends and the 
force is applied in the middle. The three point bending mode is considered as a pure mode 
of deformation since clamping effects are eliminated. For the present study, the effect of 
temperature on CFRP substrates was studied using 3-point bending from TA instruments 
where a force of 3N was applied to the sample at a frequency of 1 Hz. The temperature 
was varied between 30-200 °C. DMA is the most sensitive technique in analysing Tg 

(glass transition temperature). Any of the following three viscoelastic parameters; E’ 
onset, E peak and tan δ peak can used to define Tg. E’ onset occurs normally at low 
temperature relating to mechanical failure. E” peak occurs at middle temperature 
indicating change in physical properties that is attributed to glass transition in plastics. 
Tan δ peak occurs at the highest temperature and is a good measure of ‘leather-like’ 
midpoint between the glassy and rubbery states of a polymer. Depending on the 
amorphous content, the height and size of the tan δ systematically changes. Figure 6.8 
shows how the Tg is calculated from the above three parameters described.       
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Figure 6.8. A model graph showing the measurement of Tg from E” (loss modulus), onset 
of storage modulus E’ and tan δ peak
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7. Study of Adhesion of Coatings on Polymers and
Composites

7.1 Adhesion 

When cohesion is the strength in a single material due to inter-atomic or inter-molecular 
forces, adhesion is the mechanical strength joining two different objects or materials. 
Adhesion is very complex phenomena and there is no single theory, which explains 
adhesion in comprehensive way. There are a number of different theories to explain 
adhesion by a purely mechanistic approach. Several physical and physico-chemical 
theories have been developed to include electrostatic theory, the diffusion theory, the 
adsorption and wetting theory and the theory of the Weak Boundary Layer (WBL)  [147]. 
In the real polymer – metallic coating system, the understanding of bonding can be based 
on all of the above mentioned ideas. 

Mechanical bonding: 

In mechanical bonding two surfaces are joined together so that one phase interlocks 
mechanically into another. Interlocking takes place in the pores and the uneven parts of 
the surface. 

Chemical bonding: 

Chemical bonding can be divided to the following types: 

 Metallic (homopolar) bonding 
 Covalent (homopolar) bonding 
 Ionic (heteropolar) bonding 

In addition to above mentioned primary interatomic bond types there are secondary bond 
types which exist between the two interacting material:  

 Hydrogen bonds 
 Dipole – dipole interactions 
 Dipole – induced dipole interactions 
 Dispersion forces 

In general, these secondary bond forces are grouped and named as van der Waals forces. 
Van der Waals forces are generally much weaker than forces between primary bond types. 
Furthermore van der Waals forces are electrostatic in their nature [147]. Adhesion is also 
related to the distance between the two interacting materials. Intermolecular forces act 
over distances from 0.1 to 0.5 nm. If the nature of these forces is chemical the resulting 
energies range from 40 to 800 kJ/mol and if they are van der Waals forces the energies 
are limited to 40 kJ/mol or less [147].  



7 Study of Adhesion of Coatings on Polymers and Composites 110

7.2 Adhesion of Coatings on Composites and Polymers 

Adhesion is generally a fundamental requirement of most deposited film/substrate 
systems. There are many factors that have to be considered for achieving good adhesion. 
In general good adhesion requires strong chemical bonding between the dissimilar atoms, 
a high fracture toughness of the materials in contact, low residual stress in the interfacial 
region and no degradation mechanism operating [16]. In PVD technology, adhesion 
occurs on the atomic level between atoms and on the macroscopic level between the 
substrate surface and the deposited film. In sputtering deposition the depositing particles 
are having very high kinetic energy which is advantageous for adhesion [147].  Ion 
bombardment can also be used to build up charge sites to the surface of electrically 
insulating substrates, which enhances nucleation of adatoms (mobile atoms). Good 
adhesion to polymers can be achieved by using the film material that forms organo-
metallic bonds with the substrate. These type of materials are Al, Cr or Ti [16]. 
Deformation of a material requires the input of energy. At some level of deformation, the 
material will fail. The amount of energy that must be put into the system to cause this 
failure is a measure of the cohesive or adhesive strength. Adhesion of the coating to the 
substrate is critical for successful performance of hard wear resistant coatings [148].  

Adhesion poses a main concern and a challenging fact when it comes to coating on the 
polymer substrates because good adhesion is normally obtained at high deposition 
temperature and the polymers and polymer based substrates cannot withstand high 
temperature. Polymers have inherently low surface energy and tend to form intrinsically 
poor adhesion bonds without some type of treatment [149]. When it comes to the metal 
or ceramic substrates, high adhesion strength is achieved by heating the substrate to high 
temperature and/or by negatively biasing the substrate to enhance the ion bombardment 
that will eventually raise the substrate temperature. Such an approach cannot be adopted 
for polymer material as the high temperature can damage the substrate. Keeping the low 
temperature in mind, good adhesion on the polymer based substrates is tried to be 
achieved by surface pre-treatment that includes ex-situ and in-situ pre-cleaning 
techniques. The Ex-situ pre-treatment involves treating or cleaning the substrate 
chemically or by any means before transferring the material to the deposition chamber. 
Be it for high adhesion or coating processes, a maximum degree of surface cleanliness is 
an important requirement. Monolayers or even sub-monolayers of contaminants, like 
release agents with corresponding film thicknesses of less than 1 nm, can cause adhesion 
failures. The in-situ pre-treatment involves treatment of samples within the chamber prior 
to deposition. The surface pre-treatment leads to mechanical roughening of the polymer 
surface producing interlocking surface sites and thus enhancing the adhesion. The 
increased surface roughness, wettability, oxide formation between the film and substrate, 
all resulting from surface pre-treatment enhances adhesion [26–30]. Cleaning, or removal 
of contamination, including process oils, dirt, waxes, mold release agent, and exuded 
plasticizer, is an important change that occurs as a result of surface treatment. Methods 
involving chemicals such as solvent cleaning and etching, if not properly used, can leave 
behind a residue that may interfere with adhesive bond formation. Clean surfaces must 
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be protected because of rapid reacquisition of contamination from the ambient 
atmosphere. 

7.3 Substrate Pre-cleaning 

Substrate cleaning is very essential for good adhesive bond. Foreign materials such as 
dirt, oil, moisture, and weak-oxide layers must be removed, or else the adhesive or coating 
will bond to these weak-boundary layers rather than to the substrate. Ultrasonic cleaning 
is a common procedure for high-quality cleaning, utilizing ultrasonic energy to scrub the 
parts and a liquid solvent to rinse away the residue and loosened particulate matter. Either 
solvent or detergent solutions can remove mold-release agents or waxes from the plastic 
part surface. Effective solvents include methyl ethyl ketone, acetone, and methanol, 
depending on the plastic type. Resistance of the plastic to the solvent should be considered 
in their selection to prevent dissolving or degrading the plastic during cleaning [52]. In 
surface preparation of PC for adhesive bonding, the customary cleaning solvents include 
methyl alcohol, isopropyl alcohol, petroleum ether, heptane, VM&P naphtha, and white 
kerosene. Ketones, toluene, trichloroethylene (TCE), and benzol should not be used since 
PC is incompatible with these solvents; they cause crazing or cracking [52].  Nylons are 
relatively crystalline thermoplastics that are not considered solvent-sensitive, requiring 
relatively strong solvents for surface preparation. Nylon, like PC, readily absorbs 
moisture from the air [25]. 

The ex-situ pre-cleaning in the present study involved cleaning of substrates prior to 
deposition in ultrasonic bath with 4% detergent solution, iso propyl alcohol (IPA), ethanol 
and acetone or just mere wiping of substrates with one or more of the above solutions. 
The cleaning of samples in ultrasonic bath with detergent solution, IPA and acetone for 
about 10 minutes in each solution at room temperature is referred to as 3-steps cleaning 
in the following sections. The samples were well rinsed in deionized water before 
immersion in each solution and baked in the oven at 80°C for different time duration to 
evaporate the water absorbed by the substrates prior to deposition. The film adhesion was 
examined for the above mentioned conditions, compared and analysed to arrive at the best 
methodology. 

With high optical transmittance (>90% in the visible range) and a high deformation 
temperature (>140 °C), polycarbonates (PCs) are a promising substrate material for 
optical lenses and display panels [25]. Despite their excellent physical properties, PC 
substrates are not widely used because the adhesion is not sufficiently strong between 
coating and substrate. This poor adhesion is because of the hydrophobic nature of the PC 
surface and also because of the large difference in thermal expansion coefficients between 
the coating film and the PC [25]. It has been reported that the wettability of various 
plastics was improved substantially by irradiating the surface with low-energy argon ions 
in an oxygen environment. In-situ cleaning or plasma cleaning is ion cleaning of the 
substrates where the substrates are bombarded with Argon or mixture of Argon and 
nitrogen ions by negatively biasing the substrate prior to deposition. The interaction of 
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ions, electrons, and neutral atoms causes rapid removal of low molecular contaminants 
such as additives, processing aids, and adsorbed species. The film adhesion was analysed 
for different gas pressure and bias timing to suit the need. The low temperature limit of 
the polymer materials limits the plasma flux to the substrate and the duration of plasma 
contact with the substrate restricting the range of useful process parameters, the process 
productivity, and the coating thickness. 

7.3.1 The Effect of Plasma Pre-Treatment on Adhesion of Polymer and Polymer 
Based Substrates 

The plasma treatment alters both the chemical and topographical states of the substrate 
surface. The chemical modification of the substrate surface are more important for 
adhesion. Plasma treatment considerably increases the surface energy of the polymers and 
high surface energy is a pre-requisite for wetting of the polymer substrate with the 
coating. The increase in surface energy is caused by the incorporation of oxygen-
containing groups in the substrate surface by the plasma treatment. The new functional 
groups on the surface give rise to good adhesion (high bond strength) because covalent 
bonds can be formed between the coating and the substrate. The topographical change 
can arise from thermal effects of the plasma or from chemical reactions and sputtering. 
The improvement in adhesion can be related to individual surface modifications such as 
change in surface energy, chemical composition, or surface roughness or a combination 
of these effects. A rough surface provides a much larger adhesive contact area than a 
smooth surface. Also, cleaning or cross-linking effects of the plasma treatment cannot be 
neglected. Since different surface modifications occur simultaneously in the plasma and 
cannot be separated from one another, it is difficult to discriminate which effects are the 
most important for good pre-treatment results. Thus, low-temperature glow-discharge 
plasmas are well suited to plasma-chemically modify the polymer surface, thereby 
forming reactive sites that can attach atoms or radical fragments from plasma-forming 
functional groups, which present anchoring sites for chemical grafting of different labels 
or molecules.  

To summarize, the changes that occur in the surface of plastics by applying the treatment 
methods are the result of the four processes of cleaning, ablation, cross-linking, and 
surface chemical modification (mostly oxidation). Ablation is related to scission of 
polymer chains and degradation and conversion of organic matter into volatile species. 
Common treatment methods include corona, flame and plasma treatment, and chemical 
etching, all of which serve to increase the surface energy of plastics. The polar component 
of surface energy should be increased by 15-20 dynes/cm to achieve proper adhesive 
bonding in polymers such as polyolefin, polyphenylene sulfide, polyaramide, and others. 
The other changes in the plastic surfaces include removal of weak materials, 
strengthening of the surface (by cross-linking), and increased surface roughness [52].  
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7.3.2 Plasma cleaning with Argon and Argon/Nitrogen Mixture 

Plasma removes the contaminants from the polymer surface etching them to form volatile 
products. The process runs through the physical sputtering and/or chemical reactions and 
mostly depends on the plasma gas used. When unreactive plasma gases or inert gases like 
argon or helium are applied, ablation occurs by the momentum-exchange process, which 
is a well-known sputtering process. After exposure to activated argon plasma, contact 
angles are reduced to 40° for polymethyl methacrylate (PMMA) and to 19° or less for 
nylon (polyamide), polystyrene, polyethylene, and room-temperature-vulcanizing (RTV) 
silicone [25]. In the case of reactive gases like oxygen, nitrogen etc. ablation can also 
occur by chemical etching. The latter process is stronger causing a higher mass loss [113]. 
As mentioned before, plasma reconstructs the surface layer chemically by introducing a 
variety of functional groups. It has been shown that adhesion between the AR (anti-
reflection) coating layer and the PC substrate was significantly improved by ion-assisted 
reaction treatment in which PC substrates were irradiated with low energy Ar ions in an 
O2 environment. As Ar ion doses increased, the water contact angles decreased from 76° 
to 18°, indicating that the nature of the surface had become more hydrophilic. This change 
was attributed to the increase in the density of functional groups such as C=O and C-O 
bonds. The ion irradiation had little influence on the optical transmittance and the surface 
roughness of the substrates [31].  

