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ABSTRACT 

 

Free-layer hard or soft coating material can be used for enhancing the inherent damping capacity 

(energy dissipation ability) of a structure under cyclic bending deformation. This may help to 

attenuate the vibration amplitude at the resonance frequency. In this study, dynamic mechanical and 

damping properties of a carbon based (CNx) coating material have been investigated. For 

determining the material properties of this coating, two samples (600 µm and 800 µm thick carbon 

nitride (CNx) film layers) were produced and deposited onto two internal turning tools by using the 

plasma enhanced chemical vapor deposition (PECVD) process. The deposition process was 

conducted at the room temperature with the magnetron sputtering of a copper and a subsequent 

graphite target plate in a highly ionized plasma and reactive environment of Ar, N2 and C2H2 gases. 

Eigen frequencies and system loss factors of the uncoated and coated tools were extracted, for the 

first two fundamental bending modes (mode X and mode Y), from the ‘drive point’ measurements 

of free hanging impact tests at the free-free boundary condition. Modulus of elasticity and loss factor 

of the coating material has been deduced through the comparison between the eigen frequencies and 

resonance amplitudes of the identical bending modes extracted from the experimental and analytical 

frequency response functions. The results obtained from the experimental modal analyses and the 

iterative finite element analyses show that, compared to the substrate, the flexural stiffness and the 

damping capacity of the coated tools have increased notably. The resonant frequencies of the coated 

samples have been shifted to the higher frequency levels, and the frequency response acceleration 

amplitudes have been attenuated dramatically. Elastic modulus and loss factor range of the coating 

material have been found to be in the range of 32.5 GPa to 49.1 GPa and 0.004 to 0.0245 

respectively. Comparison between the analytical frequency response functions of the CNx coating 

material and 3M-112 viscoelastic material coated samples (for 800 µm film thickness) has anticipated 

that the coating material has higher loss modulus (energy dissipation ability) as opposed to the 

viscoelastic material. Scanning electron microscope images of the cross-section of a coated sample 

have revealed that the frictional energy losses between the interfaces of the carbon-nitride columnar 

micro-structures dominate the inherent damping mechanism of the coating material. Voids and 

porosities, present between the columnar clusters, further increase the energy dissipation ability of 

the coating material by enhancing the interface slippage mechanism during the cyclic bending 

deformation. 
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Chapter 1 : Introduction 

1.1 Background Study on Thin Film Deposition Techniques  

Thin film or coating can be attributed to one or multiple external functional materials’ layers usually 

applied on a base structure for providing desired physical or mechanical surface properties such as 

wear resistance, heat resistance, higher fatigue strength, increased vibration damping capacity, better 

insulation or electrical properties etc. to the coated structure (1), (2), (3).  The desired mechanical and 

chemical properties of thin films or coating layers depend on the film composition and atomic 

bonding structures which are correlated to the process parameters of the used deposition technique 

(3).  There are several different kinds of film synthesis techniques available over last few decades 

such as atomistic growth, particulate deposition, bulk coating, and surface modification (2). In 

atomistic growth technique, thin film is formed by the adsorption, reaction (with substrate surface), 

and diffusion (away from the substrate surface) mechanisms of the source or target atoms and 

molecules (4). In this case, very often complex interfaces can be developed between the depositing 

target species and the substrate surface due to high energy ion bombardment of the substrate 

surface. Furthermore, high energy ‘adatoms’ can cause different kinds of imperfections such as point 

defects, voids, immobilized free radicals etc. into the film composition (2). These impurities may 

induce a number of inherent material characteristics such as enhanced energy dissipation ability to 

the base structure (substrate).  

Depending on the source of target (depositing material) atoms, the aforementioned adatom energy 

plays an important role for determining microstructure and bonding configuration of the deposited 

film. Among the various target material decomposition sources of atomistic growth deposition 

technique, plasma enhanced chemical vapor deposition (PECVD) process has become a promising 

deposition method for achieving high quality film (3). In PECVD process, reactant precursors are 

ionized through inelastic collisions with the high energetic electrons of the plasma. Then, these 

ionized species sputter away the target atoms and molecules from the target or cathode plate, which 

are eventually deposited onto the substrate surface. This no-equilibrium deposition process facilitates 

the low-temperature film formation for a wide range of materials such as metal, alloys, polymers, 

ceramic, glass etc. (5). Besides this, in contrast with chemical vapor deposition (CVD) and physical 

vapor deposition (PVD) processes, PECVD process has some other unique advantages such as 

improved film quality in terms of adhesion and film density, better area coverage especially for 

complex substrate shapes (5).  

Since 1970’s, magnetron sputtering has been become an important choice for deposition processes in 

order to producing high quality functional coatings such as high corrosion and wear resistant, low 

friction coatings etc (6). In a magnetron sputtering process the high energy electrons (including 

secondary electrons) are usually confined into the vicinity of the cathode region by the applied 

magnetic field. This high density electron flux eventually enhances the target plate sputtering rate by 
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increasing the ionization effects of the reactant species. Thus in comparison to basic sputtering 

process, magnetron sputtering process has some advantages such as higher deposition rate, higher 

ionization of reactant species and lower heating of substrate surface (6). Different kinds of 

magnetron configurations such as balanced magnetron, unbalanced magnetron and pulsed 

magnetron sputtering process have been studied by McLeod et al. (7), Teer (8) and Schiller et al. (9) 

respectively. From these studies it can be postulated that unbalanced magnetron can extend the 

confined electron flux from the cathode or target plate sheath region to substrate sheath region at 

low pressure, which is not possible for ‘conventional’ or balanced magnetron sputtering process (5).  

In this study, a novel carbon based (CNx) nano-composite coating material has been deposited onto 

steel substrates by using PECVD process with magnetron sputtering. Thin film synthesis and 

characteristics of numerous morphologies of carbon materials such as carbon nano-tubes (CNTs), 

branched nano-tubes (BNTs), spheres, helical, and graphene have been investigated by Iijima (10), 

Durbach et al. (11), Deshmukh et al. (12), Shaikjee and Coville (13), Geim and Novoselov (14) 

respectively. Investigations show that the relationships between the morphology and chemical and 

mechanical properties of the above mentioned micro-structures are greatly influenced by film 

material’s sources along with deposition process parameters. Shinohara et al. (3); Shaikjee and Coville 

(15) have investigated the influence of gaseous hydrocarbons such as methane (CH4) and acetylene 

(C2H2) on the amorphous carbon film’s growth process at low temperatures. From their 

investigations it has been found that acetylene is more efficient than methane as a carbon source 

because the gas phase reactants of acetylene facilitate the high deposition rate and high film density 

(15).   

The achievement of high bonding strength between a hard coating material like CNx coating layer 

and substrate is a great challenge because of the development of high thermal stress at the interface 

of coating layer and substrate’s surface during the film growth (16) (17). Broitman et al. (18) have 

conducted several experiments with different configurations of substrate biasing and sputtering 

procedures to find out the influence of in-situ substrate sputtering on the adhesion between the CNx 

films and steel substrates. They found that, in all cases substrate surface sputtering promotes the 

higher adhesion by removing unwanted contaminants from the substrate surface as well as by 

creating a graded interface between coating layer and the substrate surface (18). Furthermore, 

investigations also showed that a negative bias voltage to the substrate can increase the film density 

(19).  

1.2 Background Study on Vibration Damping 

For improving customer satisfaction as well as for achieving better performance, durability, security 

and comfort, noise and vibration have become a fundamental concern in many manufacturing 

processes (20). Thus vibration phenomenon is also acknowledged in several critical material removal 

operations like internal turning, grooving, milling, boring and drilling. Because of this vibration 
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problem, product quality and productivity may be lost with degrading robustness of machining 

systems.  

One may consider several different options for solving this problem. Changing process parameter is 

one such solution (21). Another effective way is to implement a damping treatment on/within the 

cutting tool itself that can enable higher removal rate with unchanged or even improved machining 

performance (22).  

The detrimental effects of unwanted vibrations of a structure subjected to oscillatory excitation, can 

be reduced or avoided by applying some kind of methods to shift the structure's resonant (or natural) 

frequencies and/or to reduce the vibration amplitudes at natural frequencies. As long as the system 

(investigated structure under excitation force) remains within the operating excitation frequency 

range, shifting of its resonant frequencies and reduction in vibration amplitudes can be achieved by 

changing the system's mass or stiffness and by enhancing the system's vibration energy dissipation 

ability (damping property) (23). There are mainly two different methods for achieving increased 

damping property of a structure, i.e. passive and active methods (24). In passive methods, vibration 

suppression mechanism is instilled to the structure by using the inherent damping property of certain 

materials (24). When the structure undergoes mechanical deformations, a sufficient amount of strain 

energy is absorbed from those vibration modes and dissipated away through some kind of 

mechanical energy dissipation mechanisms (25), (26). In active methods, external sensors and 

actuators such as piezoelectric devices are used for vibration detecting and providing signals to 

activate the vibration suppression mechanism (27).   

The modern concepts of damping principles; advanced material and manufacturing technologies; 

improved experimental and analytical tools for measuring, understanding and predicting dynamic 

mechanical and material properties have led to the development of a variety of vibration damping 

treatments (23). Depending on the subjected tensile or shear strain of the damping material under 

bending deformation, surface damping treatments are usually classified as free layer damping (FLD) 

treatment or constrained layer damping (CLD) treatment respectively (20). Free layer damping 

treatment can be defined in such a way where an external damping material is applied onto the outer 

surface of the structure by means of spray or adhesive bonding or coating deposition process. Total 

damping capacity (system loss factor) of the composite structure (base structure with damping 

material) depends on the damping material's thickness, storage modulus and inhenerent damping 

capacity (material's loss factor) (23). In constrained layer damping treatment, the damping material is 

sandwiched between a thin elastic sheet (constraning layer) and the base structure. The degree of 

aplicability of these damping treatments depends on how materials behave under the desired loading 

condition (e.g. excitation frequency), deformation condition (e.g. Mode shapes) and environmental 

condition (e.g. surrounding temperature) (23).  

For free layer or constrained layer damping treatments, mainly viscoelastic polymers are used (28). 

Ross et al. (29) and Kerwin (30) first conducted the vibration analysis of a beam with viscoelastic 

material layer. Kerwin (30), Di Taranto (31), Mead and Markus (32), and Kung and Singh (33) have 
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formulated mathematical equations for analyzing sandwich beam with multiple viscoelastic layers. 

These equations provide natural frequencies and corresponding loss factors in case of longitudinal 

and transverse displacements with different boundary conditions. Johnson et al. (34), Soni (35), Mace 

(36), and  Baber et al. (37) have developed finite element models for predicting the dynamic 

responses of sandwich beams considering both linear and non-linear damping effects.  

Besides viscoelastic polymers, different metal alloys such as iron and aluminum alloy, metal-matrix 

composites and metal laminates are often used for damping treatments (24), (38). However, these 

composite damping materials suffer from the degradation in stiffness at high temperatures (e.g. 

above 500 C) (24). Chung (24) has reported the comparison among different types of mostly used 

materials' damping capacity and it has been shown that polymers give the highest damping capacity, 

whereas metals give the highest loss modulus. Furthermore, thermoplastic polymers, such as rubber, 

suffer from low Young’s modulus and loss modulus value as well as have strict temperature 

restrictions (38), (39). Because of those disadvantages of thermoplastic polymers, the interest has 

been grown for metal and ceramic coatings for FLD or CLD treatment because of their additional 

heat and shock resistant properties (40). Research works in this field has been conducted since 1970s 

(41).  

In reality perfect elastic material does not exist, rather all materials exhibit more or less viscoelasticity 

which can be characterized by the time and frequency dependent stress-strain relationship. R.S Lakes 

(42) has described different kinds of experimental methods for measuring dynamic mechanical and 

damping properties of viscoelastic solids. Ferry (43), Nowick and Berry (44), and Lakes (45) have 

studied vispcoelasticity for understanding the different inherent physical processes in material such as 

'defect motions', 'molecular mobility', 'phase transformations' in polymers and crystalline solids. 

These microstructural phenomena are responsible for internal frictional losses under cyclic 

deformation (42).  

Material damping can be represented by an equivalent linear-viscoelastic model based on 

viscoelasticity principle of material i.e. replacing the real elastic modulus by the complex modulus 

value (46). In this model real part of the complex elastic modulus is associated to energy storage 

(called storage modulus or Young's modulus) and imaginary part is associated with energy dissipation 

(called loss modulus). The loss modulus is the more relevant measure of the intrinsic damping 

capacity of a material rather than loss factor value, because the frequency response function of the 

composite structure (substrate with free-layer coating) is driven by loss modulus values of individual 

component materials (47). 

 Ungar and Kerwin (48) first introduced the 'strain energy method' as a damping measuring 

technique for composite materials. After that, Torvik (49) has used this method for measuring loss 

factor value (measure of the inherent material damping capacity) of free layer damping coating layers. 

In this method, material loss factor is determined by the ratio of the dissipated energy to the stored 

energy of the investigated material. Main advantage of this damping analysis method is that it is not 

restricted by the 'scale' of the tested structure (50). Johnson and Kienholz (51) first used the 'strain 
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energy method' in finite element modeling of metalic structures for constrained layer damping 

treatment analysis.  