7.4 Adhesion Testing 

The testing of adhesion is important as it is used to monitor the process and product 
reproducibility as well as for product acceptance. Adhesion tests are normally very 
difficult to analyse analytically, thus tests are often used as comparative tests and they 
have been found useful in comparing the adhesion behaviour of different coatings. In 
practice, adhesion is usually measured by applying an external force to the thin film 
structure to a level that causes failure between the film and substrate. There are a number 
of standardized adhesion testing methods that can be used to evaluate adhesive strength 
between coatings and substrates. Generally, tests can be divided into quantitative and 
qualitative testing methods. In literature, the terms practical adhesion and fundamental 
adhesion are also used to define nature of adhesion strength in concern. Usually the testing 
methods are destructive but also non-destructive methods are used. One of the non-
destructive testing methods that gives information from the substrate-coating interface 
layer is acoustic emission. Mattox  [16] stated “The best test of adhesion is functionality 
under processing, storage and service conditions”, which is also true with other coating 
performance tests such as wear and corrosion tests. Table 7.1 describes most common 
standards for adhesion testing of thin films. 
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Table 7.1. Standard testing methods for adhesion testing of thin films 

Test method Standard Description 

Cross cut test -SFS-EN ISO 2409 “Specifies a test method for assessing the 
resistance of paint coatings to separation 
from substrates when a right angle lattice 
pattern is cut into the coating, penetrating 
through to the substrate. The method may 
be carried out as a "pass/fail" test or as a 
six-step classification test. Hard and soft 
substrates need a different test procedure. 
The property measured depends, among 
other factors, on the adhesion of the 
coating to either the preceding coat or the 
substrate.[150]” 

Bend test - ASTM D 4145-83 
(2002) 

“This test method describes a procedure 
for determining the flexibility and 
adhesion of organic coatings (paints) on 
metallic substrates that are deformed by 
bending when the sheet is fabricated into 
building panels or other products. [151]” 

Pull-off test - SFS-EN ISO 4624 
(Description) 

- IEC68-2-14N [152], 

- ASTM D4541-02 

“This International Standard describes 
methods for determining the adhesion by 
carrying out a pull-off test on a single 
coating or a multi-coat system of paint, 
varnish or related product. These test 
methods have been found useful in 
comparing the adhesion behaviour of 
different coatings. It is most useful in 
providing relative ratings for a series of 
coated panels exhibiting significant 
differences in adhesion. [150]”  

Knife test -ASTM D6677-01  “1.1 This test method covers the 
procedure for assessing the adhesion of 
coating films to substrate by using a 
knife.  

1.2 This test method is used to establish 
whether the adhesion of a coating to a 
substrate or to another coating (in multi-
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coat systems) is at a generally adequate 
level. [151]”  

Tape test -ASTM D3359-02 “1.1 These test methods cover 
procedures for assessing the adhesion of 
coating films to metallic substrates by 
applying and removing pressure-
sensitive tape over cuts made in the film. 

1.2 Test Method A is primarily intended 
for use at job sites while Test Method B 
is more suitable for use in the laboratory. 
Also, Test Method B is not considered 
suitable for films thicker than 5 mils (125 
µm). [151]“ 

Peel test - ASTM B533-85 * 
(2004) (Description) 

- DIN 53494 

“This test method gives two procedures 
for measuring the force required to peel a 
metallic coating from a plastic substrate. 
One procedure (Procedure A) utilizes a 
universal testing machine and yields 
reproducible measurements that can be 
used in research and development, in 
quality control and product acceptance, 
in the description of material and process 
characteristics, and in communications. 
The other procedure (Procedure B) 
utilizes an indicating force instrument 
that is less accurate and that is sensitive 
to operator technique. It is suitable for 
process control use. [151]” 

Scratch 

adhesion test 

-(G171-03)** 
(Description), 

- prEN 1071-3:2000, 

- ASTM D2197-98 *** 

“This standard describes laboratory 
procedures for determining the scratch 
hardness of the surfaces of solid 
materials. Within certain limitations, as 
described in this guide, this test method 
is applicable to metals, ceramics, 
polymers, and coated surfaces. The 
scratch hardness test, as described herein, 
is not intended to be used as a means to 
determine coating adhesion, nor is it 
intended for use with other than specific 
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hemispherically-tipped, conical styli 
[151]“  

*B533-85(2004) Standard Test Method for Peel Strength of Metal Electroplated Plastics
[151] 

**G171-03 Standard Test Method for Scratch Hardness of Materials Using a Diamond 
Stylus [151]. 

***ASTM D2197-98 (Reapproved 2002); Standard Test Method for Adhesion of Organic 
Coatings by Scrape Adhesion [151]  

The adhesion must be good after the deposition of film, the subsequent processing and 
throughout its service life. In the pull-off tensile test adopted for the adhesion study, the 
sample is subjected to increasing tensile stresses until the weakest path through the 
material fractures and the mechanical strength of the weakest interface material in the 
coating-substrate combination is measured. The weakest point could be along an interface 
between two coatings, a cohesive fracture within one coating, a cohesive failure of the 
substrate or a combination of these. In the present work, interest is shown in the force, 
which is required to break the bond between the coating and substrate. The pull-off tensile 
test is performed by bonding a stud to the surface of the coating using glue, the adhesive 
and then pulling the stud to failure. A major factor in the reproducibility of pull-off test 
is the amount of adhesive on the surface. Too much of adhesive leads to a peeling stress 
around the edges. The glue only needs to be stronger than the coating but not twice as 
strong. Two-component epoxy adhesive, Loctite Hysol 9466, is used that has the tensile 
strength value of 32 MPa.  

The automatic PAT adhesion tester of DFD® INSTRUMENTS used for the study of 
adhesion is a high precision pull-off type measuring instrument and is very simple to use 
[153]. A schematic representation of the test method is shown in Figure 7.1. The testing 
machine is dimensioned for measuring of bond strength of all types of paints, thermal 
sprayed coatings, thin films, concrete coatings, ceramics, etc. The adhesion was measured 
by means of a micro-testing head of 1 kN and the test element area of 12.6 mm2. The 
micro testing head is connected to the test element, which has been glued to the coating. 
The servo motor is started by pressing the button that will force hydraulic fluid into the 
system, pressurizing the circuit. After test specimen fracture has occurred, the value is 
readable on the precision gauge. The actual test result is calculated by the ratio 4:1, which 
is based on the maximum indicated load, the instrument calibration data and the original 
surface area stressed. 
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Figure 7.1 Schematic diagram of the adhesion tester (adapted from viii) 

ASTM D4541 and ISO 4624 both define the method and procedures for carrying out pull-
off adhesion testing of paints, varnishes and other coatings [154–156]. These standard 
test methods use a class of apparatus known as portable pull-off adhesion testers with key 
issues of standards as follows:  

 The test elements must be cleaned sufficiently to prevent “glue failure” during 
testing. 

 The tensile stress shall be applied in a direction perpendicular to the plane of the 
coated substrate and shall be increased at a substantially uniform rate. 

 Special attention is required in selecting suitable adhesives. The bonding 
properties of the adhesive should be greater than the coating and adhesive is not 
allowed to alter the coating chemically. 

Due to the possibility of varying results with different devices for the same coating, it is 
recommended to report the apparatus used in the test report. The PAT adhesion tester 
used for the present study is in accordance with these standards. All the adhesion tests 
were performed at six points on each sample and the adhesion value of the given sample 
is an average of the six values. 

                                                
viii http://www.dfdinstruments.co.uk/topics/Study5-ASTM-D4541.htm 



7 Study of Adhesion of Coatings on Polymers and Composites 118

7.5 Adhesion Tests on Plain CFRP Substrates 

Prior to all the adhesion tests, the studs were cleaned in an ultra-sonic bath with 4% 
detergent solution, isopropyl alcohol and acetone followed by baking in an oven at +40°C 
for 1 hr. It is important to apply adhesive free of air pores on the test area as it can affect 
the test results significantly. Different curing times and temperatures were adopted for the 
test samples to find out the best suitable method. Adhesion tests were conducted on 
uncoated samples with the same pre-treatment as that of the coated ones. The effects of 
different heat treatments on the samples were also studied. The substrate samples like 
those of studs were pre-cleaned in ultra-sonic bath with 4% detergent solution, isopropyl 
alcohol and acetone for ten minutes in each solution before annealing in an oven at 
different temperature and time. The reference samples without pre-cleaning and annealing 
were also included for the test. The results are shown in Figure 7.2 Some fibres were 
found to be removed from the samples that were just pre-cleaned, and from the samples 
that were both pre-cleaned and annealed at +50°C for 1 hr as observed on the surface of 
the stud. In the case of CFRP+cb samples that has carbon black powder in the resin in 
addition carbon fibre reinforcements, all the failures that occurred were between the glue 
and the surface. In summary, the adhesion results do not represent absolute values but 
only relative values. However, since two samples of CFRP exhibited higher adhesion 
strengths with failure of substrate, it is presumed that the strength value over 20 MPa is 
needed to reach cohesive failure of substrate or adhesive failure at substrate/coating 

interface. Different heat treatments have not been shown to significantly affect the 
strength values of uncoated samples. 

Figure 7.2 Adhesion values of uncoated CFRP and CFRP+cb as a function of different annealing 
treatments 
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7.6 Adhesion of CrN on CFRP 

Chromium nitride coatings on CFRP and CFRP+cb were deposited using the unbalanced 
magnetron sputtering equipment from Teer Coatings Ltd. (Equipment 1) described in 
section 6.1. The chromium target with dimension 145 × 350 mm2 and 99.5% purity was 
used for deposition and to keep the deposition temperature within the withstanding 
temperature limit of the vinyl ester resin in the CFRP, only one target was used. The 
distance between target and substrate was about 8.5 cm and the substrate was rotated at a 
speed of 2 rpm. Pulsed DC power was applied to the chromium target at a frequency of 
250 kHz and a pulse off time of 1600 ns. With the similar parameters, the substrate was 
biased using the pulsed DC power at -30V during deposition. The target was operated in 
the controlled current mode, fixed at 2 A. The background pressure in the chamber was 5 
× 10-5 mbar and the sputtering pressure during chromium deposition was between 4.2 × 
10-3 and 5.5 × 10-3 mbar and for chromium nitride deposition was between 3.6 × 10-3 mbar 
and 4 × 10-3 mbar. Three different OEM settings of 60%, 65% and 70% of Cr emission 
line 358 nm resulting in different stoichiometry were fixed to know its effect on adhesion. 
Chromium was used as an interfacial layer between the substrate and chromium nitride 
as it facilitates the nucleation and growth of CrN [134]. Chromium was deposited for 
about 5, 30 and 60 minutes, and chromium nitride was deposited for an hour. The ion 
cleaning was done at the substrate bias voltage of -400 V increasing step by step with 1 
minute time interval for every 50 V increase in voltage to avoid arcing. The ion cleaning 
time was varied and was found to be the hottest part of the coating. The temperature of 
the substrate during coating was measured by sticking the temperature sensitive tape to 
the substrate covered by the vacuum compatible tape before the coating. The temperature 
increased with the duration of ion cleaning (figure 7.3). According to standard ASTM 
D4541, <50% glue failure is required to accept the measurements for adhesion tests. The 
fracture surfaces were examined in accordance with the percent of adhesive and cohesive 
failures and the actual interfaces and layers involved. The substrate has resin as its 
outermost layer. To understand and ascertain the nature of different types of fracture and 
their connection with the strength values, a schematic diagram of the different layers 
involved in the test is shown in fig.7.4. The coating comprising of Cr and CrN layers 
showed no fracture at their interface. 
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Figure 7.3. Variation of substrate temperature with ion cleaning duration at -400V substrate bias 

 

 

Figure 7.4 Schematic representation of the layers in the adhesion test 
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7.7 Visual Analysis of the Coated CFRP and the Stud 

Figure 7.5 shows the result of one of the tests as visually observed by optical microscope, 
showing failure at different layers from the surface of the stud and the substrate CFRP+cb, 
coated with chromium for about 5 minutes and CrN for an hour at the bias voltage of -
30V with the OEM set point of 70%. In addition, some of the failures were examined 
with a scanning electron microscope (SEM) and energy dispersive spectroscopy (EDS). 
The position of fracture was determined by comparing spectra from different areas. 
Identification of the peaks in the spectrum (figure 7.6) confirmed the estimation of the 
nature of the fracture made by optical microscope. 
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Figure 7.5 Optical microscope image of surface and stud after one pull-off test showing the type 
of failure 



7.8 Influence of Deposition Parameters on CrN adhesion on CFRP 123 

Figure 7.6. SEM micrographs of the surface of the stud and EDS spectrum from the yellow line 

7.8 Influence of Deposition Parameters on CrN adhesion on CFRP 

Different parameters have been taken into consideration to examine effects on adhesion 
strength values. The summary of different parameters and the observed effects is given 
in Table 7.2 and the histogram of the test results for CrN coated CFRP and CFRP+cb is 
shown in Figure 7.7. 
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Table 7.2 Effect of different parameters on adhesion of coating 

PARAMETER CONDITIONS OBSERVED EFFECT 

CFRP CFRP+cb 

Baking time 18 hrs vs. 1 hr, 3 hrs and 
45 hrs 

No significant difference 
noticed 

Sample baked for 
the longest time 
gave better 
adhesion 

Ion cleaning 10 min vs. 15 min, 20 
min and 30 min 

Results suggest that longer 
ion cleaning time gives 
better adhesion but it also 
increases the temperature 

Same as observed 
in CFRP samples 

Cr-layer 5 min vs. 30 and 60 min No significant difference 
noticed 

60 min deposition 
give better 
adhesion 

Substrate 
temperature 

+85 - +180C Higher temperature gives 
better adhesion but it could 
be detrimental to the 
substrate  

Same as observed 
in CFRP samples 

OEM-value 70% vs. 65%, 60% Though not significant 
60% gives better adhesion 

Same as observed 
in CFRP samples 
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Figure 7.7 The influence of deposition parameters on CrN film adhesion on CFRP and CFRP+cb 
substrates 
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Overall, there is relatively little variation in the adhesion strength over the range of 
parameters. The variation of breaking strength value is between 19.5 – 24.6 MPa. For the 
majority of samples, the failure was a cohesive failure within the bulk of the substrate 
itself. This shows that the adhesive forces acting between coating and substrate are 
stronger than the cohesive forces of the substrate. Adhesion tests, where the stud was 
applied to the substrate without coating showed that the intrinsic cohesive strength of the 
CFRP was 19.5 MPa. Therefore, the adhesion between substrate and coating must have a 
higher value than this. Thus, it could be concluded that the adhesion strength of CrN 
coated samples is above 20 MPa. Deposition at higher temperatures has the effect of 
increasing the measured adhesion strength. However, since the failure is still within the 
substrate itself, this implies a strengthening of the CFRP after moderate heating rather 
than a better adhesion between coating and substrate. However, this improved substrate 
strength may also go along with a deterioration in other properties. There may well be 
changes in bonding strength between the coating and the CFRP but these cannot be 
detected by adhesion testing using this method. It has also been observed that deposition 
without ion cleaning resulted in poor adhesion leading to flaking of coating. 

7.9 Surface Energy and Adhesion 

The phenomenon of surface energy and surface tension are same. Surface Tension can be 
thought of as the force that holds a liquid together. In the depths of a volume of liquid, 
each molecule is surrounded on all sides by other molecules; the forces between them 
balance out and the entire mass is in equilibrium. The situation is different at the surface 
of a liquid. At a liquid-air interface for example, the molecules at the surface are being 
attracted by the surrounding liquid but not by the air. The forces are imbalanced and 
consequently the liquid behaves as if it had a stretched skin. As a general rule, the greater 
the proportion of polar groups (e.g. O-H groups) in a molecule the stronger the attractive 
forces between them. Strong attractive forces give rise to a high surface tension and a 
tendency to form discrete droplets on a surface rather than wet it evenly. Alcohols, with 
their smaller proportion of O-H groups, have lower surface tensions. Surface tension can 
be quantified in terms of the forces acting on a unit length at the liquid-air interface. The 
units are dynes per centimetre or newtons per meter (1 dyne per centimetre is equal to 1 
milli-newton per meter). The term surface energy is used for the solids as surface tension 
for the liquids. It has the same unit of surface tension and is calculated from the measured 
contact angle described in the following section. 

It is common in the coatings industry to refer to low energy and high energy surfaces. 
Polyethylene and polypropylene are examples of low energy surfaces. The forces between 
the hydrocarbon molecules that make up the polymers are weak and consequently polar 
liquids tend to form droplets on the surface rather than spread out. It is difficult to coat 
low energy surfaces but fortunately there are numerous ways of converting low energy 
into high energy surfaces. The increase in surface energy of plastic occurs through the 
surface oxidation of the polymer chains of the plastic part. For halogenated polymers, 
such as chlorinated and fluorinated polymers, surface modification involves significant 
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dehalogenation, which is the removal of chlorine and fluorine atoms from the surface 
molecules. The oxidation can be achieved by exposure to ultraviolet radiation, plasma or 
corona discharge or by flame or acid treatment. In general, each surface treatment can be 
viewed as a transfer of energy to the surface of plastics. In almost every case, the 
dissipation of treatment energy on the plastic surface results in more than one change to 
the surface [25].  

7.9.1 Contact angle measurement (CA) 

It is a simple-to-adopt method for surface analysis related to surface energy and surface 
tension. Contact angle describes the shape of a liquid droplet resting on a solid surface. 
When drawing a tangent line from the droplet to the touch of the solid surface, the contact 
angle is the angle between the tangent line and the solid surface. If a liquid with well-
known properties is used, the resulting interfacial tension can be used to identify the 
nature of the solid. This technique is extremely surface sensitive, with the ability to detect 
properties on monolayer. 

Figure 7.8 Droplet on hydrophobic and super-hydrophobic surface 

When a droplet of liquid rests on the surface of a solid, the shape of the droplet is 
determined by the balance of the interfacial liquid/vapour/solid forces. CA can be used to 
detect the presence of films, coating, or contaminants with a surface energy different from 
that of the underlying substrate. When a droplet of high surface tension liquid is placed 
on a solid of low surface energy, the liquid surface tension will cause the droplet to form 
a spherical shape (lowest energy shape). The measurement provides information 
regarding the bonding energy of the solid surface and surface tension of the droplet. 
Because of its simplicity, CA has been broadly accepted for material surface analysis 
related to wetting, adhesion, and absorption. The adhesion increases as a function of 



7 Study of Adhesion of Coatings on Polymers and Composites 128

decreasing contact angle and increasing surface energy. Thus, wettability can be 
determined by measuring the contact angle between the polymer or composite surface 
and the drop of a reference liquid, such as distilled water. As mentioned before small 
contact angle indicates that the liquid is wetting the polymer or composite effectively, 
whereas large contact angles show that the wetting is poor. Every surface has a critical 
surface tension, ᵞc, of wetting. Liquids with surface-free energies below ᵞc will have zero 
contact angles and will wet the surface completely, whereas liquids with surface-free 
energies above ᵞc will have finite contact angles. The critical surface tension is in units of 
dynes per centimetre at 20 °C. Contact angles for untreated materials vary from 37° to 
48° for relatively polar materials, such as nylon (polyamide), to highs of 100° and 97° for 
the nonpolar, un-bondable silicone, and polyethylene resins. [110] 

7.9.2 Effect of Ex-Situ Substrate Pre-treatment on Surface Energy 

The effect of different cleaning procedures on contact angle and surface energy were 
studied. The polycarbonate (PC), vinyl ester, glass and carbon fibre reinforced polymer 
(CFRP) materials were cleaned using three different procedures: 

 Ethanol wiped

 2-step + baked: detergent solution (4%) + isopropyl alcohol (IPA), in an

ultrasonic bath for 5 min in each, baking at 80 ºC for 3 h

 3-step + baked: detergent solution (4%) + IPA + acetone, 5 min in an ultrasonic

bath, baking at 80 ºC for 3 h

Note: Acetone was noticed to degrade the PC and vinyl ester substrate during the cleaning 
procedure and was therefore not used for them.  

Contact angles were measured from three different liquids: water, glycerol and ethylene 
glycol by using circle-fitting method. The Owens-Wendt method was used to determine 
the surface energy. Different values of contact angles and surface energies are shown in 
the Figure 7.9 and Figure 7.10. PC achieved highest surface energy after 2-step cleaning 
and baking which could be due to roughening effect of cleaning. The interesting 
phenomenon was between vinyl ester and CFRP. Vinyl ester had obviously higher surface 
energy after 3-step cleaning and baking while CFRP achieved lowest surface energy. It 
can be concluded that ethanol wiping is sufficient for cleaning process. 
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Figure 7.9 Contact angle for different materials after pre-cleaning 

Figure 7.10 Surface energy for different materials after pre-cleaning 
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7.10 The Effect of Plasma Pre-Treatment on Adhesion of Polymer 
Substrates 

Plasma treatment with Argon ions is found to make the polymer surface hydrophilic, [31] 
however, the effect is found to differ depending on the plasma gas used. The plasma 
treatment time required to achieve good adhesion is also found to vary with the polymer 
substrates [21,157]. In the present study, the polymer substrates were plasma treated with 
Argon and Argon/Nitrogen mixtures at different pressures for a fixed time by negatively 
biasing the substrates with RF voltage and the effect on adhesion strength of chromium 
nitride coating on these substrates was studied by means of a pull-off adhesion tester. The 
RF energy dissociates the gas into electrons, ions, free radicals, and metastable products. 
The electrons, ions and free radicals created in the plasma collide with the polymer 
surface and rupture covalent bonds, thus creating free radicals on the surface of the 
polymer. The free radicals in the plasma may then recombine to generate a more stable 
product [25].  