The experimental modal analyses for determining the dynamic mechanical and damping properties 

of damping materials are reviewed in (52), (53). Renault et al. (54), Yu et al. (55), Gounaris and 

Anifantis (56), Patsias et al. (57), Baker (58), and Wojtowicki et al. (59) have reported the first flexural 

mode to be the dominant mode shape for characterizing the dynamic damping property and elastic 

modulus of different materials in case of both FLD and CLD treatments. Experimental forced 

vibration tests have been conducted by exciting the flexural modes of a cantilever beam within a 

predetermined frequency range (20). One such test method is the standard ASTM E756-05 (60) for 

measuring vibration damping properties of materials consisting of one homogeneous coating layer 

using damped cantilever beam theory (61). This procedure is suitable for measuring loss factors of 

lightly damped systems and it requires a great amount of test data with different free lengths of the 

investigated structure for obtaining a robust viscoelastic constitutive model (20). Another 

experimental method, for characterizing damping properties of viscoelastic materials, based on 

modal parameters (natural frequencies and modal loss factors) is the so called ‘Inverse method’ 

which has been used by Qian et al. (62), and Barkanov et al. (63). Inverse method is efficient for 

characterizing damping property of the systems which have low loss factor values (20). In order to 

minimize the difference between the experimental and numerical frequency response functions 

(FRFs), Martinez and Elejabarrieta have described ‘Alternative Inverse Method’ (20) which can 

determine the loss factor of highly damped system efficiently.  Kim and Lee (64) have described 

another kind of ‘Inverse Method’ for identifying complex elastic modulus of viscoelastic materials in 

FLD configurations. Gao and Liao (65) have developed a methodology for finding the modal 

frequencies and loss factors for a simply supported beam with enhanced active constrained layer 

damping (EACL) treatment.  

Though the finite element analysis has successfully been used in solving various mechanical 

problems, its application in damping analysis is relatively recent (56). Several researches have shown 

that beam-shaped samples are used for the assessment of the coating material’s visco-elastic 

parameters because of their simplicity (54). Jaouen et al. (66), have used plate samples for their 

numerical model. The limitations of these samples are that they have to be large and the computation 

is time consuming (54).  

1.3 Scope of the Study 

Literature review presented in previous section shows that most of the materials which have been 

being used for vibration suppressions of a solid structure, are viscoelastic materials, metal-alloys, 

metal-polymer composites, diamond and ceramic like coatings. Considering the advantages and 

disadvantages of these materials as vibration dampening coating layers, this thesis work intends to 

comprehend the potentiality of a novel carbon based (CNx) nano-composite coating material for free 

layer damping treatment of the selected internal turning tools.  
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Therefore the aim of this study is to develop a methodology based on experimental modal impact 

testing method and iterative finite element analysis to quantify the dynamic mechanical and damping 

properties of the carbon nitride nano-composite material.  

The scope of this study is limited to conduct experimental and analytical analyses without 

considering the temperature and strain amplitude effects on the Young’s modulus and material loss 

factor of the coating material. 

1.4 Objectives of the Study  

The objectives of this study are- 

1. Deposition of a thick carbon based nano-structured coating (CNx) material layer onto the 

turning tool substrate by PECVD process with sufficient adhesion between the coating layer 

and the substrate surface: preparation of two coated samples with 800 µm and 600 µm thick 

coating layers deposited onto turning tool#1 (provided by Seco) and turning tool#2 

(provided by Mircona) respectively. 

2. Characterizing the dynamic mechanical and damping properties of the coating material for 

600 µm and 800 µm thicknesses of coating layer. 

3. Understanding the inherent material damping mechanism of the coating material by micro-

structure analysis. 

1.5 Thesis Outline 

In chapter 1, literature survey about different kinds of methods for reducing vibration amplitudes, 

damping mechanisms, damping measures and measurement techniques, different kinds of damping 

materials, and different coating technologies have been conducted. Scope and objective of the study 

have also been mentioned.  

Chapter 2 describes briefly about the fundamentals of PECVD process, magnetron sputtering 

process and thin film formation.  

Chapter 3 contains the information about the theoretical background about material or structural 

damping, measurement techniques related to this study and also about loss factor calculation steps of 

the investigated coating material.  

Chapter 4 describes the experimental details about coating deposition procedures, experimental and 

analytical modal analysis as well as micro structure analysis of the coating material.  
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Chapter 5 describes the results and discussions about the dynamic mechanical properties of both the 

uncoated tool and coating material, inherent damping mechanism of the coating material and 

comparison between a common viscoelastic material and CNx material.  

At last in chapter 6, summary of the thesis work and scopes of future research work in this filed have 

been discussed.  
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Chapter 2 : Plasma Enhanced Chemical Vapor Deposition Process 

2.1 Deposition Process Overview 

Due to having enormous potential advantages such as improved functionality of existing products, 

creation of nano-structured coatings, nano-composites, or new revolutionary products, possibility of 

reduction of power consumption, conservation of harmful materials, the application of thin films is 

increasing astronomically in different manufacturing areas. Thin film is a general term for describing 

the coatings which are used to modify the functionality (e.g. improved corrosion resistivity, better 

wear and chemical resistance, barrier for gas penetration) of a substrate surface with or without 

changing the material properties of the substrate (2). Almost every property of thin film coatings 

such as microstructure, surface morphology, tribological property, electrical property, optical 

property etc. depends on the deposition processes used to form it. Thin film deposition processes 

are non-equilibrium in nature which has three basic steps such as synthesis of the depositing species, 

transportation of these species from source to substrate and at last film deposition onto the substrate 

and subsequent growth of film (2). 

Depending on the process mechanism, the film deposition can be categorized into four general 

types: atomistic growth, particulate deposition, bulk coating, and surface modification (2). In 

atomistic process, film is formed by accumulation and migration of reactive species (radicals or 

atoms) onto a substrate. In this process, a complex interfacial region can be formed by the reaction 

of depositing atoms to the substrate material and the resulting structure has high structural defects 

(2). In Particulate deposition processes, spontaneous attachment of molten or solid particles to 

surfaces occurs. In bulk coating processes, a large amount of depositing materials is applied onto the 

substrate surface at a time. Surface modification means producing desired substrate surface 

properties by altering its microstructure through ion, thermal, mechanical or chemical treatments. 

Again depending on the source of depositing particles as well as the energy level of those particles, 

atomistic deposition techniques can be divided into two large categories- chemical vapor deposition 

(CVD) and physical vapor deposition (PVD) techniques (2). 

2.2 Chemical Vapor Deposition Process (CVD) 

In chemical vapor deposition process, the deposition phenomenon of a solid material from a vapor 

phase is occurred due to the various chemical reactions of the reactant gaseous species.  In this 

process, the substrate surface is usually required to be heated up with high temperature i.e. 10000 C 

for effective chemical reaction as well as bonding between the substrate and film material and surface 

diffusion at the interface between them can be increased due to this high temperature (2) & (1).  
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In a CVD system, gaseous precursors are leaked into the reaction chamber where the substrate is 

placed previously. A stream of these reactants passes over the heated substrate surface and while 

passing over, due to flow dynamics of gases, different inert boundary layers are developed 

surrounding the substrate where velocity of flow, concentration and temperature of vapor species are 

not equal to those of main gas stream. Transportation of gaseous reactants across those boundary 

layers to the substrate surface is took place by free or forced convection. Five important reaction 

zones, related to gas flows and temperature, are developed during the CVD process as illustrated in 

figure 2.1 (2). In reaction zone 1, and also in main gas stream homogeneous reactions can take place. 

In reaction zone 2 (phase boundary between vapor and coating layer) heterogeneous surface 

reactions usually occur and determine the deposition rate and properties of the coating. In zone 3, 

stable crystallographic site in the crystal grown as well as growth reactions in surface step sites take 

place. Surface diffusion followed by adsorption of reactant molecules and atoms on the surfaces can 

occur in zone 4. The chemical reactions of zone 4 are important for the adhesion of coating to 

substrate surface. Incorporation of the highly energetic molecules and atoms into the substrate 

surface along with re-crystallization of substrate surface due to very high temperature developed 

during the process can happen in zone 5 (2). 

 

 

 

 

 

 

 

 

 

2.3 Physical Vapor Deposition Process (PVD) 

Physical Vapor Deposition process can be defined as a vacuum deposition process, to deposit a solid 

film onto the substrate surfaces, which involves the methods of physical ejection of reactant species 

(molecules and atoms of film material) from the solid target by ion bombardment or sputtering at the 

target, transition from solid phase to vapor phase by thermal evaporation along with vacuum 

evaporation, transportation of vapor species along with gaseous species to the substrate surfaces and 

finally nucleation and growth of thin film by the condensation of those vapor phase species (2), (67), 

(68). In order to facilitate the sputtering process, plasma is ignited by introducing an inert gas (mostly 

Figure 2-1: Important Reaction Zones in CVD (2) 
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argon) into the vacuum chamber as well as by applying a bias negative voltage to the cathode with 

which target material is secured. As a result, a lot of energetic particles (metastable molecules and 

atoms, ions, electrons) and radiations are created into the plasma. Metastable species can be 

produced because of non thermal equilibrium condition of film growth (2). These energetic species 

further facilitate the transportation of metal vapor species to the substrate and the diffusion of 

molecules and atoms onto the surface. The adhesion of coating material to the substrate by force 

penetration as well as the deposition rate can be further increased by applying a negative bias voltage 

to the anode with which the substrate is attached; otherwise substrate has the same potential (zero 

being grounded) as the chamber walls. One of main advantages of PVD is that it allows lower 

temperature for film deposition (68). The process is illustrated schematically in the following figure- 

 

 

 

 

 

 

 

 

 

 

 

2.4 Plasma Enhanced Chemical Vapor Deposition Process (PECVD)  

In CVD process, chemical reaction rates are dependent on the high temperature of substrate. Due to 

various defects such as dislocations, vacancies, interstitial species, stacking faults present in substrate 

material structure, this elevated temperature often causes re-crystallization in substrate and coating 

i.e. changes in morphology and phase structure happens and even softening, melting or deformation 

can also occur (2), (4). This limitation of trading off between changes in film/substrate morphology 

and film growth rate can be avoided if high energetic particles can be used in the deposition process 

to supply necessary energy required for creating reactant species of target material. And this solution 

invokes plasma enhanced chemical vapor deposition process. 

Figure 2-2: Basic PVD process (2) 
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One of the main advantages of PECVD process is the presence of high energy electrons in glow 

discharges or plasma to dissociate and ionize gaseous molecules. This high energetic electron impact 

collision produces chemically reactive species (radicals and ions). This process is called 

‘homogeneous gas phase reaction’ of the plasma (4). Besides this, energetic radiations such as 

positive ions, metaslable species, electrons and photons, which are also created from plasma, strike 

the surfaces immersed in the plasma and thus alter the ‘surface chemistry’ of the neutral species of 

the surfaces. This physical process is called ‘heterogeneous surface reactions’ (4). The interaction 

between homogeneous gas phase reaction and heterogeneous surface reactions establish the 

nucleation, film growth kinetics, film composition and morphology. 

The entire process mechanism of PECVD can be broken down into six primary steps (4) - 

a) Generation of reactant species 

b) Diffusion to surface 

c) Adsorption  

d) Reaction  

e) Desorption  

f) Diffusion away from surface 

2.4.1 Plasma Basics for PECVD Process 

Plasma is a unique state of matter with physical properties quite different from solids, liquids and 

gases. It is a fully or partially ionized gas containing freely moving charged particles which is Quasi-

Neutral i.e. electrically neutral over a large volume (68). It means that the positive ion and electron 

densities are almost same into the plasma (ni≈ne=no). Here, no, ni, ne are the plasma, positive ion and 

electron density respectively. In case of PECVD, plasma is also a host of neutral species (radicals and 

molecules) of both ground and excited states and here the density of those neutral species is usually 

greater than that of ions or electrons (4). Though, neutral species in PECVD plasma are not reactive 

than ions and electrons, because of their higher density, they are primarily responsible for film 

deposition on substrate.  

In PECVD, plasma is usually generated by applying a RF (radio frequency) discharge or high power 

pulses across an inert working gas (e.g. Ar) confined in a vacuum chamber with the configuration of 

two electrodes (cathode and anode) facing each other. The pressure used is around 1mTorr to 1 Torr 

(0.13 to 133 Pa) (69). When the applied voltage at the cathode plate is reached to a critical point (few 

hundred volts), a sufficiently high temperature is generated into the reaction chamber and the 

working gas molecules start to decompose for forming freely moving gas atoms. Above this critical 

voltage, due to even higher temperature, ionization of free gas atoms occurs and thereby, free 

electrons and ions are generated. The potential difference between the cathode and anode creates an 

electric field which accelerates the free electrons towards the anode. Due to this acceleration, these 

free electrons gain energy and collide with neutral gas atoms. Through this inelastic collision one 

electron creates another two free electrons (e-) and one gas ion (Ar+). This gas ion is accelerated 
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towards the cathode and eventually bombards the target plate surface releasing secondary electrons 

and target material particles. This is ‘Townsend’ regime as indicated in figure 2.3. When the strength 

of the electric field is increased by further increasing the applied voltage between the electrodes, the 

ionizing collisions between the high energy electrons and gas molecules also increase and the plasma 

becomes self-sustaining. When the applied voltage passes over the gas breakdown voltage, the 

plasma enters into the ‘Normal Glow Regime’ and immediately a sharp voltage drop is found across 

the plasma. If the power is increased further, voltage and current density also increase and the 

plasma will enter into the ‘Abnormal Glow Regime’. In this regime plasma processing such as 

sputtering and etching take place (70). At normal and abnormal glow regime, photons and excited 

gas atoms are also produced during inelastic collisions. These photons make the plasma to glow. If 

the power is further increased, ‘Arc Discharge Regime’ is reached where large amount of secondary 

electron emission occurs resulting in frequent arcing at the cathode. Here, current density increases 

but voltage drops sharply (see figure 2.3). 

 

 

 

 

 

 

 

 

 

 

 

The intensity of kinetic energy of electrons and ions into the plasma depends on the electrical 

potential between the cathodes (anode and cathode). When a solid surface (work piece, target plate, 

anode cathode, chamber wall) is introduced into the plasma, a negative potential, relative to the 

plasma, to that surface is established as well as a narrow region between the plasma and the surface, 

called Plasma Sheath, exits.  The potential of the sheath region, which are greater than few volts, 

determines the ion bombardment energy on the surfaces and thus high potential of sheath is 

required to break the surface bonds and sputtering of target material atoms (4). In the sheath region 

a negative voltage drop from plasma to the solid surface occurs (see figure 2.4) because of higher 

velocity of electrons comparing to ions.  

Figure 2-3: Different plasma discharge regimes [Lundin (69)and after Roth (103) 
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A larger flux of electrons comparing to the flux of ions leave behind the positive ions into the plasma 

and strike the electrode (or other surfaces immersed into the plasma) and thus a negative potential 

continues to build up on the electrode or other surfaces. And around the vicinity of the electrodes or 

surfaces a positive potential grows on the edge of the plasma. This transient situation ceases when 

the flux of striking electrons and ions become equal. When an electron tries to leave the plasma 

sheath, the positive plasma potential attracts it and directs it back into the plasma and again when an 

ion enters into the plasma sheath, it is repelled and accelerated toward the surfaces.  Thus a self 

biased condition of the electrodes is established due to plasma sheath (68). The schematic illustration 

of the plasma sheath region around anode and cathode is shown in figure 2.4 (68). Here the large 

potential drop is found on the cathode because of the generation of secondary electrons which is 

important for self-sustaining of plasma sheath region. 

 

 

 

 

 

 

 

 

 

2.4.2 Synthesis of Reactive Species  

Reactive free radicals, metastable species and ions are generated by homogeneous gas-phase 

reactions or collisions into the plasma (4). Based on the electron energy, these gas-phase electron 

collisions with reactant species can result in different chemical reactions. The following table 

illustrates such kind of chemical reactions (in order of increasing energy required) as mentioned in 

(4)- 

Table 2-1: Example of Homogeneous Electron Impact Reactions (4) 

Reaction  General equation 

Excitation 𝑒− + 𝑋2 → 𝑋2
∗ + 𝑒− 

Dissociative attachment 𝑒− + 𝑋 → 𝑋2
− + 𝑋+ + 𝑒− 

Dissociation  𝑒− + 𝑋2 → 2𝑋 + 𝑒− 
Ionization  𝑒− + 𝑋2 → 𝑋2

+ + 2𝑒− 
Dissociative ionization 𝑒− + 𝑋2 → 𝑋+ + 𝑋 + 2𝑒− 

Figure 2-4: Potential distribution around anode and cathode. Here 

cathode is negatively biased with power supply and anode is grounded. 

Vp is the plasma potential (68) 
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A large quantity of free radicals is generated through excitation and dissociation as they require few 

electron volts. When an electron is attached to a molecule, sometimes a repulsive excited state of that 

molecule takes place which results in the dissociation of the molecule (dissociative attachment) (4). 

Ions and secondary electrons are also generated by inelastic collisions of high energy electrons 

resulting in ionization and dissociative ionization processes.  

Homogeneous impact reaction also occurs between the various heavy species (atoms and molecules 

of target material) as well as between those heavy species and un-reacted gas-phase 

molecules(described into the following table) (4).  

Table 2-2: Inelastic collisions between the heavy particles (4) 

Reaction  General equation 

Penning dissociation  𝑀∗ + 𝑋2 → 2𝑋 + 𝑀 
Penning ionization 𝑀∗ + 𝑋2 → 𝑋2

+ + 𝑀 + 𝑒− 
Charge transfer 
 

𝑀+ + 𝑋2 → 𝑋2
+ + 𝑀 + 𝑒− 

𝑀− + 𝑋2 → 𝑋2
− + 𝑀 + 𝑒− 

Collisional detachment 𝑀 + 𝑋2
− → 𝑋2 + 𝑀 + 𝑒− 

Associative detachment 𝑋− + 𝑋 → 𝑋2 + 𝑒− 
Ion-ion recombination 𝑀− + 𝑋2

+ → 𝑋2 + 𝑀 

𝑀− + 𝑋2
+ → 2𝑋 + 𝑀 

Electron-ion recombination 𝑒− + 𝑋2
+ → 2𝑋 

𝑒− + 𝑋2
+ + 𝑀 → 𝑋2 + 𝑀 

Atom recombination 2𝑋 + 𝑀 → 𝑋2 + 𝑀 
Atom abstraction 𝐴 + 𝐵𝐶 → 𝐴𝐵 + 𝐶 
Atom addition 𝐴 + 𝐵𝐶 + 𝑀 → 𝐴𝐵𝐶 + 𝑀 

Though among those inelastic collisions, recombination and molecular rearrangement processes are 

prevalent, penning processes are particularly important (4). Penning dissociation and ionization 

processes are introduced due to excess energy (of metastable species) transformation when they 

collide with neutral species. 

2.4.3 Plasma Surface Interactions 

After generating the reactive species (ions, metastable species, and free radicals) by homogeneous gas 

phase collisions, heterogeneous plasma-surface reactions take place at the solid surfaces through 

these reactive particle bombardments onto the surfaces. This type of phenomenon is very important 

for the growth of thin film. Chemical bonds between the neutral species of the solid surfaces can be 

broken down by the high energetic photons, x-rays and ultraviolet ray present in the plasma. These 

kinds of radiations also play an important role for promoting nucleation of film growth as well as for 

the growth of metastable species.  

The following table shows the primary heterogeneous processes which can occur at the solid 

surfaces (4) – 



 

15 
 

Table 2-3: Different Types of Plasma-solid surface reactions (4) 

Heterogeneous Surface Interaction Possible Phenomena  

Ion-surface interactions a. Neutralization and secondary electron 
emission 

b. Sputtering 
c. Ion-induced chemistry 

Electron-surface interactions 
 

a. Secondary electron emission 
b. Electron-induced chemistry 

Radical-surface or atom-surface interactions 
 

a. Surface etching 
b. Film deposition 

In a diode configuration of PECVD process, the positive charged particles or ions are accelerated 

towards the cathode and negative charged particles such as electrons are accelerated towards the 

anode by the electric field created across the plasma. Now if the target (whose material will be 

deposited on the substrate surface) is attached to the cathode, these ions (both gas and target 

material) will cross over the high voltage sheath region whilst gaining enough kinetic energy to strike 

the target surface and knock off the target atoms by momentum transfer. Depending on the energy 

level of incoming ions, rather than sputtering other phenomenon can also take place such as they can 

be adsorbed, get implanted into the few atomic layers of target material, reflection of the ions as well 

as surface heating, photon and secondary electron emission, changes in surface topology can also 

occur. The following figure illustrates the possible events of sputtering process on a solid surface- 

 

 

 

 

 

 

 

 

 

 

 

According to P.Sigmund (71) based on sputtering theory three main energy regimes can be identified 

during sputtering a) the single knock-on (low energy regime) b) the linear cascade (intermediate 

energy regime) and c) the spike (high energy regime). Since the threshold energy (the minimum 

Figure 2-5: Possible Outcomes of a solid surface sputtering process in the glow discharge (1)  
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energy required to break the bonds between the close packed atoms of target materials) depends on 

the energy of impinging ions and material properties of the target (72), it can be said that up to a 

certain energy level (100 keV) more sputtered atoms can be generated through more collisions due to 

increased chance of affecting more atoms in the bulk material if the incoming ions have higher 

energy (73). And thus the more energy of incoming ions indicate the more sputter yield (the number 

of sputtered atoms per incident particle), leading more deposition rate.  

After the sputtering away of target material atoms, they are being transported into the plasma. While 

moving towards the substrate, some of those atoms can be ionized by high energy electron collisions 

and a fraction of these target ions are attracted back to the target surface and thus self-sputtering of 

target material (impinging target material ions knocking out the target atoms) occurs. But the self-

sputter yield is lower than inert gas sputter yield (74). The rest of the target ions will collide with the 

chamber walls and will be lost or will undergo into the inelastic collisions with heavy gaseous species 

as well as with electrons (see table2.2) resulting in the formation of energetic free radicals, metastable 

species, target material and gas ions, molecules and atoms which will eventually take part into film 

deposition and substrate surface etching. Neutralization of positive ions will also take place within 

the few atomic radii of the solid surfaces by the electrons generated from auger emission process as 

well as also from relaxation of solid surfaces and thus most of the energetic particles which cause 

substrate surface bombardment for film deposition are neutral species (4). 

2.5 Magnetron Sputtering Process 

A large portion of the secondary electrons produced at the target plate surface usually diffuse to the 

chamber walls without contributing to the inelastic collisions of the glow discharge. In order to avoid 

this rapid loss of electrons as well as in order to confine these electrons near to the target surface, a 

magnetic field can be applied so that more ions can be produced with the same electron density. As 

the magnetic field applied, the electron trajectory can be extended from cathode to anode leading to 

the increased probability of ionization of a gas atom. This will then reduce the discharge pressure and 

the cathode sheath potential (2) and also increase the deposition rate. 

  

 

 

 

 

 

 
Figure 2-6: Schematic representation of (a) Balanced Magnetron (b)Unbalanced Magnetron configurations, 

from (67). 
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Usually magnets used for creating magnetic field are positioned behind the target plate. In the sheath 

region, the motion of the electrons will be influenced by the joint configuration of electric and 

magnetic field. Here the electron trajectory driven by the Lorenz force can be explained by the 

following equation (2): 

𝑭 = 𝑞 𝑬 + 𝑽 × 𝑩                                                                                                                   

Where F is the Lorenz force acting on the electron, q is the negative charge of the electron, E is the 

applied electric field, B is the applied magnetic field, V is the velocity of electron. The magnetic field 

primarily defines the electron trajectory by creating a helical motion around the field lines. This 

gyrating race track of electrons is defined by the B and V and orthogonal to both of the directions of 

B and V. 

The perpendicular force of electric and magnetic field continuously compels the electrons to direct 

back to the target surface. This kind of trajectory of electrons around the target surface increases the 

ionization of gas atoms which will eventually cause more sputtering of target surface. The ions in the 

sheath regions will also be affected by the force due to combination of electric and magnetic field. 

But since they are much heavier than electrons, this kind effect on ions can be neglected comparing 

to the electrons.  

In balanced magnetron configuration, as illustrated in figure 2.6 (a) only a small portion of target 

surface will undergo in sputtering process where the E and B fields are perpendicularly confined in 

small race track area which results in very low degree of (68). So in order to increase this ionization 

degree near the target surface as well as in order to overcome the problem of gas rarefaction near the 

substrate surface, unbalanced magnetron configuration can be used [figure 2.6 (b)] where the inner 

magnet is weaker than the outer ones (75). In this kind of configuration a portion of the plasma can 

be confined near the substrate surface through guiding the acceleration of target metal ions towards 

the anode sheath region as well as enhancing the kinetic energy of this flux.  

2.6 Thin Film Formation 

Nucleation of thin film growth starts with the formation of 'clusters' or 'islands' on the substrate 

surface. The chemical bonds between the surface molecules can be broken as well as adsorbtion sites 

for clusters or islands can be generated by the high energetic particle bombardment of film surface. 

Kinetic energy or momentum transformation from impinging particles to the adatoms and the 

neutral species of the film surface can enhance surface diffusion process even at low particle energy 

level (<10 eV) (4). Kinetic energy of impinging species as well as particle bombardment rate of the 

film surface also alter crystallinity and microtopograhy of the deposited film and thus amorphous to 

crystalline transition during epitaxial growth of film at lower temperature occurs  (4). Uniform 

distribution of those clusters and high mobility of adatoms can be achieved due to higher growth 

temperature.  
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At low growth temperature a porous and coarse film structure is deposited due to having lower 

surface energy and lower surface diffusion. Columnar structure can be achieved at higher deposition 

temperature due to the epitaxial growth on individual grain. Here at this temperature higher surface 

diffusion of adatoms lead to the random orientation and wide distribution of coalesced clusters or 

initial crystallites. If the substrate temperature is increased further, thicker film with denser and larger 

columnar structure can be found. This kind of structure is invoked from the grain boundary 

migration phenomena where atoms move from one grain boundary to another in order to reduce the 

transmitted energy gained from the impinging particles. This high mobility of atoms helps to develop 

stable growth of large grains having low surface energy. 
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Chapter 3 : Material Damping  

3.1. Damping Introduction 

Undesirable structural vibration reduction or elimination is one of the most important tasks in 

mechanical engineering context. Mass, stiffness and damping are the three essential modal 

parameters which usually describe the dynamic response characteristics of structures (76). Under 

cyclic deformation of a structural system, mass and stiffness of that structure correspond with the 

storage of kinetic and strain energy respectively where as damping defines the amount of energy 

dissipated per cycle of deformation of the structure. So, damping phenomenon involves forces or 

physical mechanisms acting on the vibrating systems through which the conversion of mechanical 

energy of the excitation to the thermal energy or any other form of energy which is unavailable to the 

vibrating system occurs (77), (78). This mechanical energy of the oscillated system is related to 

characteristic parameters such as frequency, temperature, vibration amplitude, strain amplitude, 

number of cycles, duration of cyclic loading, material micro and macro structures, magnetic field etc. 

of the system (78). 