7.10.1 Experimental Details 

The chromium nitride was reactively sputter deposited on vinyl ester, PA, PC and PMMA 
using Equipment 2 as described in section 6.1. The chromium target was of 99.7% purity 
and dimension 20×7 cm2. The substrate size was 4×4×0.5 cm3. Chromium was used as 
an adhesion layer with argon as sputtering gas. The flow of reactive gas (nitrogen) was 
controlled through a piezo valve using optical emission feedback from the chromium 
emission at 358 nm to control the film stoichiometry. The optical feedback signal was set 
at three different points: 50%, 60% and 70% of the pure chromium emission intensity. 
The base pressure of the chamber was 2×10-6 mbar. For the study of the effect of the 
optical emission monitor (OEM) set-point, depositions were done after pre-treatment of 
the polymer samples with Ar/N2 flow of 30 sccm at RF power of 100W (-75 V bias) for 
one minute. The power to the target was applied with a pulsed frequency of 150 kHz and 
pulse off time of 2.6 µs. The films were deposited at average target current density of 5 
mA/cm2 and RF substrate power of 50 W (-30 V bias) with Ar gas flow of 60 sccm and 
operating pressure of 2×10-2 mbar. The deposition time for chromium adhesion layer and 
chromium nitride coating was 5 minutes and 60 minutes respectively and the approximate 
thickness of chromium and chromium nitride coating was 0.2 micron and 1.2 microns 
respectively. Prior to plasma treatment and deposition the polymer substrates were wiped 
with ethanol for cleaning. The substrate temperature was around 84 °C measured by 
sticking temperature tape on the substrate covered by vacuum compatible tape. 

The adhesion was measured using PAT adhesion tester of DFDINSTRUMENTS 
according to the ASTM D 4541-02 standard as described in section 7.4. The test 
comprises of stud of area 12.6 mm2, glued to the sample with a thermally curable epoxy 
adhesive, which was baked at 60 C for 1 hour. Surface contaminants were removed from 
the stud by a three step cleaning procedure in detergent solution, isopropyl alcohol and 
acetone in an ultrasonic bath for 10 minutes each. Finally, the studs were dried at 60 C 
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for 1 hour. The mechanical tensile strength of the coating was measured by determining 
the force to break the bond between the coating and substrate.  

7.10.2 Effect of Ar and Ar/N2 Pre-Treatment on Adhesion Strength of Chromium 
Nitride 

Figure 7.11 Variation of Adhesion Strength of Chromium Nitride on Different Polymers with Ar 
Pre-treatment 

Figure 7.11 and Figure 7.12 shows the variation of adhesion strength with argon pressure 
and Ar/N2 pressure respectively for different polymer substrates. The glue failure 
occurred at 15 MPa for polyamide at 100:30 Ar/N2. The strength of the glue means that 
glue failure occurs at 15-20 MPa therefore if the adhesion of the film to the substrate is 
greater than this value, it effectively cannot be measured by this technique. Only if the 
adhesive failure occurs below this level can any conclusions be drawn. Taking this glue 
strength into account, it can be concluded from Figure 7.11 that the adhesion strength for 
all Ar pressures used is greater than the glue strength. Figure 7.12 shows that the adhesion 
strength of coating for different Ar/N2 plasma gas ratios. There is some evidence that the 
30/30 Ar/N2 ratio gives a higher adhesion. PMMA showed good adhesion only at high 
Ar pressure and flaked off at all other plasma pre-treatment and hence further studies on 
PMMA were not pursued.  
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Figure 7.12 Variation of Adhesion Strength of Chromium Nitride on Different Polymers with Ar 
/N2 Pre-treatment 

Plasma surface modification is a consequence of a variety of plasma species distributions 
impinging on a substrate surface. The process conditions such as total pressure, gas partial 
pressures and gas composition influence the energy distributions and concentrations of 
atomic species formed by electron impact dissociation; and excited atomic and molecular 
species formed by electron impact excitation. Furthermore, metastable species formed by 
electron impact (e.g., metastable states of argon) can excite neutral atoms and molecules 
upon collision to form ions and excited neutral species, and the total system pressure and 
the partial pressures of the feedstock gases influence the population of products formed 
by these processes. A consequence of the presence of excited molecular and atomic 
species is the emission of photons as the excited states decay. Many of the decay processes 
include transitions involving the emission of vacuum ultraviolet (VUV) photons. Most 
polymers strongly absorb a certain range of UV radiation. VUV emissions can play a 
significant role in photochemical reactions during polymer surface modification, as well 
as in cross-linking reactions at the surface and in the subsurface region of the polymer. 
The ratio of power to gas flow is more significant than just the applied power as it is 
related to the specific energy (i.e., energy per molecule) deposited in the plasma. In spite 
of being an important parameter, this ratio gives no indication of how the applied power 
is partitioned among the various processes occurring within the plasma. In a typical low-
temperature non-equilibrium plasma, the applied power couples more effectively to the 
electrons in the plasma that leads to many surface modification effects [114].  
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Different surface modification effects resulting from plasma treatment like roughening, 
functionalization of the polymer surface with hydrophilic groups on the surface etc., have 
already been studied by many researchers [26–30,158]. Since different surface 
modifications occur simultaneously in the plasma and cannot be separated from one 
another, it is difficult to discriminate which effects are the most important for good pre-
treatment results [114]. It is clear that adhesion is very dependent on the particular 
polymer which is used. When it comes to adhesion between a metal and a polymer surface 
as in our study, two mechanisms, namely a mechanical interlocking effect and a chemical 
bond effect play a role. The quantitative aspect of the mechanical interlocking effect is 
not fully understood but is related to surface roughness of the polymer film. The chemical 
bond effect is related to Metal–O–C bonds on oxygen-containing groups such as carbonyl, 
carboxyl, and ether groups or Metal–N bonds on nitrogen-containing groups such as 
amide, cyano and imidazole groups. [159] Thus as per the literature study above, the 
surface modification effect will differ depending on the chemical state of the polymer 
surface and this might be the case for varying adhesion observed in our study. Because of 
the complexity of the plasma, a rich variety of physical and chemical processes can occur 
in even the simplest plasma paving the way to the adoption of different processing 
conditions to modify the polymer surface [114]. As the surface morphology and chemical 
state of the surface were not studied, the exact change taking place due to the particular 
treatment cannot be concluded concretely. The variation of adhesion strength of coatings 
on different polymers in the present study could have been understood better by knowing 
the chemical state by XPS studies and topography of the polymer surface. 

7.11 The Study of bulk properties by DMA 

The influence of different pre-treatments on substrate temperature, strength and glass 
transition temperature (Tg) were studied by dynamic mechanical analysis (DMA). The 
determination of glass transition is important as it characterizes the thermal limits of a 
material. The used method was three-point bending which is ideal for materials with a 
high storage modulus. The DMA process included dynamic heating from the room 
temperature up to 200ºC, heating rate was 3K/min, cooling by the rate -3K/min back to 
room temperature, stabilizing by 15 min and then heating again up to 200ºC. Initial 
strength values were noticed in the beginning of run and during the isothermal stage. 
Glass transition temperatures were determined from the storage and loss modulus (E’ and 
E”) as well as from the dynamic loss factor (tan δ). 

7.11.1 Effect of Substrate Temperature on Bulk Properties 

The carbon fibre reinforced vinyl ester composites have the disadvantage of low glass 
transition temperature imposed by the vinyl ester polymer matrix that is around 100 °C, 
as could be seen from the graph of DMA in figure 7.13. It is clear from the graph that the 
storage modulus of the material degrades significantly above this temperature range. This 
demands the deposition to be conducted below 100 °C without affecting the mechanical 
properties. The variation in the storage modulus from different samples could also be 
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clearly seen from the graph. This is due to poor binding between the fibres and the matrix 
as seen from the cross sectional SEM micrograph of the material in figure 7.14. The 
micrograph also shows the presence of fibres on the surface. 

Figure 7.13 (a) Storage modulus E’ and (b) tan  curves as a function of temperature for CFRP 
substrates 

Figure 7.14 Cross sectional SEM micrographs of CrN coated CFRP substrate (a) showing poor 
binding of carbon fibre to the matrix and (b) presence of fibre over the surface 
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7.11.2 Effect of Substrate Pre-cleaning on Bulk Properties 

Figure 7.15 Initial strength and glass transition temperature determined from storage modulus 
(E’), loss modulus (E”) and tan δ for CFRP after different pre-treatments. 
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Figure 7.16 Initial strength and glass transition temperature determined from storage modulus 
(E’), loss modulus (E”) and tan δ for vinyl ester and PC after different pre-treatments. 

Values of Tg and initial strength can be seen from the Figure 7.15 and Figure 7.16. Tg is 
calculated from the onset of storage modulus E’, loss modulus E” and peak of tan δ. The 
measurement of Tg is described in section 6.9. No significant differences can be noticed 
between different pre-treatments. For CFRP-samples the storage modulus value was 
increasing after first heating and also the baking was slightly increasing the value 
compared to other pre-treatments. It can be concluded that different pre-treatments do not 
have a significant influence on the substrate material.
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8. Characterization of Chromium Nitride on CFRP and
Polymers

8.1 Chromium Nitride Coatings on CFRP Substrates 

The CFRP composite substrate material was cleaned in detergent solution, isopropyl 
alcohol and acetone in an ultrasonic bath for about ten minutes in each solution at room 
temperature. The samples were well rinsed in deionized water before immersion in each 
solution. All samples were baked in the oven at 80 °C for about 18 hrs to evaporate the 
water absorbed by the CFRP samples prior to deposition. The deposition was carried out 
in Equipment 1 closed field magnetron deposition system (section 6.1). One single 
rectangular chromium target of 99.5% purity with a dimension of 145 × 350 mm2 was 
used. The sputtering gas was Ar or an Ar/N2 mixture and the stoichiometry was controlled 
using optical emission monitor (OEM) feedback from the Cr emission line at 426 nm. 
The OEM setting was 60%, 65% or 70% of the maximum chromium emission to discover 
the effect of film stoichiometry on the coating behaviour. The samples were ion cleaned 
using argon plasma for about 10 minutes biasing the substrate at -400 V and the deposition 
was done with substrate bias voltage of -30 V. Pulsed DC power was applied to the 
chromium target at a frequency of 250 kHz and a pulse off time of 1600 ns. The target 
was operated in the controlled current mode, fixed at 2 A. The background pressure in the 
chamber was 5 × 10-5 mbar and the sputtering pressure during chromium deposition was 
between 4.2 × 10-3 and 5.5 × 10-3 mbar and for chromium nitride deposition was between 
3.6 × 10-3 mbar and 4 × 10-3 mbar. The initial deposition for chromium was about 5 
minutes to enhance the adhesion of coating onto the substrate prior to the deposition of 
chromium nitride for 1 hour. The thickness of the deposited films was approximately 0.8 
microns. The structure was studied by XRD using Cu Kα radiation of wavelength 1.54056 
Å in 2θ-ω mode. X-ray diffraction measurements showed that in all cases, the deposited 
material was cubic CrN. The temperature of the substrate during deposition was 
monitored by means of temperature-sensitive tapes attached to their surface and was 
around 100 °C.  