Depending upon the specific material, various physical mechanisms cause damping or internal 

friction to occur in the materials. These mechanisms consist of, but not limited to, grain boundary 

viscosity, point defect relaxations, eddy current effects, stress induced ordering, electronic effects, 

micro or macro-molecular re-arrangement due to the effects of dislocations and various types of 

interfaces (e.g. domain, twin, interphase or grain boundaries), thermo-elasticity in micro and macro 

scales etc. (78), (79).  

Damping usually works on a vibrating structure which depends on the ‘balance of energy’ of the 

vibrational motions not on the ‘balance of forces’ (76). For example if we consider a classical mass-

spring-dashpot system under a steady oscillatory force, at resonance where the oscillatory force 

excitation frequency and system’s natural frequency are exactly the same, the spring force and inertia 

force cancel each other. At this point of resonance, the system receives some energy from the 

external exciting force during each cycle of motion which is equal to the energy lost per cycle of 

motion due to the effect of damping. Beyond this resonance point, the system response is controlled 

either by the spring force when the excitation frequency remains considerably lower than the 

system’s natural frequency, or by the mass inertia when the excitation frequency is considerably 

higher than system’s natural frequency. 

Though there are many forms of damping for representing the energy dissipation models such as 

visoelastic damping, viscous damping, coulomb or dry friction damping, particle damping, magnetic 

hysteresis damping, piezoelectric damping etc. (80), in this study structural or material damping form 

has been used for representing energy dissipation model of the investigated nano-damping CNx 

material.  
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3.2 Material Damping Representation 

Material damping is also known as internal, hysteresis or structural damping. It is an important 

inherent material property of a structural component. Material damping is a complex physical 

mechanism that converts kinetic and strain energy associated with a vibrational motion of a macro-

continuous media into heat energy. The physical mechanism of material damping comes from 

internal friction, viscoelastic behavior as well as the interfacial slip in the material (81).  

Internal friction in a material arises from the interactions among the molecular components of the 

material when a structure of that material is subjected under a periodic stress cycle. Under this 

oscillatory loading condition if a considerable amount of molecules within the material are allowed to 

move freely with respect to their equilibrium positions, a high level of damping can be found. 

There are many theories and mathematical models available for explaining as well as predicting the 

rheological behavior of a solid considering the material damping property. Among those Maxwell 

model, Kelvin-Voigt model and Hysteresis loop are the most common models for representing the 

deformation and flow of a viscoelastic material concerning the material damping property. 

3.2.1 Maxwell and Kelvin-Voigt Models 

Maxwell and Kelvin-Voigt both models assume that the viscous property of a solid body, which is an 

energy dissipative property, is proportional to the first time derivative of strain i.e. strain rate. 

Considering the viscoelastic behavior of a solid material, these models express the relation between 

the stress and strain by a linear differential equation through a complex quantity of elastic modulus. 

The stress distribution as well as variation of strain depends on the frequency of excitation motion.  

Maxwell model can be represented by a spring and a dashpot in mechanical series arrangement 

where as the Kelvin-Voigt model consists of a spring and a dashpot in parallel arrangement as shown 

in figure 3.1 and equations 3.1 and 3.2 respectively. 

 

Figure 3-1: Simple representation of (a) Maxwell model (b) Kelvin-Voigt model (79) 
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Maxwell model: 

 
𝜎 +

𝐶

𝐸
.
𝑑

𝑑𝑡
(𝜎)  = 𝐸∗

.
𝑑

𝑑𝑡
(𝜖)  3.1 

Kelvin-Voigt model: 

 
𝜎 =  𝐸. 𝜖 + 𝐸∗

.
𝑑

𝑑𝑡
(𝜖)  3.2 

In equation 3.1 and 3.2, E is Young’s modulus of the material analogous to the stiffness of the spring 

k; E* is the complex elastic modulus, σ is the stress and ϵ is the strain. 

Though the Maxwell model is a good approximation of viscoelastic fluid, in case of viscoelastic solid 

it cannot provide any prediction for internal stress which the Kelvin-Voigt model can overcome (79). 

For this reason Kelvin-Voigt model is more accurate for predicting viscoelastic material behavior. 

In equation 3.2, 𝐸. 𝜖  represents the elastic behavior of the material and does not contribute to 

damping where as  𝐸∗.
𝑑

𝑑𝑡
(𝜖)  represents the damping component of the material. Now, the material 

damping of a structure can be expressed by the damping capacity per unit volume, DV which can be 

defined as: 

 
𝐷𝑣  =  𝐸∗  

𝑑

𝑑𝑡
 𝜖 . 𝑑𝜖 3.3 

If the structure is subjected to an oscillatory exciting force, the strain variation can be expressed as- 

 𝜖 = 𝜖𝑚𝑎𝑥 . cos(𝜔𝑡) 3.4 

Where ω is the angular frequency of the exciting force. Now combining equation 3.3 and 3.4 as well 

as considering the maximum stress, 𝜎𝑚𝑎𝑥 = 𝐸. 𝜖𝑚𝑎𝑥  equation 3.3 becomes  

 
𝐷𝑣 =

𝜋. 𝜔. 𝐸∗. 𝜎𝑚𝑎𝑥
2

𝐸2
 3.5 

Equation 3.5 describes that the material damping expression i.e. the damping capacity per unit 

volume of a structure depends on the square of maximum stress amplitude and excitation frequency 

of the motion. 

3.2.2 Hysteresis Loop Method 

Hysteresis explains that the energy dissipation phenomenon which is caused by the physical 

mechanisms in the material micro or macrostructures, such as plastic flow; dislocation movement; 

anelastic strain relaxation effects (82), form a stress (force)-strain (deformation) hysteresis loop as 

indicated in figure 3.2 under a cyclic loading condition of the material 
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Figure 3-2: Typical Hysteresis loop of a material under cyclic stress (82)  

If we consider a single degree of freedom (SDOF) linear system in time domain with viscous 

damping such as, 

 𝑚𝑥 (𝑡) + 𝐶𝑥  𝑡 + 𝑘𝑥 𝑡 = 𝐹 𝑡   3.6 

and test it under a steady state oscillatory loading condition, unlike Hook’s law, the system response, 

𝑥(𝑡) can be found with two strain components-one is instantaneous elastic strain component, ϵe 

which is independent of time and be remain in phase of the applied load and the another one is 

anelastic strain component, ϵa which lag behind the applied load. Because of that anelastic strain 

component, figure 3.2 (F(t) versus x(t) plot) becomes a hysteresis loop shaped curve rather than a 

single valued function curve (77). In figure 3.2 the anelastic strain component can be expressed in the 

following way for the loading branch OPA and unloading branch AB- 

 
𝜖𝑎 =  𝜖𝑖  1 − 𝑒

−𝑡

𝜏   for loading  3.7 

 

 
𝜖𝑎 =  𝜖𝑖𝑒

−𝑡

𝜏  , for unloading  3.8 

Where, t is time; τ is defined as the characteristic relaxation constant and the level of damping in a 

material can be defined by the magnitude of τ; ϵi is the initial strain due to an applied stress at t=0. 

And the overall strain, ϵ can be represented as- 

 𝜖 =  𝜖𝑒 + 𝜖𝑎   3.9 

With the dynamic response characteristics of the linear system defined by the equation 3.6, the area, 

ABCDA enclosed by the hysteresis loop defines the energy dissipation per cycle. This dissipated 

energy is a material property which is independent of frequency under cyclic loading condition. The 

damping force, Fd of the SDOF system can be expressed as- 
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𝐹𝑑 =  

ℎ

𝜔
𝑥 (𝑡) 3.10 

Where, h is the hysteresis damping constant and ω is the angular excitation frequency. Equation 3.10 

defines that Fd is proportional to the velocity as the system is viscously damped. Now, substituting 

the coefficient viscosity in equation 3.6 by Fd , a new expression for material damping can be 

obtained as- 

 
𝐹(𝑡) =  𝐾𝑥(𝑡) +

ℎ

𝜔
𝑥 (𝑡) 3.11 

Where Kx(t) represents the elastic force of the system which is not related to damping. Equation 

3.11 indicates that the complex modulus approach of Kelvin-Voigt model (equation 3.2) is also 

related to the hysteresis notion of explaining material damping which is common in viscoelastic 

material. Now, the system response of equation 3.6 can be considered to be 𝑥(𝑡) =  𝑥𝑜 sin 𝜔𝑡 when 

the external load F(t) is just enough to balance the damping force, Fd and substituting the value of 

x(t) into equation 3.11 we get- 

 
 
𝑥(𝑡)

𝑥0
 

2

+  
𝐹(𝑡) − 𝐾𝑥(𝑡)

ℎ𝑥𝑜
 

2

=  1 3.12 

Equation 3.12 describes an elliptical shape hysteresis loop diagram of figure 3.2 whose characteristic 

property related to damping i.e. the energy dissipation capacity per cycle of loading can be expressed 

as- 

 

∆𝑊 =   𝐹𝑑𝑑𝑥 =  
ℎ

𝜔

2𝜋

𝜔

0

𝑥 2𝑑𝑡 = 𝜋ℎ𝑥𝑜
2  3.13 

Equation 3.13 indicates that at low stress levels the dissipated energy during one cycle of loading is 

proportional to the square of the maximum displacement amplitude. It is also evident from this 

equation that when a linear system is subjected to a cyclic stress condition in such a way that the 

anelastic strain component remains below the elastic component, the inherent damping ability of that 

system entirely depends on the rate of the strain.  

3.3 Damping Measurement and Measures 

The different measures of damping as well as the different damping measurement techniques 

applicable to simple linear mass-spring-dashpot system can be correlated to a particular mode of 

vibration of a structure having multiple modes of vibration. The dynamic responses of each single 

mode or mode shape are attributed by the corresponding modal natural frequency, modal mass, 

modal stiffness and modal damping factor (76). The characteristics modal natural frequencies, 

damping values and corresponding mode shapes can be extracted by the experimental modal analysis 

in where measurement of frequency response functions (FRFs) are performed by exciting the 
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Transfer function 

H(iω) 

Input Force 

F(ω) 

Displacement 

Response 
X(ω) 

investigated structure in several points and taking the responses from one single point or vice versa 

as well as by performing different operations (i.e. curve fitting) on the raw data of measurements. 

The frequency response function (FRF) which is a complex transfer function expressed in the 

frequency domain, is defined as the ratio of the complex spectrum of response to the complex 

spectrum of excitation. It can be displacement, velocity or acceleration dependent. Figure 3.3 shows 

a simple representation of a complex transfer function, H(iω).  

 

 

 

 

 

 

The relationship in figure 3.3 can be defined as  

 𝑋 𝜔 =  𝐻 𝑖𝜔 . 𝐹(𝜔)  3.14 

Or  

 
𝐻 𝑖𝜔 =  

𝑋 𝜔 

𝐹(𝜔)
 3.15 

If we consider a linear SDOF system described in equation 3.6 where the periodic excitation force is 

a complex function i.e. 𝐹 𝑡 = 𝐹0𝑒
𝑖𝜔𝑡  and after finding the general solution for damped free 

vibration case, the system can be represented by the following linear differential equation- 

 
𝑥 (𝑡) + 2𝜁𝜔𝑛𝑥 (𝑡) + 𝜔𝑛

2𝑥(𝑡) =  
𝐹0

𝑚
𝑒𝑖𝜔𝑡  3.16 

The response x(t) of the system should also be a complex function satisfying the equation 3.16. The 

particular solution, xp(t) of the linear differential equation 3.16 can be found as- 

 𝑥(𝑡) = 𝑋𝑒𝑖(𝜔𝑡−𝜙) 3.17 

Where φ is the phase difference between response and excitation force frequency. Finding out the 

first and second derivative of equation 3.17 and putting the values in equation 3.16, it becomes- 

 

𝑋𝑒−𝑖𝜙 =

𝐹0

𝑘

 1 − 𝑟2 + 𝑖2𝜁𝑟
 3.18 

Figure 3-3: Simple representation of a complex Transfer Function 
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Where r is defined as the ratio between the angular frequency ω and the natural angular frequency of 

the system, ω0 i.e r=ω/ω0 

By taking the Fourier transform of each side of equation 3.18, the FRF of the above mentioned 

SDOF linear system can be found as- 

 
𝐻 𝑖𝜔 =

𝑘𝑥𝑒−𝑖𝜙

𝐹0
=

1

 1 − 𝑟2 + 𝑖2𝜁𝑟
 3.19 

The magnitude and phase angle φ of H(iω) in equation 3.19 can be derived as- 

 

 𝐻 𝑖𝜔  =  
𝑋

𝐹0
 =

1

𝑘

  1 − 𝑟2 2 +  2𝜁𝑟 2
 

𝜙 = tan−1  
2𝜁𝑟

1 − 𝑟2
  

3.20 

Equation 3.20 defines the compliance FRF. Now, the particular solution of the SDOF system in 

terms of transfer function can be written as- 

 
𝑥(𝑡) =

𝐹0

𝑘
 𝐻(𝑖𝜔) 𝑒𝑖(𝜔𝑡−𝜙) 3.21 

From equation 3.22 by taking the first and second derivative, the mobility and accelerance FRF can 

be found as follows – 

The magnitude and phase angle of Mobility FRF are- 

 
 𝐻 𝑖𝜔  =  

𝑉

𝐹0
 =

𝜔

𝑘

  1 − 𝑟2 2 +  2𝜁𝑟 2
 

𝜙 = tan−1  
− 1 − 𝑟2 

2𝜁𝑟
  

3.22 

And the magnitude and phase angle of Accelerance FRF are- 

 

 𝐻 𝑖𝜔  =  
𝑋

𝐹0
 =

𝜔2

𝑘

  1 − 𝑟2 2 +  2𝜁𝑟 2
 

𝜙 = tan−1  
2𝜁𝑟

𝑟2 − 1
  

3.23 

In order to quantify the level of damping present in a structure under sinusoidal vibrating condition 

related to a specific mode of vibration, Half-Power bandwidth or 3dB bandwidth method can be 

used by assessing the peak amplitude at resonance frequency of the vibrating structure in 

Compliance frequency response function. The damping quantity (loss factor value, η) in half-power 

bandwidth method can be defined as the ratio of bandwidth, Δω and resonant frequency ωn such as 

η= Δω/ ωn where Δω is the difference between angular frequencies ω1 and ω2 located at the lower 
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and upper side of the resonant frequency ωn corresponding to the point of Amax/√2 where Amax is the 

maximum amplitude at ωn.  

In this study, accelerance FRF has been used in experimental modal analysis for characterizing the 

dynamic properties of the investigated structure with free-free boundary condition and flexural mode 

shape. For analytical modal analysis, the dynamic damping property (frequency dependent) of the 

investigated structure has been determined based on the concept of ‘Damping capacity, ψ’ and ‘Loss 

factor, η’ which are two most used measures of inherent damping capacity (material damping 

capacity) of a structure.  

Loss factor is a dimensionless quantity, often is expressed as a fraction of critical damping, ξ which is 

the minimum viscous damping quantity of a displaced system with which the system can return to its 

initial position without oscillation (83). In case of an SDOF system of structural deformation under 

oscillatory vibration, the loss factor defines the fraction of mechanical energy lost per cycle of 

vibration. 

For an oscillatory stress operating on a material whose response or deformation behavior can be 

described by equation 3.9, the stress and strain function can be characterized by- 

 𝜎 = 𝜎0𝑒
𝑖𝜔𝑡  3.24 

And  

 𝜖 = 𝜖0𝑒
[𝑖 𝜔𝑡−𝜙 ] 3.25 

Where, σ0 is the stress amplitude and ϵ0 is the strain amplitude; ω the is angular frequency of 

vibration; φ is the loss angle i.e. the angle strain lags stress. The ratio of σ and ϵ of equations 3.24 and 

3.25 define the complex modulus of the material which has both energy dissipation and strain energy 

storage capacity. So, the complex modulus can be defined as- 

 𝐸∗ =
𝜎

𝜖
=

𝜎0

𝜖0

 cos 𝜙 + 𝑖 sin 𝜙 = 𝐸1 + 𝑖𝐸2 3.26 

Where E1 is the storage modulus associated with strain energy storage capacity, such as- 

 𝐸1 =
𝜎0

𝜖0
cos 𝜙 3.27 

And E2 is the loss modulus associated with energy dissipation, such as- 

 𝐸2 =
𝜎0

𝜖0
sin 𝜙 3.28 

And the loss factor is the ratio of E2 and E1 as per definition, can be expressed as- 

 
𝜂 =

𝐸2

𝐸1
= tan 𝜙 = 2𝜉 3.29 
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Where, tanφ is called the ‘loss tangent’.  

The damping capacity, ψ can be defined as the ratio of the dissipated energy per cycle to the total 

stored energy in the vibrating system. If D denotes the dissipated energy per cycle and U denotes the 

total stored energy, then the loss factor, η can be expressed in term of damping capacity, ψ in the 

following way- 

 
𝜂 =  

𝜓

2𝜋
=

𝐷

2𝜋𝑈
 3.30 

In case of a structural deformation under periodic stress cycle, whose system behavior is 

characterized by equation 3.19 and stress and strain functions are defined by equations 3.24 and 3.25 

respectively , with the explanation of hysteresis loop method, D and U can be defined as- 

 
𝐷 =  𝜎𝑑𝜖 3.31 

Comparing with equation 3.13, one may find D is as- 

 
𝐷 =  𝜋𝐸2𝜖 𝑑𝑣𝑜𝑙 3.32 

And  

 
𝑈 =  

𝐸1𝜖
2

2
 𝑑𝑣𝑜𝑙 3.33 

In this study equations 3.31, 3.32 and 3.33 have been used for calculating the loss factor, η of the 

investigated structure.  

3.4 Loss Factor Calculation of Free Layer CNx Coating Material 

The system loss factor value of the investigated CNx coating material can be calculated based on the 

work of Peter.J Torvik (49). For calculating the damping capacity of the coated structure the 

following assumptions are made on the coating material. 

 The coating material is considered to be linear as it undergoes the same bending deformation 

with the substrate (same bending mode shape). 

 The coating material is considered to be homogeneous (having uniform thickness) and 

isotropic. Since the bonding between the substrate and the coating layer is high, the strain 

distribution within the coating material as well as in the substrate is same and linear in all 

directions. Consequently the interface between the substrate and coating layer undergoes into 

the same linear strain distribution. 
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 As the free layer damping treatment is conducted in bending modes, the dominant 

component of strain is tensile (first principle strain). 

The method explained in ‘analysis of free-layer damping coatings’ (49) deals with the strain energy of 

the structure subjected to cyclic bending strain. The calculation procedure described here requires 

the coating to be applied on a beam with uniform thickness. In this study instead of using flat beams, 

internal turning tools (round shaped beams) have been used as substrates (see substrate description 

in chapter 4), so the equations for material damping calculation derived in this study differ from the 

equations used in the above mentioned study of Peter.J Torvik. 

Let us first consider a small portion within the coating layer (see figure 3.4) at R radial distance from 

the tool center, in which the strain distribution is linear. This small portion creates dθ angle at the 

center. The dimension of this tiny coating layer is: thickness dR, width ds and length L (tool length).  

Volume of the smallest coating layer 

 𝑑𝑣𝑜𝑙 = 𝐿 × 𝑑𝑅 × 𝑑𝑠 3.34 

Strain distribution within this layer (at distance R) 

 
𝜖𝑅 =∈𝑟×

𝑅

𝑟
 3.35 

Where ϵR is the strain at the distance R and ϵris the strain at the interface. R is the radius of the 

substrate (round tool) (figure 3.4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-4: Cross sectional view of a coated tool 
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The dissipative properties of the substrate and coating material may be represented by introducing 

complex form of the respective elastic modulus of the structures.  

The complex form of the elastic modulus is- 

 𝐸∗ = 𝐸1 + 𝑖𝐸2 = 𝐸1(1 + 𝑖𝜂) 3.36 

Where η is the Loss factor of the material defined by the equation 3.29. For substrate and coating 

material E1 and E2 are denoted by  𝐸𝑏1
,  𝐸𝑏2

 and 𝐸𝑐1
, 𝐸𝑐2

 respectively. 

Considering the equations from 3.34 to 3.36, the following expressions can be derived for calculating 

the system loss factor of the coated tool 

(1) Energy dissipated from coating layer (per cycle) 

 
𝐷𝑐 =   𝜋𝐸𝑐2

 𝜖𝑅
2  𝑑𝑣𝑜𝑙 = 𝜋 𝐸𝑐2

𝜖𝑟
2   

𝑅2

𝑟2
× 𝐿 × 𝑅 × 𝑑𝑅 × 𝑑𝜃

2𝜋

0

𝑟+𝑡

𝑟

= 𝜋𝐸𝑐2
 𝐿 

𝜖𝑟
2

𝑟2   𝑑𝜃 𝑅3𝑑𝑅
2𝜋

0

𝑟+𝑡

𝑟

=  2𝜋2𝐸𝑐2
 𝐿 

𝜖𝑟
2

𝑟2  
𝑅4

4
 

𝑟+𝑡

=  
1

2
𝜋2𝐸𝑐2

 𝐿 
𝜖𝑟

2

𝑟2   𝑟 + 𝑡 4 − 𝑟4  

3.37 

 

(2) Energy stored in coating layer,-   

 
𝑈𝑐 =  

𝐸𝑐1
𝜖𝑅

2

2
 𝑑𝑣𝑜𝑙 =  

𝐷𝑐

2𝜋 𝜂𝑚𝑎𝑡
 3.38 

 

(3) Energy dissipated from the substrate (per cycle),- 

 
𝐷𝑏 =   𝜋𝐸𝑏2

 𝜖𝑅
2  𝑑𝑣𝑜𝑙                                                         

=   𝜋 𝐸𝑏2
𝜖𝑟

2
𝑅2

𝑟2
× 𝐿 × 𝑅 × 𝑑𝑅 × 𝑑𝜃

2𝜋

0

𝑟

0

= 𝜋𝐸𝑏2
 𝐿 

𝜖𝑟
2

𝑟2   𝑑𝜃 𝑅3𝑑𝑅
2𝜋

0

𝑟

0

=  𝜋2𝐸𝑏2
 𝐿 

𝜖𝑟
2

𝑟2  2𝜋𝑅3𝑑𝑅
𝑟

0

 =  2𝜋2𝐸𝑏2
 𝐿 

𝜖𝑟
2

𝑟2 
𝑟4

4
 

=
1

2
𝜋2𝐸𝑏2

 𝐿  𝜖𝑟
2𝑟2 

3.39 

 

(4) Energy stored in the substrate,- 



 

30 
 

 
𝑈𝑏 =  

𝐷𝑏

2𝜋 𝜂𝑏
 3.40 

Now, equation 3.30 defines the System loss factor of the structure by the ratio of the total energy 

dissipated per cycle of the strain to the total energy stored in the structure, hence in this case by 

definition the loss factor value of the composite structure will be- 

(5) System Loss factor of the coated tool 

 
𝜂𝑠𝑦𝑠 =  

1

2𝜋

𝐷𝑐+ 𝐷𝑏
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So finally, the system loss factor of the coated structure can be defined as- 

 
 𝜂𝑠𝑦𝑠 =  

𝐸𝑐2
  𝑟 + 𝑡 4 − 𝑟4 +  𝐸𝑏2

𝑟4

𝐸𝑐2
  𝑟+𝑡 4−𝑟4 

 𝜂𝑚𝑎𝑡
+

𝐸𝑏2𝑟4

 𝜂𝑏

 
3.43 

Now if the system loss factor of the structure,  𝜂𝑠𝑦𝑠  and material loss factor of the substrate,  𝜂𝑏  is 

kwon then the coating material loss factor,  𝜂𝑚𝑎𝑡  can be calculated from the equation 3.43 



 

31 
 

3.4.1 Evaluation of the System Loss Factor Calculation 

Since the real part of the complex elastic modulus is associated with energy storage phenomenon as 

well as the imaginary part represents the energy dissipation during bending deformation, the system 

loss factor value as calculated from the equation 3.43 can be evaluated by the effective bending 

stiffness of the coated structure. 

The effective bending stiffness of the coated tool can be defined as- 

 𝐸𝐼𝑒𝑓𝑓 = 𝐸𝑏
∗𝐼𝑏 + 𝐸𝑐

∗𝐼𝑐𝑏 =  𝐸𝑏𝐼𝑏 + 𝑖𝜂𝑏𝐸𝑏𝐼𝑏 +  𝐸𝑐𝐼𝑐𝑏 + 𝑖𝜂𝑚𝑎𝑡 𝐸𝑐𝐼𝑐𝑏  

=  𝐸𝑏𝐼𝑏 + 𝐸𝑐𝐼𝑐𝑏  + 𝑖(𝜂𝑏𝐸𝑏𝐼𝑏 + 𝜂𝑚𝑎𝑡 𝐸𝑐𝐼𝑐𝑏 ) 
3.44 

The system loss factor under bending deformation can be defined as the ratio of the imaginary part 

to the real part of the bending stiffness- 

 
𝜂𝑠𝑦𝑠 =

𝐼𝑚(𝐸𝐼𝑒𝑓𝑓 )

𝑅𝑒(𝐸𝐼𝑒𝑓𝑓 )
=

𝜂′𝐸𝑏𝐼𝑏 + 𝜂𝑚𝑎𝑡 𝐸𝑐𝐼𝑐𝑏
𝐸𝑏𝐼𝑏 + 𝐸𝑐𝐼𝑐𝑏

 3.45 

Where  

𝜂𝑏= substrate material loss factor 

𝐸𝑏= elastic modulus of the substrate 

𝐼𝑏  = area moment of inertia of the substrate 

𝜂𝑚𝑎𝑡 = coating material loss factor 

𝐸𝑐= elastic modulus of the coating layer 

𝐼𝑐𝑏  = area moment of inertia of the coating layer with respect to the neutral axis i.e. the center line of 

the substrate. 

 Based on the assumptions made on the coating material, the system loss factors for the coated 

structure from equations 3.43 and 3.45 will be the same. 
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Chapter 4 : Methodology and Experimental Set-up 
 

4.1 Substrate’s Surface Treatment 

The quality and longevity of coating adhesion are directly proportional to the degree of substrate 

surface treatment. Without changing the topology and metallurgy of the substrate’s surface, the 

surface cleaning or treatment process can be done in following two steps (84)-  

 Surface preparation 

 Surface pretreatment  

Surface treatment steps: 

Before starting the coating deposition process, in order to increase the bonding strength between the 

investigated CNx coating material and the internal turning tool substrate the following steps were 

followed for preparing the substrate’s surface- 

1. Detergent or liquid hand-wash soap (Suma light D-1.2) cleaning with hot water by scrubbing 

the surface. 

2. Rinsing the substrate with water to remove detergent/soap and contaminants. Then drying 

up the surface with hot air gun. 