8.1.1 The Effect of OEM Setting on Film Microstructure and Morphology 

Figure 8.1 shows the X-ray diffractograms of chromium nitride films deposited at 
different OEM set values. The films exhibited Cubic CrN with preferential (111) 
orientation which is typical of low deposition temperature as will be discussed in section 
10.2. Comparatively CrN coated with OEM 65% was found to be more stoichiometric as 
the XRD peaks were observed to be closer to the standard peaks. Distinguished peak of 
Cr (100) phase was present in the coatings with OEM 60% and 70%.  
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Figure 8.1 X-ray diffractograms of CrN films deposited at different OEM values 

The cross sectional view of SEM micrograph in figure 8.2 shows chromium nitride and 
underlying chromium layers, the thicknesses of which were found to be 0.7 and 0.1 
microns respectively. The surface roughness could be clearly observed from the 
micrograph. The film has columnar structure, a typical of sputter coating with inter-
granular voids and is not fully dense. This could be due to the low deposition temperature 
(explained in section 10.4). 
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Figure 8.2 SEM micrographs of CrN film on CFRP substrate showing the surface (a) and cross 
section (b) of the film 

8.1.2 The Effect of Film Stoichiometry on Mechanical Properties 

The values of micro hardness and Young’s modulus measured for the samples deposited 
with OEM 60%, 65% and 70% are shown in Table 8.1. The hardness and modulus are 
found to be higher for OEM 65%. This could be attributed to more stoichiometric CrN 
film deposited with OEM 65% than that of OEM 60% and 70%, where higher 
concentration of N2 and Cr respectively might have affected the stoichiometry. The 
hardness of CrN is higher than that of Cr because the covalent bond energy of CrN is 
greater than the metallic bond energy of pure Cr [160]. The Cr phase is more prevalent in 
the case of OEM 60% and 70% as seen from XRD compared with 65% which might have 
reduced their hardness and Young’s modulus. Note that even though the indentation depth 
is restricted to 10% of the film thickness, the hardness values are strongly influenced by 
the soft substrate. These measurements only represent a comparison between samples, 
not an accurate value.  
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Table 8.1. Micro hardness and Young’s Modulus of CrN films as determined by nano-
indentation 

OEM Hardness (GPa) Young’s Modulus 
(GPa) 

Average Standard 
Deviation 

Average Standard 
Deviation 

60% 4.3 1.25 2.8 1.17 

65% 5.5 1.97 3.8 0.92 

70% 5.1 1.34 2.7 0.59 

8.1.3 Wear Behaviour 

In the case of CFRP-substrates, the problem with the ball crater wearing process is the 
rough surface. The required geometry to measure basic parameters cannot be obtained 
due to the presence of fibres near the surface, which cause easy delamination of the 
coating as seen in Figure 8.3a. Figure 8.3b shows that with the CrN deposited on a vinyl 
ester substrate, the geometry of crater is more even and the coating is retained on the 
substrate. Thus, it could be concluded that to achieve good wear resistance, the surface of 
composite should have a fibre-free surface layer to obtain a sufficiently smooth surface 
before deposition.
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Figure 8.3 CrN on CFRP (a) and on vinyl ester (b) subjected to calotest 
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8.2 Chromium Nitride Coatings on Polymer Substrates 

8.2.1 Experimental Details 

The deposition detail has been explained in section 7.10.1. The film structure was 
measured by X-ray diffraction (XRD) using a Philips X’Pert diffractometer with Cu Kα 
radiation of wavelength 1.54056 Å in 2θ-ω mode. The micro hardness and Young’s 
modulus were determined using the Nano-indenter XP with a Berkovich diamond. 
Measurement was conducted at ten points for each sample and the average was taken. 
The indentation depth was set to approximately one-tenth of the coating thickness to 
minimize the substrate effect [143]. The wear behaviour and the thickness of the coatings 
were determined using a Calotest instrument. A small crater in the coating was produced 
by rubbing with a ball of 30 mm diameter at a speed of 180 rpm. The wear was determined 
with the wear crater diameter observed under an Optical microscope. 

8.2.2 Film Texture 

Figure 8.4a, 8.4b and 8.4c shows the XRD spectra of chromium nitride at different OEM 
setting deposited on vinyl ester, polycarbonate and polyamide respectively. The texture 
of chromium nitride was found to vary for different polymer substrates (Note: these 
substrates were coated in one batch for each OEM setting). The Harris texture coefficients 
T of planes (200), (111) and (220) were calculated using the following equation: 
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Where Ihkl is the measured XRD peak intensity and I0
hkl is the reference standard XRD 

peak intensity value (ICDD 11-0065). The intensities of the peaks of (200), (111), (220) 
and (311) were found by Gaussian fit. All the coating on vinyl ester exhibits (200) 
preferential orientation and the texture T200 increased with OEM set point i.e., with 
decreased nitrogen flow while T111 and T220 increased with the nitrogen flow (Figure 
8.5a). The same trend was found for T220 for the coating on PC but the case was different 
for T200 and T111 (Figure 8.44c). At OEM 50%, the film showed preferential orientation 
of (111) but as the nitrogen decreased (OEM 60%), T111 decreased and the film texture 
changed to T200. A further decrease in the nitrogen flow reduced T200 and increased T111 
though its value was less than T200. The coating texture on PA was different from the 
other two polymers. (Figure 8.5c) When the nitrogen flow was relatively high, the film 
showed stoichiometric CrN at 50% and at higher OEM set points of 60% and 70% when 
the nitrogen flow was low, a prominent peak for Cr2N (311) in addition to Cr2N (002) 



8.2 Chromium Nitride Coatings on Polymer Substrates 143 

(ICDD 35-0803) and Cr peaks were seen which might be due to the low nitrogen content. 
T111 was almost constant for OEM 50% and 60% and then decreased at 70% when T200 

increased.     

The textural difference for different polymer substrates indicates the substrate influence 
on the growing film which has also been observed by other researches and has been 
attributed to the predominant surface structure [161,162].  The development of texture 
during film growth involves the changing competition between the surface and strain 
energy. (200) has the lowest surface energy and (111) is the lowest strain energy plane. 
The texture evolution is caused by the driving force to lower the overall energy of films 
composed of surface and strain energy. The film will grow towards the orientation of the 
(200) plane when the surface energy is dominant, and towards the orientation of the (111) 
plane when the strain energy is dominant [163]. The (200) preferential orientation in the 
present study stems from substrate bias with RF power, which enhances ion bombardment 
increasing the mobility of atoms on the substrate surface. When atoms on the film surface 
receive energy from the bombarding ions, they can relax to energetically more favourable 
sites leading to (200) preferential orientation governed by the minimization of surface and 
interfacial energy [164,165]. The large value of T200 for highest OEM setting compared 
to the lowest setting found can be related to the phenomenon of nuclear stopping power. 
The nuclear stopping cross section of (200) oriented grains is smaller than (111) and the 
sputtering yield varies with nuclear stopping cross-section [166]. The mass of chromium 
is larger than that of nitrogen and hence has higher sputtering yield [167]. The proportion 
of chromium atoms relative to nitrogen increases with the OEM setting and this together 
with RF biasing intensifies the preferential sputtering of atoms in (111) planes retarding 
their growth. In other words, increased OEM setting leads to the preferential growth of 
grains with (200) orientation which have smaller nuclear stopping cross-section. Even 
though the nitrogen flow is relatively low for OEM 60% and OEM 70%, the Cr2N phase 
was not observed in the case of vinyl ester and polycarbonate. Similar effect were also 
observed by other researchers [168,169]. This might be attributed to the following effect:- 
the (111) planes of fcc CrN contain pure nitrogen and chromium layers arranged 
alternately while the (200) planes consists of both nitrogen and chromium atoms 
suggesting that (200) plane does not accommodate nitrogen atoms favourably. Based on 
this, it has been argued that in the (200) dominated structure as in the case of PC and vinyl 
ester, the nitrogen concentration decrease that leaves behind excess of chromium. The 
excess Cr atoms might either occupy interstitial sites in the CrN lattice or might be 
incorporated in amorphous form. As the Cr atom is bigger than the N atom, it is difficult 
for Cr atoms to occupy the interstitial sites whereas amorphous form is favoured by low 
deposition temperature as in the present case. Hence the excess Cr can be assumed to be 
in the amorphous form for coatings on PC and vinyl ester showing (200) preferred 
orientation [168,169]. The distinct peaks of Cr2N found for coatings only on PA can arise 
from the amide group of PA reacting with the chromium. 
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Figure 8.4 XRD Spectra of Chromium Nitride on Vinyl Ester (a), PC (b), PA (c) 
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Figure 8.5 Variation of Harris Texture Coefficient T200 of Chromium Nitride with Different OEM 
Setting on Different Polymer Substrates a) Vinyl ester b) PC c) PA 
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8.2.3 Mechanical Properties 

From Figure 8.6a and 8.6b, the hardness (H) and Young’s modulus (E) were found to be 
almost constant for chromium nitride coating on PA and were found to have little 
dependence on the film texture. PC and vinyl ester showed the highest hardness at OEM 
60% and lower values at 50% and 70%. For PC, the highest value of T200 and the lowest 
value of T111 were found at OEM 60% but the hardness did not scale up exactly with T200. 
The hardness of coatings on vinyl ester was independent of T200 or other textures of T111 
and T200. The Cr2N is considered to be harder than CrN attributed to high covalent 
bonding character as CrN has higher degree of ionicity [98]. Also the hardness of CrN is 
higher than that of Cr because the covalent bond energy of CrN is greater than the metallic 
bond energy of pure Cr [160]. Although higher hardness is expected for Cr2N-rich 
material, the presence of Cr2N peaks for OEM 60% and 70% did not correlate with 
significant improvement in the hardness of coatings on PA. This unexpected variation has 
also been observed by other researchers [162,170–173]. This might be due to the presence 
of less hard chromium as found in the present study or can be attributed to other factors 
because hardness in general does not only depend on texture but on factors such as density 
of coating, lattice defects, residual stress, size and distribution of grains [164,173].  The 
combination of one or more of these factors might have influenced the hardness and 
Young’s modulus of chromium nitride coating.  Note that even though the indentation 
depth is restricted to 10% of the film thickness, the hardness values are strongly 
influenced by the soft substrate. 
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Figure 8.6. Hardness (a) and Young’s Modulus (b) of Chromium Nitride on Vinyl ester, PA and 
PC 

8.2.4 Wear Performance 

The wear response of coatings is usually complex depending on many parameters such 
as hardness, surface roughness, coating-substrate adhesion and fracture toughness of the 
hard material involved [174]. High hardness or Young’s modulus does not necessarily 
result in high wear resistance. According to Sang Yul Lee et al., [175] the ratio H3/E2 
strongly indicates the coating resistance to plastic deformation and so is applicable to the 
wear for the spherical load contact (as in the present study where wear performance was 
found by rubbing against a ball). H3/E2 is related to toughness of the coatings. The 
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toughness of the material is its ability to absorb the energy during deformation up to its 
fracture. The toughness of hard coatings can be improved in terms of a high hardness and 
a low elastic modulus. The ratio H3/E2 was calculated from the measured values of 
hardness and Young’s modulus and plotted in Figure 8.7 for different polymers and OEM 
settings. Figure 8.8 shows the diameter of the wear scar as determined by Calotest for 5 
minutes and 10 minutes respectively. For PA, the wear resistance increased with H3/E2 
consistent with the decrease of chromium content but this theory does not hold good for 
coatings on vinyl ester and polycarbonate as they showed an opposite effect with wear 
resistance varying inversely with H3/E2. The coatings deposited at OEM 60% showed 
poor wear resistance for PC and vinyl ester. The increase in wear resistance with 
decreasing chromium content in the case of PA might be due to the formation of more 
stoichiometric CrN which is more wear resistant than CrN [164]. The coatings with high 
hardness at OEM 60% for PC and vinyl ester showed poor wear performance which has 
also been observed by other researchers [174] and the possible explanation given is that 
when the CrN delaminates from the underlying chromium layer or the substrate, the 
delaminated CrN debris which has high hardness, acts as abrasive resulting in severe wear 
damage [174].  Comparatively the coating on vinyl ester shows better wear performance 
than PC and this can be attributed to the fact that thermosetting polymers (such as vinyl 
ester) are generally stronger than thermoplastics (such as PC) due to cross-linking that 
prevents the slippage of individual chains. The strong vinyl ester can better prevent the 
wear by the hard CrN debris than PC [176]. The wear mechanism and performance thus 
seem to differ based on different polymer substrates.  