3. Ultrasonic bath cleaning with isopropyl alcohol or propanol-2 (C3H8O) solvent (Molar mass 

60.1 g/mol, purity>99.8%) for 10 to 15 minutes. Then drying up with hot-air. 

4. Abrasive grit (Glass bubble of 100-200 micron in size) blasting of substrate surface in the 

blast-cleaner machine (Guyson blast cleaner). After that removal of glass bubbles by blowing 

compressed air over the surface. 

5. Repetition of number 1, 2 and 3. 

Number 1, 2, and 3 represent the surface preparation process steps as well as number 4 and 5 are 

surface pretreatment process steps. 

4.2 Coating Deposition Process 

In this study, a plasma enhanced chemical vapor (PECVD) deposition process coupled with 

magnetron sputtering was used for depositing the carbon based CNx coating material onto the 

internal turning tool substrates. The underlying process mechanism and principle of this kind of 
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deposition process have been described in chapter 2. The following sub sections will describe briefly 

about the apparatus and substrate used for the PECVD process with specifications as well as 

deposition procedure steps with process parameters. 

4.2.1 Specifications of PECVD Apparatuses 

For the PECVD process used in this work, a custom made cylindrical vacuum chamber (200cm in 

length and 100cm in diameter) was used. And a rectangular chamber, which works as the PECVD 

reaction chamber, having the size of 133cm (Length)*30cm (width)*30cm (Height) is placed inside 

that vacuum chamber. At the top of the reaction chamber, there is a cathode opening (49.5 cm in 

length and 7.5 cm in width) onto which a standard planar magnet having a surface area of 10cm 

(width)*45cm (length) was mounted. In this deposition process two types of target plates were used- 

99.9% cu target plate (62.5cm length*12.8cm width*6mm height) and graphite plate (62.5 cm 

length*12.8 cm width*8mm height) used for copper layer and CNx coating material layer deposition 

respectively. Both of target or cathode plates were secured mechanically underneath the planar 

magnet. A Pfeiffer vacuum system consisting of a rotary vane pump (Model: DUO 065D) and a 

turbo molecular pump (model: TC750), were attached to the vacuum chamber. This vacuum system 

can reduce the air pressure of the vacuum chamber as low as 1×10-7mbar. However in our case, prior 

to starting the deposition process, the required vacuum pressure was 2.2×10-4mbar to 1×10-5mbar. 

Figure 4.1 shows the outside and inside view of the Vacuum and reaction chamber with rotary vane 

pump, turbo molecular pump and electrical connections. 

 

 

 

The magnet and target plate (cathode) were driven by an in-house developed power supply unit 
capable of delivering 2000V and 200A peak current rating. This power supply generates uni-polar 

a b 

Figure 4-1: Outside and Inside view of the vacuum and reaction chamber (a) Vacuum chamber with rotary vane 

pump, turbo molecular pump and electrical connections (b) Inside view of the reaction chamber 
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pulses to the cathode plate in order to create the required plasma discharges. With this power supply, 
an automatic power switch was used as an arc-monitoring circuit. The arc monitoring circuit 
automatically cuts-off the power if it finds 100 continuous arcs per second. Target voltage and target 
current were measured as well as they were monitored by an AgilentDSO1004A oscilloscope. A 
Tektronix P6007 high voltage probe and a Chauvin ArnouxC160 current probe measure the target 
voltage and current respectively. For applying negative DC bias voltage to the substrate, a custom 
made power supply unit was used which generates an AC-coupled 100 kHz square wave of an 
amplitude which is roughly twice (the exact value depends on the plasma conditions) the resulting 
DC-bias on the substrate, i.e. about 1200 V for a 600 V average bias voltage. The power rating of the 
bias supply is around 20 W (it also depends upon plasma conditions and substrate size). Figure 4.2 
schematically illustrates a common PECVD process coupled with high power impulse magnetron 
sputtering (HiPMS).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4-2: A schematic illustration of the PECVD process coupled with magnetron sputtering used in this experiment 

Substrate rotation was controlled by an AC motor (Bevicantoni group; 50Hz, 220-240 Dc V, 0.43-

0.47 A, 0.06 KW). The original rotational speed of the motor is 1400rpm but for this experiment, the 

required speed was reduced to 1 rpm.   

4.2.2 Substrates Used for the Experiment 

For this experiment two internal turning tools were used as substrates. The length and diameter of 

turning tool#1 which was provided by Seco are 201.62mm and 23.4mm respectively. On the other 

hand the length and diameter of turning tool#2 provided by Mircona are 198.95mm and 24.6mm 

respectively. The cad design of those substrates and coated tools are shown in figures 4.3. 



 

35 
 

 

 

  

4.2.3 Coating Machine Set-up 

Prior to the substrate setting up into the coating machine, the cathode opening area was cleaned 

properly so that, the required gases could easily be injected into the reaction chamber as well as there 

would be no occurrence of short circuit during the deposition process. After that the cu target plate 

was cleaned properly, installed with the magnet and placed on the top of the cathode opening zone. 

Then the machine was pumped down below the pressure level of 5×10-3 mbar (0.5 Pa) to check 

whether there is any lick due to having loose connections of coolant (water) pipes inside the vacuum 

chamber. After checking for licks, the substrate holders were cleaned and placed properly into the 

reaction chamber.  

After cleaning the substrate as mentioned in the substrate’s surface treatment step, it was mounted 

between the substrate holders. The distance between the substrate and the target plate was kept to 

approximately 9 cm. The bias circuit was connected to one of the holders and the whole substrate 

a b 

c d 

Figure 4-3: Isometric view of (a) uncoated turning tool#1 (b) uncoated turning tool#2 (c) coated turning tool#1 (d) 
coated turning tool#2 
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set-up was electrically isolated for confirming negative floating voltage to the substrate. Then the 

vacuum chamber was evacuated to a base pressure of approximately 2.2×10-4mbar to 1×10-5mbar 

(0.022 to 0.001 Pa). The substrate was kept at ambient temperature inside the chamber and no heat 

was applied to it. 

4.2.4 Plasma Etching of the Substrate’s Surface 

Plasma cleaning of the substrate was performed by applying -500V to -600V (DC) to the substrate. 

In order to get this desired negative DC voltage to the substrate, the voltage and current level of the 

bias power supply were set to be 150V and 200mA respectively. Prior to applying the bias voltage, 

Argon (Ar) gas was introduced into the chamber through a leak valve and the desired gas pressure 

was set to be 8.3×10-3mbar (0.83 pa). Plasma etching of the substrate was performed for 10 minutes. 

4.2.5 Copper Layer Deposition Process  

During the CNx coating deposition process, the ion bombardment phenomena try to build a highly 

dense packing of carbon atoms in the film which eventually causes a very high intrinsic compressive 

stress into the film microstructure (85). Again due to difference in temperature gradient of the steel 

substrate and CNx film layer, thermal stress is induced at the interface (2). These high compressive 

and thermal residual stresses tend to detach the film from the substrate after a critical film thickness. 

For this reason, a relatively soft and ductile thin copper layer was deposited onto the substrate 

surface by Ar sputtering of the cu target plate (99.9% in purity) at 8.3×10-3mbar (0.83 pa) base 

pressure, with varying substrate bias voltage (see table 4.1) and for 80 minutes before starting the 

CNx coating deposition process. This copper layer facilitates the substrate-film layer interface sliding, 

and thus minimizes the effect of those compressive and thermal residual stresses. 

The bias voltage was used so that the neutral copper atoms and ions could be strongly implanted 

into the substrate surface.  

The following table shows the bias power supply parameters used for this step- 

Table 4-1: Bias parameters for cupper layer deposition process step 

Negative Bias voltage 
at the substrate 

Applied bias voltage 
and current 

Process pressure   Duration of Deposition 

-340 V to -350 V 90 V; 700 mA 9.0×10-3 mbar 10 minutes 

-300 V to -310 V 80 V; 500 mA 9.4×10-3 mbar 10 minutes 

-250 V to -260 V 60 V; 400 mA 9.7×10-3 mbar 10 minutes 

-200 V to -210 V 50 V; 350 mA 9.9×10-3 mbar 10 minutes 

-150 V to -160 V 35 V; 250 mA 1×10-2 mbar 10 minutes 
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-100 V to -110 V 25 V; 200 mA 1×10-2 mbar 10 minutes 

-50 V to -60 V 10 V; 100 mA 1×10-2 mbar 10 minutes 

0 V (grounded condition) 0 V; 0 mA 1×10-2 mbar 10 minutes 

For this entire process approximately 800 V to 1000 V target voltage and 90 A to 100 A peak current 

pulses with duration of 400 µs and a repetition frequency of 330 Hz were used.  

4.2.6 CNx Coating Material Deposition Process  

After performing the copper layer deposition, the process was stopped and the cu target plate was 

changed to graphite target plate. After that the chamber was further pumped down to the base 

pressure of approximately 2.2×10-4mbar to 1×10-5mbar. In this step the carbon nitride coating (CNx) 

was deposited in a mixed Nitrogen (N2), Acetylene (C2H2) and Argon (Ar) gas atmosphere. The 

desired gas pressure (also the beginning process pressure) and N2, C2H2 and Ar gas ratio were 

maintained at 3Pa and 1:1:1 respectively. During the deposition process a peak current pulse of 

approximately 60A and a peak voltage of 800V to 1000V were applied. The pulse duration and the 

repetition frequency were set to be 400µs and 330Hz respectively. The current burning level during 

the entire deposition time was set to be 5A. Prior to start the process plasma etching of the substrate 

was done for 5 minutes with the same parameters as mentioned in the plasma etching step. After 

that the graphite target was cleaned with argon sputtering for 15 minutes with a peak current pulse of 

80 A. For the first 70 minutes the deposition was performed with varying negative bias voltage 

applied to the substrate. Substrate biasing provides better ion implantation onto the substrate 

surface.  

The following table summarized the bias parameters used for this process,- 

Table 4-2: Bias parameters for carbon nitride (CNx) coating layer deposition process step 

Negative Voltage at 
the substrate 

Applied bias voltage 
and current 

Process pressure   Duration of Deposition 

-300 V to -320 V 110 V; 600 mA 2.4×10-2 mbar 10 minutes 

-250 V to -270 V 80 V; 555 mA 2.6×10-2 mbar 10 minutes 

-200 V to -220 V 65 V; 500 mA 2.7×10-2 mbar 10 minutes 

-150 V to -170 V 60 V; 400 mA 2.9×10-2 mbar 10 minutes 

-100 V to -120 V 50 V; 350 mA 3.2×10-2 mbar 10 minutes 

-90 V to -110 V 25 V; 250 mA 3.3×10-2 mbar 10 minutes 

-50 V to -70 V 10 V; 100 mA 3.3×10-2 mbar 10 minutes 

0 V (grounded condition) 0 V; 0 mA 1×10-2 mbar Continuous  
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The process pressure varied between 2.3 Pa to 3.8 Pa during entire the deposition time. The 

deposition rate was approximately 9 to 10 microns/hour. The temperature during the process was 

measured by a temperature strip and found to be approximately 3000 C.  

4.3 Experimental Modal Analysis 

The eigen-frequencies and the damping capacity (loss factor value) of the investigated structures (the 

uncoated and coated tool) were determined by the experimental modal analyses. Data acquisition and 

analysis (modal synthesize) were done by LMSTest.Lab software (86).  

A free hanging test was conducted for experimental modal analysis in which the tool (with and 

without coating) was suspended by a long thin wire and excited by an impact hammer as shown in 

figure 4.4. So, predominantly the symmetrical bending modes (the uneven bending modes) under 

free-free boundary conditions were excited (87). In both cases of uncoated and coated tools, the 

responses of the structures were acquired by a very light accelerometer placed at the opposite side of 

the excitation point i.e. the data acquisition point is 180o to the excitation point. In this way, from the 

'drive point' measurement, where impulsive excitation and transient response signals are measured 

from the same point, a so called 'point' frequency response function (FRF) was obtained (87).  The 

‘accelerance’ FRF data were gathered by LMS SCADAS Lab hardware (88).  Figure 4.4 shows a 

schematic illustration of a typical free hanging test. Here LMS SCADAS Lab hardware works as an 

analyzer and LMSTest.Lab software works as a controller. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 4-4: Schematic illustration of 'Free Hanging Test' 
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The frequency response function was analyzed with the LMSTest.Lab modal analysis software by 

employing scrolling FRF synthesis which automatically synthesizes FRFs (86) and correlates the 

synthesized FRFs with the original ones. The analysis resulted in eigen frequencies and loss factor of 

the structure, for two dominant bending modes (mode X and mode Y) depending on the bending 

direction, for each case. The frequency range of the modal analysis was from 0 Hz to 4096 Hz. For 

eigen frequency and damping analysis the frequency range for synthesized FRF was taken to be from 

2830 Hz to 2904 Hz with 0.5 Hz frequency resolution.  Figure 4.5 shows a sample of how modal 

analysis is performed in LMS Test.Lab by FRF synthesizing. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The following table summarizes the correlation percentage between synthesized FRF and the original 

one for each mode shape of each case. 

Table 4-3: Correlation percentage between synthesized and original FRFs. 

Correlation percentage 

Mode X (uncoated tool) Mode Y (uncoated tool) Mode X (coated tool) Mode Y (coated tool) 

99.9977% 99.9983% 99.9992% 99.9979% 

 

Figure 4-5: Scrolling FRF synthesis automatically synthesizes FRFs for modal analysis 

performed in LMS Test.Lab (picture was taken from the LMS modal analysis website) 
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4.4 Material Damping Calculation  

After finding out the system loss factors of the coated and uncoated tool by experimental modal 

analyses, loss factor of the investigated CNx coating material was calculated based on the theory 

described in chapter 3 and by using eq. 3.43. The result of the calculation is a matrix of possible loss-

factor values of coating material depending on the Young’s modulus of the substrate and coating 

material, as well as depending on the structural dimensions of the substrate tool and coating layer 

thickness (see appendix). In next step these possible solution range of Young’s modulus and loss-

factor values of the coating material were evaluated by analytical eigen-frequency and frequency 

response function analyses. 

4.5 Finite Element (FE) Modal Analysis 

In order to evaluate the elastic modulus and material damping (isotropic loss factor) of the substrate 

and CNx coating material, the finite element modal analyses of the uncoated and coated tools (for 

both 600µm and 800µm) were performed in ComsolMultiphysics4.2a software. Figure 4.6 and 4.7 

illustrate the eigen frequency and frequency response function computational flow diagram in 

accordance with the evaluation of elastic modulus and material loss factor. For those analytical modal 

analyses, the CAD models of the structures were developed in SolidWorks 2003 and then imported 

into the comsol software.  
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Figure 4-6: Trial and error eigen frequency analysis conducted in comsol Multiphysics4.2a software for evaluating 

elastic modulus and loss factor which will be used as inputs in FRF analysis for final evaluation of material loss factor 
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Figure 4-7: Trial and error frequency domain analysis (FRF analysis) conducted in comsol Multiphysics4.2a software 

for evaluating material loss factor 
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4.5.1 Eigen Frequency and Frequency Response Function (FRF) Analyses 

The eigen frequency analysis of a structure finds out the natural frequencies of that structure with its 

corresponding mode shapes (89). It was performed in order to evaluate the elastic modulus of the 

uncoated tools and the coating material. The frequency response function analysis was carried out by 

computing acceleration amplitudes of the analytical FRF curve within the specified frequency 

domain found from the experimental modal analyses. The FRF analysis eventually evaluates the 

material damping capacity (loss factor value) and elastic modulus of the investigated structure 

corresponding to the system loss factor value of that structure found from the experimental modal 

analysis. Both eigen frequency and frequency response function analyses were computed for the 

same two dominant first bending mode shapes (same mode X and Y extracted from experimental 

modal analyses) of the uncoated and coated tools with both thicknesses separately.  

The following steps briefly summarize the modeling procedure in comsol Multiphysics4.2a for eigen 

frequency and frequency domain analyses (FRF analyses).  

1. CAD modeling: 3D CAD modeling of the structures were done in Solid Works2003 and 

then imported into the comsol Multiphysics4.2a software. 

 

2. Material Selection: According to the assumptions made in chapter 3, for this work isotropic 

linear elastic material model was used. The linear elastic material model adds the equations 

for a linear elastic solid and an interface for defining the elastic material properties (90). The 

material properties required for linear elastic material model are elastic modulus, Poisson’s 

ratio, density and isotropic loss factor (for damping). These properties of the substrate and 

coating materials are selected from the ‘Basic property group’ which is a sub-node to the 

individual material node as well as the values of those properties are defined by assigning in 

the corresponding ‘domains’ (geometry level) of the substrate and coating material of the FE 

model. The following table shows the values used for substrate and coating materials- 

Table 4-4: Material properties used for analytical Eigen frequency and FRF analysis 

 Elastic modulus, E 
(GPa) 

Poission’s ratio, ν Density ,ρ (kg/m^3) Isotropic loss factor 

 Eigen 
frequency 
analysis 

FRF 
analysis 

Eigen 
frequency 
analysis 

Frequency 
domain 
analysis 

Eigen 
frequency 
analysis 

FRF 
analysis 

Eigen 
frequency 
analysis 

FRF analysis 

Substrate 
material 
(Tool 
steel) 

Value was 
evaluated 

from a 
range of 
209 GPa 
to 214 

GPa with 
0.5 GPa 

resolution 

The value 
found 

from the 
eigen 

frequency 
analysis  

 0.28  0.28 7700 
kg/m^3 

7700 
kg/m^3 

value found 
from 

experimental 
modal 

analysis 

value found 
from 

experimental 
modal 

analysis 

Coating 
material 
(Graphite 

Value was 
evaluated 

from a 

The value 
found 

from the 

 0.35 0.35 1.16 
gm/cm^3 
(Measured 

1.16 
gm/cm^3 
(Measured 

value found 
from 

material 

value found 
from 

material 
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like 
material) 

range of 
48 GPa to 
49.5 GPa 
with 0.05 

GPa 
resolution 

eigen 
frequency 
analysis  

value) 
 

value) 
 

damping 
calculation  

damping 
calculation 

 

1. Physics setting: Comsol Multiphysics4.2a offers different types of ‘physics settings’ for 

simulating the original experimental setup. For these eigen frequency and frequency domain 

analyses, ‘solid mechanics interface’ was used in order to solve the ‘linear elastic material 

model’ for displacements. The solid mechanics interface defines the equations for solid 

mechanics modeling depending on the selected study type such as eigen frequency or 

frequency domain study in our case. In ‘linear elastic material model’ feature page, the 

‘isotropic solid model’ section offers several options for describing material properties among 

which the ‘Young’s modulus and Poisson’s ratio’ option was selected, as well as for Young’s 

modulus, Poisson’s ratio and Density field ‘from material’ option was selected for all domains 

of the solid model. This means that while computing the finite element analysis, the solver 

will automatically take the values of those fields from the material properties defined in the 

‘materials’ node of the FE model for describing the substrate and coating materials. For all 

domains of the geometry, ‘isotropic loss factor’ damping type was chosen by adding a 

‘damping’ sub-node under the linear elastic material node’. In damping feature page, the 

‘from material’ option was selected for the ‘isotropic structural loss factor’ field as the values 

of this damping type were already been defined in material selection node. For simulating the 

free-free boundary condition of the experimental modal analysis, free boundary condition 

was selected by adding a ‘free’ sub-node under the ‘solid mechanics’ node. In free boundary 

condition node, the applicable boundaries are automatically selected. A ‘point spring 

foundation node’ was added under this physics setting in order to simulate the effect of the 

string with which the investigated structure (uncoated or coated tool) was being suspended 

during the experimental modal analysis. Within that ‘spring node’, the ‘spring constant’ 

option was specified as spring type, and as spring constant value 1 N/m was assigned to a 

point (in x, y and z directions) which was selected manually from the solid model 

(approximate resembling of experimental setup). 

2. Mesh setting: Mesh or mesh elements are the partitioned small units of a simple geometric 

shape, which are created in either 3D boundary level or in 2D domain level for performing 

finite element analysis. For this eigen frequency or frequency domain analysis the 

unstructured ‘free triangular’ and ‘free tetrahedral’ mesh types were used at ‘boundary’ 

geometric entity level. Depending on the size of the selected boundary of the modeled 

structure, ‘finer’, ‘fine’, ‘normal’ and ‘coarse’ type predefined mesh size were used. The ‘free 

tetrahedral’ node was used to create mesh for the ‘remaining’ geometric entity level of the 

solid model. 
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3. Study settings: For computing the resonant frequencies of Mode X and Mode Y (normal 

bending modes), the eigen frequency study node was used. The desired number of getting 

eigen frequencies was set to be 6 and depending on the experimental result, 3000 Hz was 

selected around which the result would be found. In case of eigen frequency analyses of the 

uncoated tools, in ‘eigen frequency’ study step a ‘parametric sweep’ study node was added for 

evaluating the range of possible elastic modulus values of tool steel (the investigated turning 

tools were assumed to be made of tool steel material). On the other hand, in case of coated 

tools (with both thicknesses) two ‘parametric sweep’ nodes were added for evaluating the 

possible calculated elastic modulus and loss factor values of the coating material. In 

‘parametric sweep’ study setting, the desired parameters (elastic modulus of substrate or 

coating material, loss factor of coating material) which will be evaluated are added in the 

‘parameter names’ field. The values of these parameters are specified in ‘parameter values’ 

field as a vector quantity with monotonically increasing or decreasing order, or as a ‘range’ 

form (start value, stop value and step value). Prior adding to the parameter study setting, each 

parameter of interest must be defined globally in the ‘parameters’ field of the ‘global 

definition’ node. The parametric sweep and eigen frequency solvers together compute the 

finite element analysis by taking only one parameter value from each ‘parametric sweep study’ 

at a time starting from the minimum value. After computing the analysis with these starting 

values, the solvers start to compute the next analysis with the new parameter values (previous 

values + step values for each parameter) and thus the solvers stop the analysis when the 

parameter values reach the maximum points of the parametric sweep ranges. All solutions 

(for each parameter value) are stored in the solver memory. 

 
For computing frequency response function (FRF) analysis, in order to evaluate the material 

loss factor value of the substrates and coating, frequency domain study node was used. The 

frequency range and resolution were the same as used in physical experiment. 

4.6 Microstructure Analysis of the CNx Coating Film 

While preparing samples (coated tool), two small silicon pieces were placed onto the tool holder. So 

the same coating material was deposited onto those silicon pieces which were later investigated with 

a Scanning Electron Microscope (SEM; Model: Hitachi S-3700N) for finding out the microstructure 

of the film and the rough estimation of different component compositions into the coating material. 
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Chapter 5 : Results and Discussions 
 

5.1 Elastic Modulus and Damping Property of the Uncoated Tools (Substrates) 

The minimum difference between the resonant frequencies found from the experimental modal 

analyses and analytical eigen frequency analyses, as well as the best fitted analytical FRF curves with 

the experimental FRF curves provide the mode shape dependent elastic modulus and loss factor 

values of the substrates. Those simulated and measured resonant or eigen frequencies and FRFs were 

extracted for both mode X and mode Y. The following table summarizes the results found for both 

of the uncoated turning tools. 

Table 5-1: Results found from the experimental and analytical analyses for both of the tools 

Substrates Result Topics Mode X Mode Y 

Turning Tool#1 
(Provided by Seco) 

Elastic modulus 212.45 Gpa 210.95 Gpa 

Loss factor (damping 
property) 

0.0002 0.0002 

Eigen frequency  2847.655 Hz 2855.218 Hz 

Turning Tool#2 
(Provided by Mircona) 

Elastic modulus 210.825 Gpa 210.525 Gpa 

Loss factor (damping 
property) 

0.00019 0.00008 

Eigen frequency  3117.893 Hz 3139.318 Hz 

The loss factor values of the tools shown in table 5.1 are the optimized values which were quantified 

by finding the best correlation between the analytical and measured frequency response curves 

(acceleration amplitudes). The experimental loss factor value for turning tool#1 was 0.00024 for 

both modes as well as for turning tool#2, the values were 0.00018 and 0.00012 for mode X and Y 

respectively. The results in table 5.1, shows that the elastic modulus of both tools is frequency 

dependent but the damping property (loss factor value) of turning tool#1 does not depend on 

frequency whereas it is frequency dependent in case of turning tool#2.   

The following figures show the comparisons between the experimental and analytical FRFs. 
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In figure 5.1, it can be seen that the analytical acceleration amplitude frequency response curve 

having 0.0002 loss factor fits better than that having 0.00024 loss factor with the experimental 

acceleration amplitude frequency response curve having the loss factor value of 0.00024. In all cases, 

for turning tool#1, the single degree of freedom (SDOF) ‘accelerance’ frequency response functions 

(FRFs) of mode X and mode Y were extracted and analyzed for the corresponding excitation points 

which are perpendicular to each other. 

Figure 5-1: Comparison between the experimental and analytical FRFs of the uncoated turning tool#1  

for X and Y modes 
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In figure 5.2, the multiple degrees of freedom (MDOF) ‘accelerance’ frequency response function 

was extracted and analyzed for the excitation point which was found to be optimized (best fit 

between experimental and analytical FRF curves) at the 750 angle to the mode Y reference excitation 

point from the analytical FRF analyses.   

5.2 Dynamic Mechanical Properties of the Coating Material 

The experimental modal analyses of the coated samples (800 µm coated turning tool#1 and 600 µm 

coated turning tool#2) reveal that the eigen frequencies of the 800 µm coated sample are 2876.858 

Hz and 2884.620 Hz for mode X and mode Y respectively, and for 600 µm coated tool these values 

are 3121.934 Hz and 3142.69 Hz for mode X and mode Y respectively. The analytical eigen 

frequency and frequency response function analyses of those coated tools quantify the 

corresponding elastic modulus values for mode X and mode Y i.e. 49.1 GPa and 48.7 GPa for 800 

µm thick coating layer as well as 33.5 GPa and 32.5 GPa for 600 µm thick coating layer. Figure 5.3 

shows the mode shapes of uncoated and coated samples. 

Figure 5-2 : Comparison between experimental and analytical FRFs of the uncoated turning 

tool#2 



 

49 
 

                           

  

 

The resonant frequencies of both coated samples are shifted to higher level comparing to the 

resonant frequencies of the corresponding substrates. For 800 µm coated sample the eigen 

frequencies are shifted by 29.2 Hz and 29.4 Hz for mode X and mode Y respectively as well as for 

600 µm coated sample the eigen frequencies are shifted by only 4 Hz and 3.4 Hz for mode X and 

mode Y respectively (see figure 5.4 and 5.5; table 5.1 and 5.2). This observable frequency shifting 

event from lower frequency level to higher frequency level in both modes of the coated samples 

specifies the increased cross-sectional flexural stiffness in the composite structures (coated samples) 

(91). The difference between the corresponding mode shapes’ eigen frequencies of the uncoated and 

coated tools indicate that the 800 µm coating layer has more influence on the substrate for shifting 

the resonant frequency to the more higher level than 600 µm coating layer. This reflects that the 

bending or flexural stiffness increases linearly with the coating thickness. 