Figure 8.7 H3/E2 of Chromium Nitride for Different Polymers at Different OEM Setting 
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Figure 8.8 Wear Performance of Chromium Nitride Coating on Different Polymers at Different 
OEM Setting 
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9. Effect of DC Pulse Frequency on Ion Energy

9.1 Experimental Details 

Chromium nitride was sputtered using a single planar chromium target of 99.7% purity 
and dimension 20 × 7 cm2 using the custom built ‘Ganesh’ magnetron sputtering 
equipment 1 described in section 6.1. The base pressure before deposition was 
approximately 2×10-4 Pa. The sputtering gas was an argon/nitrogen mixture. The 
operating pressure during deposition of chromium, the adhesion layer, was 1.9 Pa and it 
was 2.1 Pa during chromium nitride deposition. The nitrogen gas flow was piezo valve 
controlled using optical emission monitor (OEM) feedback from the chromium emission 
line at 358 nm to control the film stoichiometry. The line intensity was set to 60% of the 
intensity of chromium during deposition of chromium nitride. The target current density 
was ~21 mA/cm2 and the depositions were conducted at continuous DC and different 
pulse frequency of 50 KHz, 100 KHz, 250 kHz and 350 kHz at pulse-off time of 1.1 µs. 
The energy of gas ions (argon- Ar+, Ar2+) and nitrogen- N2

+, N2
2+) and metal ions (Cr+) 

bombarding the substrate was monitored using a Hiden EQP 300 energy analyser with 
grounded orifice of 50 microns diameter. The energy range of the instrument was 1000 
eV maximum with an energy resolution of 0.05 eV.  The measurements were taken at two 
positions of the probe: 1) the probe was in an offset position and 2) the probe was placed 
on the target central line (figure 6.2). The coatings on the substrate were analysed for the 
position 1 while the ion energy measurements were analysed for both the positions.   

9.2 Voltage Characteristic of Pulsed DC 

The energy of ions in the plasma is widely distributed depending on the voltage 
characteristic of the asymmetric bipolar pulsed DC applied to the target. The 
bombardment of these ions on the film plays a crucial role in determining its structural 
and mechanical properties. A typical measurement of the voltage waveform taken at the 
pulse repeated frequency of 100 kHz is shown in figure 9.1. The figure shows a steep 
drop in target potential to approximately ~700 V at t=0, the start of the ‘on’ cycle 
(negative potential). The voltage then rises to approximately ~450 V, which is the 
potential normally obtained during dc sputtering. At the end of the ‘on’ cycle, the voltage 
rises rapidly to zero followed by a high positive overshoot reaching several hundred volts 
before settling down to approximately ~40 V for longer off times. This behaviour has 
been observed by other researchers [177] for pulsed dc sputtering. The different phases 
of the pulsed DC wave form give rise to different ion energy population. During the ‘on’ 
phase, the substrate receives low ion energy bombardment due to the low plasma potential 
and consequently a low sheath potential at the substrate. The highly energetic ions are 
produced in the overshoot phase (“off” space), when the voltage quickly reaches very 
high positive value. This increases the plasma potential leading to sudden expansion of 
the plasma sheath at the substrate leaving behind higher number of uncovered ions that 
will be accelerated towards the substrate with different energies from low energy to very 
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high energy depending on their position in the sheath and the plasma potential values. 
The continuous DC operation produces only low energy ions [178,179]. The effects of 
high energy ion bombardment on the film vary from modification of film crystallography 
to removal of film defects, roughening of the surface and densification of the film. These 
special features of DC pulse have remarkable influence on the film properties like 
adhesion, hardness, wear resistance, frictional resistance and corrosion resistance [20,32–
36]  

Figure 9.1 Target Voltage wave form (100 kHz prf) 

9.3 The Study of Ion Energy at the Offset Position 

9.3.1 Variation of Neutral Flux with Pulse frequency 

The energies and fluxes of the Ar, N2 and Cr ions and neutrals were determined for pulse 
frequencies between 0 Hz (continuous DC) and 350 kHz for a constant off time of 1.1 μs. 
Figure 9.2 shows the variation of neutral fluxes with the pulse frequency. The neutral flux 
of chromium and nitrogen decreases with pulse frequency while that of argon increases. 
The behaviour can be understood by considering that as pulse repetition frequency (prf) 
increases, the effective on period will reduce because of the fixed off time and hence the 
amount of Cr sputtered that normally takes place during the on time will reduce. This in 
turn will reduce the N2 partial pressure as the flow of N2 is controlled based on the Cr 
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plasma line intensity. Now as the total system pressure is automatically controlled, the Ar 
partial pressure will then increase to compensate for the reduced nitrogen flow.  

Figure 9.2 Neutral fluxes as a function of pulse repetition frequency 

9.3.2 The Effect of Dead Time  
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Figure 9.3 Cr emission line as a function of the pulse repetition frequency relative to its dc level. 
The calculated curves assumes (i) no dead time (dashed line) and (ii) a dead time of 0.7 μs at the 
start of the on pulse (solid line) 

Figure 9.3 shows the decrease of Cr emission line intensity with respect to prf together 
with the relative Cr flux.  This is expected because at the fixed off-time of 1.1 μs, duty 
cycle of the phase will decrease as frequency is increased as understood from equations 
(9.1 and 9.2) below:  

����	����� =
���

��� + ����
× 100…… ………… …………… ……….(9.1)  

���� =
1

��� + ����
�−������ + ��������� ……… ………… ……….. (9.2)  

The average operating voltage which is proportional to duty cycle will also decrease with 
prf leading to reduced sputtering rate of chromium and hence the deposition (figure 9.4). 
When chromium emission intensity curve is compared with the calculated curve that is 
plotted by assuming the pulse off time to be 1.1 μs (dashed line), there is a clear mismatch 
between the two curves. Assumption of off-time to be 1.1 μs implies that the sputtering 
is occurring uniformly across the whole on-time and the mismatch infers that this is not 
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true. The two curves are coincident when the calculated curve is plotted by assuming the 
total off-time to be 1.8 μs (solid line). This indicates that sputtering of chromium does not 
occur uniformly throughout the pulse on time but in addition to 1.1 μs pulse off time, 
there is no sputtering for the first 0.7 μs of the on period, which is called as dead time. 
This has also been observed by other researchers [179,180]. The dead time arises because 
the target voltage does not go to its most negative value immediately and sputtering 
cannot commence until the magnitude of the target voltage becomes high enough [179]. 
Also at the end of the off-period when on-period commences, there is a very rapid change 
of potential at the target from positive to negative value forming a new sheath.  The highly 
mobile electrons in the vicinity of the target will be accelerated away from the target 
immediately due to negative potential while the slower moving ions will take longer time 
to cross the sheath and sputter the target [180]. Thus in addition to reduced average 
operating voltage at the target with the pulse frequency, the dead time at the beginning of 
each on cycle also causes reduction in sputtering and deposition.  

Figure 9.4 The reduction of average operating voltage and duty cycle (%) with the pulse 
frequency 

9.3.3 The Positive Overshoot Phase and High Energy Ions 

The ion fluxes showed a significant variation with prf. The data for Ar+, N2+ and Cr+ are 
shown in figure 9.5a-figure 9.5 c. It can be seen that there is a remarkable increase both 
in energy and in total flux with prf. As explained in section 9.2, the grounded substrate 
receives ions with maximum energy during the overshoot phase (‘off’ period) when the 
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voltage reaches the maximum positive value. This can be inferred from figure 9.6 where 
the maximum positive overshoot as measured by an oscilloscope is compared with the 
upper boundary of the ion energy. It can be seen that there is a direct correspondence 
between them except for the slight deviation that can be attributed to the noise effects in 
the maximum voltage reading of oscilloscope.  
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Figure 9.5 Ion flux intensity as a function of ion energy for different pulse repetition frequencies: 
(a) Ar+, (b) N2+, and (c) Cr+ 
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Figure 9.6 Maximum ion energy and voltage overshoot as a function of pulse repetition frequency 

9.3.4 Ion Flux versus Pulse Repetition Frequency 

The integrated intensity over all energies is plotted as a function of frequency, as shown 
in figure 9.7 for Ar. The Cr and N2 fluxes behave similarly. The ion flux almost remains 
constant at low prfs but at 300 kHz and above there is a steep increase. At first sight, the 
increase in intensity of the high energy seen in figure 9.5 and 9.7 is difficult to explain. 
As the high energy fluxes are normally produced during the over shoot phase (off phase) 
and as the off phase linearly increases with the prf, the high energy flux should also 
increase linearly with the prf but this does not justify the very sharp increase at higher prf. 
It should be noted that the ions that gain high energy during the off phase are actually 
generated during the on period when the target is at the negative potential and thus the 
intensity of the ions in the off period is determined by the ion density existing at the end 
of the on period. At the fixed off time, the on period or the duty cycle will reduce linearly 
with the prf. The low energy ions that the substrate receive during the on period will also 
reduce when the ion density in the plasma is assumed to be constant. At the same time 
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the flux of high energy ions during the off phase will increase with the prf and hence the 
overall total flux of the ions will be almost constant. As large number of ions are exposed 
due to the sudden expansion of the sheath during the off period, the flux of the ions 
bombarding the substrate will be large when compared to that of the on period. This flux 
will eventually decay but because the off time is short, a large flux will flow during the 
whole of the off time. The ion flux at prfs up to 200 kHz shows this behaviour. 

The sharp increase in high energy flux above 250 kHz can be understood if there is higher 
ion intensity at the start of the on phase as compared to the normal on behaviour. It is this 
higher density of ions, which will be accelerated towards the substrate during the off 
period. As soon as the target voltage peaks to negative values, electrons are accelerated 
away from the cathode leaving behind matrix sheath. Through this sheath, the ions are 
accelerated and cause secondary electron mission. There is a significant voltage overshoot 
at the start of the on period. This larger negative potential has two effects: (i) the 
secondary electron yield will be higher by a factor of ~215 producing more electrons, 
which are available to ionize the various atoms, and (ii) the higher cathode sheath voltage 
will lead to the electrons having higher energy after they are accelerated across the 
cathode sheath. There is also evidence from Langmuir probe and optical emission 
measurements that at this point there is a sharp peak in the electron temperature of ~20 
eV as compared to the normal electron temperature later in the pulse of few eV [38]. This 
greater abundance of energetic electrons leads to a large peak in the ion density as 
observed by optical emission measurements [179], which is delayed from the target 
voltage peak. The delay is a consequence of transit time of ions to reach the target crossing 
the sheath due to their heavy mass [181].  

Similar peaks have also been observed by Langmuir probe measurements [177]. 
Therefore, if the on pulse is cut off during this period of raised ion density, the ion flux 
during the off period will be higher than it would be if the cut off was later in the pulse.  
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Figure 9.7 Ion flux integrated over all energies as a function of pulse repetition frequency 

This situation can be approximately modelled by assuming that this ion density rises from 
zero at the start of the on period with a Gaussian shape and the decays to a constant 
background level, as shown in figure 9.8. The energy of the ions depends on the overshoot 
voltage but the flux depends on the ion density. This will certainly be only crude 
approximation to the real changes but is enough to reproduce the basic behaviour of the 
fluxes. The ion flux during the on period will then be proportional to the integrated area 
under this ion density curve over the on period. Except for the shortest on periods, the 
integrated flux is dominated by that generated from the constant background ion density 
and shows only gradual change with prf. The off flux will be constant for situations where 
the ion density is at its background level but will show a steep increase where the on pulse 
is truncated during the ion density peak. The magnitude factors, which relate the ion 
density to the flux have been adjusted for comparability of the model with the 
measurements. Figure 9.7 shows a comparison between the measured flux and the results 
of this model. It is quite possible that in reality the leading edge of the ion density curve 
rises from zero somewhat earlier than shown here where a Gaussian curve has been used. 
However, this will have only a minor effect on the shape of the calculated ion flux curve 
in figure 9.7. Allowing for the extreme simplicity of the model, it simulates reasonably 
correctly the observed behaviour and is consistent with the physical situation.  
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Figure 9.8 Ion density distribution used for the estimation of ion flux 

9.4 The Study of Ion Energy at the Target Central Line 

9.4.1 Comparison of Ion Energy between the Central Line and Offset Position 

The flux of ion energy for the probe at central line of the target differs from that of the 
offset position. The spread of ion energy is larger at lower energies with significant peaks 
for the central line position as could be seen in figure 9.9 a-c for Ar+, N2

+ and Cr+ fluxes. 
To get a clear picture, a comparison is made between the two positions as shown in figure 
9.10 for Ar+ ion flux at 350 kHz by normalizing the peak intensities and shifting the ion 
energies by a few eV to make the peak energies coincident. There are minor variations in 
energy from run to run depending on the exact conditions of pressure etc. When the high 
energy peaks of the two distributions have very similar shapes, the additional flux of ions 
in the low energy range can be clearly seen for the central line position. This can be 
explained by considering the different magnetic fields in the two positions and their effect 
on the plasma. 
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Figure 9.9 a) Ar+ ion fluxes, b) N2+ ion fluxes, c) Cr+ ion fluxes as a function of pulse frequency. 
(Central line probe, Probe-target distance=65 mm) 



9.4 The Study of Ion Energy at the Target Central Line 163 

Figure 9.10 Comparison of normalized Ar+ ion fluxes on centre line and in offset position 
at 65 mm 

9.4.2 Magnetic Field Effect at Different Probe Positions 

As explained in section 9.2, the higher energy ions are only produced during the off period 
when there is a large positive overshoot. From figure 9.1, it can be seen that there is an 
initial overshoot peak of ~200 V followed by a later lower voltage peak of  ~200 V. The 
heights of these peaks vary and they are larger at higher pulse frequencies [182]. In the 
offset position, the probe is in a region of weaker magnetic field. The peak of high energy 
ions is due to the rapid expansion of the plasma sheath at the substrate which occurs when 
the target voltage goes positive. This happens on a time scale such that the electrons are 
removed from the sheath but which is too fast for the ions to move with it. The uncovered 
ions, which are in the expanded sheath region then bombard the probe with high energy 
determined by the plasma potential which is close to the maximum positive voltage on 
the target. When the target voltage reduces to zero after the initial voltage peak, the 
plasma sheath at the probe contracts again. The second target voltage peak occurs at ~700 
ns after the initial peak at which time the sheath should expand again and give a second 
pulse of ions with somewhat lower energies. However, during this 700 ns period, there is 
not enough time for the ions to sufficiently re-populate the region near the probe by 
diffusion from the undepleted areas of the plasma and when the second voltage peak 
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occurs there are not enough ions present in the sheath region to produce a large flux in 
this period. On the centre line position, the initial peak of high energy ions is produced in 
the same way. However, during the period between the first and second voltage peaks, 
the high ion density, which was created near the target continues to flow towards the 
probe, directed by the magnetic field lines due to the unbalanced magnetron 
configuration. Therefore, when the second target voltage peak occurs, there is high 
enough ion density in the sheath region to produce the mid-energy tail of ions. This 
explanation is supported by the data on the ion current to the probe on the central line 
position as a function of probe to target distance as shown in figure 9.11. The high energy 
peak reduces with distance as expected if it is due to the ion density in the plasma bulk. 
However, the mid energy ion flux is less affected consistent with it being due to the flow 
of ions directed along the field lines away from the target as shown in the figure 9.12. 

Figure 9.11 Ion fluxes to probe on centre line as a function of probe to target distance. Pulse 
frequency=350 kHz (Energy scales have been slightly adjusted to make main peaks coincident) 
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Figure 9.12 Schematic of ion flow in type II unbalanced magnetron 
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10. Influence of Pulse Frequency on Chromium Nitride
Coating

10.1 Experimental details 

The deposition details have been given in section 9.1.The coatings deposited on glass 
plates and Silicon (100) wafers were analysed for different pulse frequencies at offset 
position (fig 10.1) from continuous DC to 350 kHz with deposition conditions described 
in section 10.1. The off-set configuration was chosen in accordance to study of ion energy 
flux in that position. The films were also deposited on thin glass plate of about 100 
microns thickness to determine the film stress by Dektak Stylus Profilometer. The 
deposition time for the chromium adhesion layer and chromium nitride coating was 5 
minutes and 60 minutes respectively with the film thickness varying between 0.1 and 0.3 
microns for Cr and from 1.2 to 2.4 microns for chromium nitride coating depending on 
the pulse frequency. The substrates were wiped with ethanol prior to deposition and were 
unheated and not biased externally during deposition. The hardness and modulus were 
measured for the coatings on the Si (100) substrate. The XRD studies were conducted for 
coatings on the glass plate deposited at different pulse frequency from continuous DC to 
200 kHz using 2-theta scan at an incident angle of 5° while for 350 kHz, the XRD was 
taken from coating on Si (100) substrate.  

10.2 Influence of Pulse Frequency on Texture of Chromium Nitride 

The texture of chromium nitride deposited at different pulse frequency showed the 
mixture of bcc Cr, β-CrN and fcc CrN (figure 10.1). The coatings were predominantly 
cubic CrN with a preferential (111) orientation. The development of texture during film 
growth involves the changing competition between the surface and strain energy. (200) 
has the lowest surface energy and (111) is the lowest strain energy plane. The texture 
evolution is caused by the driving force to lower the overall energy of films composed of 
surface and strain energy. The film will grow toward the orientation of the (200) plane 
with the lowest surface energy when the surface energy is dominant, and toward the 
orientation of the (111) plane with the lowest strain energy when the strain energy is 
dominant [163]. In (111) planes pure nitrogen layers and pure chromium layers alternate, 
whereas the (200) planes contain both nitrogen and chromium atoms. Though (200) is 
thermodynamically preferred plane, according to kinetic model described in section 5.3, 
the energy and flow of the ions are mainly involved in the crystallographic orientation. 
At low deposition temperature of 77°C, the film grows in the [111] direction because the 
adatoms have limited mobility and the ions have restricted flow. When the adatoms 
receive more energy either by high energetic bombarding ions or high substrate 
temperature, the adatoms can relax to the energetically more favourable sites producing 
a strong (200) texture.  The position, full width at half maximum (FWHM) and intensity 
of the peaks of (111) and (200) planes were found by a Gaussian fit The texture of 
chromium nitride coating was calculated by Harris texture co-efficient given by, 
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�	increased with pulse frequency (figure 10.2). The increase of T111 

with increase in ion energy has also been observed by other researchers [183]. When 
energetic ions bombard the film, two types of mechanism can occur.  

1. The ions can re-sputter the atoms contained in the outer plane by direct knock-on,
and

2. The ions can penetrate the films and reduce the sputtering of an atom after a linear
collision cascade. However, due to the relatively low energies (some hundreds of
eV), the first mechanism is the more likely one.

Under these conditions, the grains whose densest planes are parallel to the substrate 
surface will obviously be re-sputtered preferentially. As the (200) planes are the densest 
ones (4 atoms/a2) they will be re-sputtered preferentially, whereas the grains whose planes 
are parallel to the surface are less dense like that of (111) (2.31 atoms/a2) have lower re-
sputtering rate. As the bombardment of energetic ions increases with pulse frequency, the 
texture of (111) increases while that of (200) decreases due to the increased re-sputtering 
of (200) [184].  
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Figure 10.1 Variation of d-spacing of CrN (111) (a) and CrN (200) (b) planes at different DC 
pulse frequency 
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Figure 10.2 Variation of Harris Texture Co-efficient T111 with Pulse Frequency 

The inter-planar distance of CrN planes of films calculated from Bragg’s law, deposited 
at continuous DC and different pulse frequencies is clearly smaller than that of the bulk 
compound (ICDD 11-0065). The negative deviation from the lattice parameter and the 
inter-planar spacings as compared to the ICDD reference values for CrN would indicate 
a residual tensile stress, a typical for dendritic film growth [185] which was confirmed by 
the stress measurement discussed in section 10.5. With the increase in frequency, the d-
spacing of CrN (111) is decreasing i.e., the plane is shrinking but that of the CrN (200) 
plane is expanding with the frequency (figure 10.3). These two apparently contradictory 
results can be reconciled, if the cubic CrN becomes somewhat more tetragonal as 
frequency is increased. If the ‘a’ and ‘c’ lattice parameters are calculated, there is 
consistent behaviour as shown in figure 10.4. Parameter ‘a’ is almost constant whereas 
‘c’ shows a gradual decrease with increasing pulse frequency. The distortion is probably 
due to the bombardment of energetic ions, which increase with the pulse frequency. At 
350 kHz, the distortion is at the maximum of about 11%. 
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Figure 10.3 Variation of d-spacing of CrN (111) (a) and CrN (200) (b) planes at different DC 
pulse frequency 
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Figure 10.4 Variation of lattice constants of CrN with different DC pulse frequency 

10.3 Variation of Roughness with DC Pulse Frequency 

The AFM images obtained for different pulse frequency shows smoother films at higher 
pulse frequencies. The RMS roughness Rq acquired from AFM (figure 10.5) shows a 
decline with the pulse frequency after an initial increase in roughness from continuous 
DC to 50 kHz (figure 10.6). Low-energy ion bombardment usually causes a rough surface 
due to the difference in sputter rates for different grain orientations. The increase in 
roughness from continuous DC to 50 kHz might be due to re-sputtering effect resulting 
from increased ion energy that etches the film. Different planes again etch at different 
rate resulting in rougher film. The re-sputtering effect is a result of competition between 
the deposition and the etching of deposited material [186]. The high energetic particle 
bombardment in general enhances the surface mobility increasing the smoothness of film 
surface by filling in the concavities. This could be the possible explanation for the 
increased smoothness at higher pulse frequencies. Smoother films tend to have low co-
efficient of friction and good wear resistance in general is attributable to the low friction 
coefficient, which allows a decrease in the initial cracking during asperity interaction 
[83,187,188].  
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Figure 10.5 AFM images obtained at a) Continuous DC b) 50 kHz c) 100 kHz d) 200 kHz and e) 
350 kHz 

Figure 10.6 Variation of RMS Roughness Rq of CrN with different DC pulse frequency 

10.4 Effect of Pulse Frequency on Morphology of Chromium Nitride 

All the coatings deposited at different pulse frequencies displayed columnar morphology 
(figure 10.7), a typical of sputter coating. The columns originate due to the geometrical 
shadowing effect. According to structure zone model (SZM) for metallic films by 
Thornton described in Section 5.2, the morphology of the film is related to Ts/Tm where 
Ts is the substrate temperature and Tm is the melting point of coating material. The melting 
point of CrN is 1500 °C and for the low deposition temperature of around 77 °C for the 
present study of chromium nitride, Ts/Tm is less than 0.3 in which case zone 1 should 
exhibit according to the above model. The temperature that the model takes in is quite 
uncertain because the actual temperature at the surface, where growth occurs, might be 
some hundreds of kelvins higher than the substrate temperature. Also, the model is for 
metallic films and Chromium nitride is not a metal. Though the influence of ion 
bombardment energy is not directly dealt within this model, the overall growth of thin 
films described can still be described by this model. The ion energy dependence of film 
morphology has been observed by many researchers [189,190]. The extension of 
Thornton’s structure model with respect to ion energy bombardment has already been 
explained in section 5.2. At higher pulse frequency when there is high ion bombardment 
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energy, the film tends to exhibit the transition Zone-T structure with dense and smooth 
surface. At continuous DC, the film formed would be porous due to low substrate 
temperature and low ion energy bombardment, in which case the structure would be Zone 
1. This structure is formed due to the geometrical shadowing effect. As the growing
coating is bombarded with high ion energy with increased pulse frequency, the voids get 
filled up by coating atoms due to the increased mobility of adatoms leading to Zone T 
structure [191]. 

Figure 10.7 SEM a) Continuous DC b) 50 kHz c) 100 kHz d) 200 kHz e) 350 kHz 

The measurement of thickness values by Dektak stylus profilometer can also be observed 
from the SEM cross-section. The thickness of the film is about 2.4 micron under DC 
conditions and gets reduced to about 50% at 350 kHz, which is about 1.2 microns. This 
is expected as the average operating voltage Vavg (also indicated by decrement of 100% 
Cr emission line at 358 nm in figure 10.8) decreases with prf as explained in section 9.3.2. 
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Figure 10.8 Variation of duty cycle, operating voltage, Cr emission intensity at 358 nm and 
thickness with pulse frequency at 1.1 μs 

10.5 Variation of Residual Stress and Mechanical Properties with DC 
Pulse Frequency 

It is observed in the present study that at all the DC pulse frequencies, a tensile stress is 
developed in the coating which can be explained by grain coalescence mechanism 
(section 5.5.1). It is typical of Zone-1 and Zone-II structure of Thornton structure model 
to exhibit tensile stress [192]. The stress is largest for 100 kHz and smallest at continuous 
DC and 350 kHz, the highest pulse frequency. Similar result was observed in the review 
article by R.Koch [127] where stress was small at lower and higher Ar pressure. The 
explanation given is at grain boundaries, compressive stress induced by atomic peening 
is additive to the tensile stress. At lower Ar pressure when the mean free path is long, the 
substrate receives energetic particle bombardment leading to additional compressive 
stress induced by atomic peening, which results in net decrease of the stress. At high Ar 
pressure, the mean free path is short and hence more energy is lost during scattering 
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resulting in low kinetic energy of the bombarding particles producing porous film. As 
porous grain boundaries are unable to generate stress to the same extent as dense grain 
boundaries, the tensile stress is low at high Ar pressure. The porosity results from 
independent growths of various nuclei and the voids or cavities between adjacent columns 
cannot be reduced due to low adatom mobility. At high energetic particle bombardment, 
the surface mobility of the atoms is enhanced and the coalescence of nuclei can occur 
more easily [115,128,193].  

This explanation can also suit for the CrN films deposited at different DC pulse frequency. 
In the case of films deposited at continuous DC, the kinetic energy of the impinging atoms 
is low that normally results in high porosity at the grain boundary, emerging from self-
shadowing effects due to lacking adatom mobility. The porosity at the grain boundaries 
diminishes the attraction between the grains generating low tensile stress. Increase in 
pulse frequency from continuous DC increases the adatom mobility due to the enhanced 
particle bombarding energy reducing the pores, and thus increasing the tensile stress. 
When most of the pores begin to get closed with further increase in energetic particle 
bombardment with the pulse frequency, the tensile stress decrease rapidly from the 
maximum value at 100 kHz to the lowest at 350 kHz due to atomic peening resulting in 
compressive stress that counteracts the tensile stress generated at the grain boundary. The 
density at the grain boundaries strongly affects the interatomic forces between 
neighbouring grains and can explain the lowering of the tensile stress. 

Figure 10.9 Variation of stress, hardness and Young’s modulus with pulse frequency 

The hardness and Young’s modulus calculated by Oliver and Pharr method were found 
to be high for films with low tensile stress and vice versa. This is consistent with the 
results obtained by several researchers that hardness decreases with increase in tensile 



10 Influence of Pulse Frequency on Chromium Nitride Coating 178

stress and increases with increase in compressive stress [140,144,194]. Residual stresses 
are expected to affect coating micro-hardness and their effect on hardness can be 
explained by simple principle of plasticity. It is known that the principal stress imposed 
by indentation, normal to the film surface is compressive. During indentation, the tensile 
residual stress parallel to the surface increases the local von Mises stress, enhancing the 
plastic deformation and hence reduces the hardness [194]. The peak load shifts toward a 
higher value with increasing the compressive stress because of the contribution of the 
plastic deformation sensitive deviatoric stress to the indentation load [144]. Thus, a 
coating under residual compressive stress resists penetration of the indenter and hence 
exhibits a measured apparent micro hardness, which is higher than its intrinsic value. 
Under residual tensile stresses the opposite trend is observed [140].  
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11. Conclusions

Pulsed DC reactive magnetron sputtering proves to be a successive method in coating 
chromium nitride on CFRP and different polymer substrates maintaining the deposition 
temperature within the sustainable range of CFRP and other polymers like PC, vinyl ester 
and PA without compromising on their bulk properties. As adhesion is the challenging 
aspect of coating polymer based substrates, various ex-situ and in-situ pre-cleaning 
techniques were adopted. Different solvents like 4% detergent solution, IPA, acetone, 
ethanol and deionized water were used to clean the substrates followed by baking at 
different temperature and time prior to deposition. Acetone was noticed to degrade the 
PC and vinyl ester substrate surface visibly. The various ex-situ pre-treatments did not 
have much effect on the bulk properties of the substrate as studied from DMA. The poor 
adhesion of polymers stems from their low surface energies and so the effect of ex-situ 
pre-treatments on the surface energy was analysed by Contact Angle measurement. High 
surface energy results in low contact angle and vice versa. Polycarbonate after going 
through a two-step process which involves cleaning with 4% detergent solution and IPA 
in ultrasonic bath for about 5 minutes followed by baking at 80 ºC for 3 hours showed the 
highest surface energy. Nevertheless it can be inferred from over all ex-situ pre-treatment 
study that mere wiping of different polymers and CFRP with ethanol was sufficient 
enough to acquire good adhesion as there was not much difference in surface energy 
measured for the wiped samples as compared with the other methods of cleaning and 
baking described above. This indeed saves processing time and cost. 

During in-situ cleaning, the RF biased substrate was cleaned with different Ar ions and 
Ar/N2 mixture at different flow rates. Argon ion cleaning for longer time gave good 
adhesion but being the hottest part of the deposition process, ion cleaning for longer 
period should be avoided for polymer based substrates. Without ion cleaning, the 
chromium nitride coating done on CFRP substrates flaked off showing poor adhesion. 
The maximum adhesion strength of coatings on different polymer which has been subject 
to plasma pre-treatment at different Ar pressures was greater than the cohesive strength 
of the glue used in the pull-off adhesion test for most of the polymers studied, apart from 
PMMA which showed very poor adhesion. The coatings on all the polymer substrates 
showed the best adhesion for plasma treatment at 30:30 Ar/N2 ratio. Though the adhesion 
values for different pre-treatments are comparative, it would have been better if glue of 
higher strength was used giving more reasonable values. As the surface morphology and 
chemical changes was not analysed for the substrates after pre-cleaning, the exact effect 
of the different pre-cleaning on adhesion cannot be inferred concretely.  

Coating on CFRP substrates with different nitrogen flow rate was found to affect the film 
stoichiometry with (111) being the preferential orientation, typical of low deposition 
temperature. The more stoichiometric the film was, the better was the hardness and 
Young’s Modulus. To obtain good wear resistance, the surface of composite should have 
a fibre-free surface layer to obtain a sufficiently smooth surface before deposition. The 
film texture was found to vary depending on the polymer substrate and OEM setting. The 
films in general exhibited (200) texture. The texture T200 increased with increased 
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chromium content for vinyl ester when PC showed stronger T200 for OEM 60%. The films 
on PA show the presence of Cr2N and Cr peaks in addition to CrN. The hardness and 
Young’s modulus were found to be almost constant for coatings on PA while a peak was 
obtained for PC and vinyl ester at OEM 60%. Except for PC to some extent, the texture 
did not seem to have a major influence on the mechanical properties of the coating. The 
wear performance was found to differ for the polymer substrates involved. The ratio of 
H3/E2 which is considered to be a strong indicator of resistance against plastic 
deformation and hence is related to high wear resistance for spherical load contact holds 
good only for the coatings on PA but not for PC and vinyl ester. Better wear performance 
at OEM 50% and 70% for PC and vinyl ester might be attributed to the more 
stoichiometric CrN and Cr2N respectively and the low wear performance at OEM 60% 
might be attributed to the hard CrN wear debris acting as an abrasive. The coating on 
vinyl ester showed wear performance better than PC, which could be due to the presence 
of a three dimensional network of bonds resulting in good mechanical properties and 
hence resisting the wear by the hard CrN debris.  

The ion fluxes and energies impinging on the substrate during the deposition of chromium 
nitride by asymmetric bipolar pulsed DC reactive magnetron sputtering was analysed and 
was found to increase significantly with pulse frequency at a fixed pulse off time of 1.1 
µs. This remarkable increase in ion flux and energy was correlated to the positive 
overshoot of the target voltage. The neutral flux of Argon increased with the pulse 
frequency while that of chromium and nitrogen decreased because of the reduced cycle 
at fixed off time. The decrease in chromium intensity with the pulse frequency is 
consistent with the dead time of 0.7 µs at the beginning of the on period. The ion flux was 
found to increase linearly with pulse frequency from continuous DC up to 200 kHz after 
which there was a steep increase in the flux. This was explained by a simple model in 
which the ion density during the on period has a large peak, which is slightly delayed 
from the large negative voltage overshoot which occurs at the start of the on pulse due to 
increased ionization at that time. The flux of ion energy for the probe at central line of the 
target differed from that of the offset position. The spread of ion energy is larger at lower 
energies with significant peaks for the central line position. When the high energy peaks 
of the two distributions have very similar shapes, the additional flux of ions in the low 
energy range could be clearly seen for the central line position and was explained by 
considering the different magnetic fields in the two positions and their effect on the 
plasma. 

The structure and mechanical properties of the coating on silicon and glass substrates was 
found to be altered with different pulse frequencies. The films exhibited (111) texture, 
typical of low deposition temperature and the texture coefficient of (111) with respect to 
(200) plane was found to increase with the pulse frequency, which might be attributed to 
the preferential re-sputtering of the densest plane (200) by high energy ions. The 
increased ion energy bombardment resulted in lattice distortion. All the coatings in the 
present study exhibited columnar morphology, a characteristic of sputter deposition 
carried out at low temperature. Smoother and denser films of chromium nitride were 
obtained at higher pulse frequencies, which might lead to good wear resistance. The 
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hardness and Young’s modulus were found to vary inversely to the tensile stress. When 
the films exhibited tensile stress at all the frequencies from continuous DC to 350 kHz, 
the additive compressive stress at higher pulse frequencies reduce the net tensile stress 
increasing the hardness and Young’s modulus.  

Pulsed DC reactive magnetron sputtering can be considered to be effective in coating 
chromium nitride offering wide range of process parameters to control and optimize 
coating properties. In the present study, the plasma pre-treatment was conducted with 
only Argon and Argon/Nitrogen ions. The effect of oxygen ion pre-treatment on adhesion 
can be studied in the future as many literatures suggest that this improves adhesion for a 
considerable level. As PMMA did not show good adhesion with Ar/N2 mixture, in-situ 
pre-treatment with such ions can be studied. As various pre-treatment parameters affect 
the adhesion, different combination of gas mixture, pre-treatment time and RF bias 
voltage can be utilized to meet the requirement. Ex-situ pre-treatment can be limited to 
wiping the polymer sample with solvent such as ethanol saving processing cost and time. 
Pull off test can be used to study the adhesion of coatings on the polymers and CFRP with 
glue of higher strength. As compressive stress increases the hardness, biasing the 
substrate can help inducing the compressive stress in the coating but care must be taken 
to maintain the deposition temperature within the sustainable range of polymer substrates. 
Other than off-set positions of substrate from the target as in the present study, chromium 
nitride coatings can be done on substrates at different positions along the central line to 
know the influence of relevant position and thereby ion energy bombardment on structure 
and properties of film. This will help one better to optimize the coating properties. The 
present study was limited to chromium nitride coating. There are many chromium nitride 
based coatings such as CrCN that is said to possess improved wear performance. The 
influence of pulse frequency on such coatings can be studied in the future.  
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