5.2.1 Damping Property of the Coating Material 

Under the same experimental condition the acceleration amplitude of the frequency response 

function curves of the uncoated and coated samples are shown in figure 5.4 and 5.5. Figure 5.4 

shows that the frequency response acceleration amplitudes of the 800 µm coated sample are reduced 

by 30.99% for mode X and 44.94% for mode Y. Again in figure 5.5 it can be seen that for 600 µm 

coated sample, the mode X frequency response acceleration amplitude is decreased by 73.03% but 

the mode Y frequency response acceleration amplitude is increased by 91.67%.  

(1) (2) (3) (4) 

Figure 5-3: Mode shapes of the uncoated and coated Tool; (1) Uncoated Tool mode X (2) 

Coated Tool mode X (3) Uncoated Tool mode Y (4) Coated Tool mode Y-extracted from finite 

element analyses 
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These decreased acceleration amplitude for mode X and increased acceleration amplitude for mode 

Y phenomena of the 600 µm coated tool#2 can be explained through the specific physical locations 

of the excitation points on the uncoated and coated tools during the ‘driving point’ FRF 

measurements of the corresponding structures. For 600 µm coated tool#2, the SDOF mode X and 

mode Y frequency responses were measured separately in where the excitation points were 

perpendicular to each other. But for uncoated tool#2, the MDOF frequency response was measured 

and in this case from the analytical FRF analysis of the tool, it was found that the excitation point is 

located at the 75o angle to the mode Y reference excitation point on the 600 µm coated tool#2. This 

means that the excitation point is closer to the SDOF mode X excitation point and for this reason 

the total measured frequency response function of the uncoated tool#2 is dominated by the larger 

modal contribution factor of mode X than that of mode Y which is evident from the larger 

acceleration amplitude value of mode X than that of mode Y in figure 5.2 and 5.5. For this reason, 

the acceleration amplitude of the mode Y frequency response function is found to be increased 

apparently in case of 600 µm coated tool#2, though it has the larger system loss factor value than the 

uncoated tool#2 for mode Y (see table 5.1 and 5.2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-4: Experimental Frequency Response Functions of the uncoated turning tool#1 and 

800 µm coated tool#1 
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The phenomenon of acceleration amplitude attenuation in frequency responses of the corresponding 

modes of the coated samples indicates the increased damping effect of the coating material on the 

substrate (91), (92). 

The following table summarizes the results regarding the damping property of the coating material- 

Table 5-2: Results associated with damping properties (loss factor values) of the coating material 

Coated Samples Topics Mode X Mode Y 

800 µm coated tool System loss factor of the 
coated tool 

0.00048 0.00048 

 loss factor of the coating 
material 

0.004 0.004 

 Eigen frequency of the 
coated tool 

2876.858 Hz 2884.620 Hz 

600 µm coated tool system loss factor of the 
coated tool 

0.00262 0.0006 

 loss factor of the coating 
material 

0.045 0.0115 

 Eigen frequency of the 
coated tool 

3121.934 Hz 3142.69 Hz 

The system loss factor values of the coated samples shown in table 5.2 are extracted from the 

experimental modal analysis. But using the material damping lass factor values, found from the 

Figure 5-5: Experimental Frequency Response Functions of the uncoated turning tool#2 and 

600 µm coated tool#2 
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analytical eigen frequency and FRF analyses, the damping calculation equation (equation 3.11 or 

3.12) gives the system loss factor values of 0.002 (mode X) and 0.0005 (mode Y) for 600 µm coated 

tool#2 as well as loss factor value of 0.00045 (both mode X and Y) for 800 µm coated tool#1. The 

results shown in table 5.2 also reveal that for 600 µm coated sample the damping property of the 

coating material is frequency dependent whereas for 800 µm coated sample it does not depend on 

the frequency.  

Figures 5.6 and 5.7 illustrate the experimental and analytical mode X acceleration amplitude 

frequency response curves for 800 µm and 600 µm coated samples respectively. For 800 µm coated 

tool#1 the analytical analysis was conducted with 49.1 GPa Young’s modulus and 0.004 loss factor 

value of the coating material with the corresponding 0.00045 system loss factor value of the coated 

tool for getting the mode X frequency response function curve. 

 

 

 

 

 

 

 

 

 

 

 

 

 

In case of 600 µm coated tool#2 for deriving the mode X frequency response function curve, the 

analytical analysis was conducted with 33.5 Gpa Young’s modulus and 0.045 loss factor value of the 

coating material with the corresponding 0.002 system loss factor value of the coated tool. 

 

 

Figure 5-6: Experimental and Analytical FRF curves of the 800 µm coated tool#1 for mode X.  
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From figures 5.6 and 5.7 it can be seen that in case of 600 µm coated tool#2, the difference between 

the analytical and measured FRF curve is larger than that in case of 800 µm coated tool#1. The 

reason behind this large difference can be comprehended from the poor element meshing as well as 

inadequate boundary condition modeling during the analytical frequency response function analysis 

of the corresponding mode for the coated tool. 

Figures 5.8 and 5.9 show the experimental and analytical mode Y frequency response function curves 

for 800 µm and 600 µm coated samples respectively. In order to extract the mode Y frequency 

response function, for 800 µm coated tool#1 the analytical analysis was conducted with 48.7 Gpa 

Young’s modulus and 0.004 loss factor value of the coating material with the corresponding 0.00045 

system loss factor value of the coated tool. 

 

 

 

 

 

 

Figure 5-7: Measured and Analytical FRFs of mode X for 600 µm coated tool#2 
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In case of 600 µm coated tool#2 for getting mode Y frequency response function curve, the 

analytical analysis was conducted with 32.5 Gpa Young’s modulus and 0.0115 loss factor value of the 

coating material with the corresponding 0.0005 system loss factor value of the coated tool. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-8: Experimental and Analytical FRF curves of the 800 µm coated tool#1 for mode Y.  

Figure 5-9: Measured and Analytical FRFs of mode Y for 600 µm coated tool#2 
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5.2.2 Microstructure and Material Compositions of the Coating Film 

A cross sectional view (SEM image) of the deposited carbon based nano-damping material is shown 

in figure 5.10. To take this SEM image, a sample of the same coating material was deposited on a 

silicon piece substrate during the preparation of the 800 µm coated sample. In figure 5.10, it can be 

seen that the carbon based material’s continuous columnar structures are uniformly assembled on 

the substrate. The thickness of a columnar structure could be several micrometers.  The SEM image 

also reveals that the gap between the columnar structures is much higher than that of carbon nano-

tube film deposited by CVD process as mentioned in the article ‘Carbon nanotube films for damping 

applications’ (92) which means that our deposited film has a great extent of porosities.  

 

 

 

A rough estimation of the material compositions in the investigated coating film was also found 

from the SEM test result. The atomic mass percentage of different materials of the composite 

coating film is shown in figure 5.11.  

 

 

 

 

Columnar structures 

Gap 

Figure 5-10: SEM cross sectional image of the carbon based coating material deposited on a 

silicon piece substrate 
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From the figure it can be estimated that the deposited film has 38% Carbon, 30% Copper, 9% 

Nitrogen and 23% Oxygen.  

5.3 Damping Mechanism Prediction of the Coating Material  

The material or structural damping can arise from the frictional energy losses between the average 

densely packed thin (several micron thickness) columnar structure type clusters of the carbon based 

CNx coating material when they undergo high-frequency bending deformation (92). Voids or 

porosities present in the coating material microstructure can further increase the damping capacity of 

the coated sample by relaxing the columnar structure boundaries during the flexural structural 

deformation as well as by providing enough space for enhancing interface slippage mechanism under 

the vibrational loading (91). This interface slippage can be attributed as an efficient damping 

mechanism in terms of higher frictional energy loss because the columnar structures have enormous 

amount of interfacial contact area and many interfaces due to having very small radius (91), (93).  

Figure 5.12 and 5.13 depict the maximum first principal strain amplitudes at the mode X and mode 

Y bending resonant frequencies of the uncoated and coated tools. 

Figure 5-11: SEM test result of % Atom of different coating material substances in the 

composition film (film length 60µm) 
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(1) (2) (3) 
(4) 

(1) (2) (3) (4) 

Figure 5-12: Maximum 1st principal strain amplitude at the eigen frequencies of the uncoated tool#1 and 800 µm 

coated tool; (1) Uncoated Tool, mode X (2) Uncoated Tool, mode Y (3) Coated Tool, mode X (4) Coated Tool, mode Y 

Figure 5-13: Maximum 1st principal strain amplitude at the eigen frequencies of the uncoated tool#2 and 600 µm 

coated tool; (1) Uncoated Tool, mode X  (2) Uncoated Tool, mode Y (3) Coated Tool, mode X (4) Coated Tool, mode Y 
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From figure 5.12 and 5.13 it can be manifested that comparing the maximum strain amplitudes of 

the uncoated and coated tools, the strain amplitude is reduced by 83.99% and 86.41% for 600 µm 

coating layer as well as by 85.67% and 77.94% for 800 µm coating layer in the bending modes X and 

Y respectively.  These maximum strain amplitude reductions can be explained by the higher bending 

dynamic stiffness values of the coated samples, which eventually enhance the energy dissipation 

capability of the composite structure (coated tools) through facilitating more slippage (94). Again the 

reduced strain amplitude values associated with the increased system loss factor values of the coated 

samples (table 5.2) depict that the damping capacity of the coating material can be ascribed to a 

function of the peak strain amplitude of the corresponding flexural modes of the coated tool (95). 

And in this case, the coating material has a linear damping effect on the substrate as the strain 

distribution is linear across the cross section of the coated tools (see chapter 3).  

5.4 Damping Capacity and Dynamic Mechanical Property Comparison between 

the CNx Coating Material And 3M-112 Viscoelastic Material  

Figure 5.14 shows the analytical frequency response function curves of the 800 µm 3M-112 

viscoelastic material coated tool and 800 µm CNx coating material coated tool for both mode X and 

mode Y. For both of the coated tools uncoated tool#1 was used as the substrate. In case of 

viscoelastic material, the coated tool’s eigen frequencies (for both of the modes) are shifted to the 

lower frequency level (see table 5.3; the mode X and mode Y eigen frequencies of the substrate in 

table 5.1) which indicates the decreasing bending stiffness of the viscoelastic coated tool under the 

structural bending deformation. From table 5.3, it is evident that the percentage reduction in mode X 

and mode Y frequency response acceleration amplitudes of the CNx coated tool is higher than that of 

the 3M-112 viscoelastic material coated tool. These relative higher acceleration amplitude values can 

be comprehended by the lower loss modulus values of the viscoelastic material. 
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The following table summarizes the difference between these two materials in terms of different 

mechanical properties and damping capacity. 

Table 5-3: Comparison between 3M-112 viscoelastic material and carbon based coating material (values are 

extracted from the analytical analyses with 800 µm coating layer of the both materials) 

Property 3M-112 Carbon based CNx coating 

Density (kg/m3), ρ 950 1160 

Poisson’s ratio 0,49 0,35 

Eigen frequency (Hz) 2767 (mode X) 2877 (mode X) 

 2773,5 (mode Y) 2884,5 (mode Y) 

Young's modulus (GPa), E 0,03139 (mode X) 49,1 (mode X) 

 0,03143 (mode Y) 48,7 (mode Y) 

Loss factor (material), η 0,56398 (mode X) 
0,004 

 0,56359 (mode Y) 

Loss modulus (E×η) 0,017703332 (mode X) 0,1964 (mode X) 

 0,017713634 (mode Y) 0,1948 (mode Y) 

% Reduction in acceleration amplitude 4,53 (mode X) 49,62 (mode X) 

 22,77 (mode Y) 58,69 (mode Y) 

Specific bending stiffness (EI/ρ) 3,30421E-05 (mode X) 0,042327586 (mode X) 

 3,30842E-05 (mode Y) 0,041982759 (mode Y) 

Figure 5-14: Analytical FRF curves of the traditional viscoelastic (3M-112) material coated 

sample and carbon based coating material coated sample; For both of the case the coating 

thickness is taken to be 800 µm 
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Damping capacity of the viscoelastic materials (such as 3M-112 in this case), degrade significantly at 

elevated temperature. Usually the operating temperature range for this kind of material varies 

between the ranges of 00 C to 1000 C (92). But the carbon based coating material (e.g. CNx coating) 

can withstand higher temperature (for example up to 6000 C) without any significant loss in damping 

performance as well as in mechanical properties. 

Loss modulus is a better measure of the intrinsic material damping of a structure than the loss factor 

value because the loss modulus parameter predominantly drives the responses of both the substrate 

and the composite structure (e.g. uncoated turning tool coated with free layer coating material) (47). 

From table 5.3 it can be seen that, although the loss factor value of the 3M-112 viscoelastic material 

is higher, the loss modulus value is lower than that of the carbon based CNx coating material.  

The specific bending stiffness of the carbon based coating material is much higher than that of 

viscoelastic material (see Table 5.3). This higher flexural stiffness value of the carbon based coating 

material offers multi-functionality for the coated tool such as increased strength, higher effective 

fracture toughness leading to more frictional energy dissipation ability under high vibration loading 

(94).  
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Chapter 6 : Conclusion  
 

6.1 Summary 

In this work a methodology, based on minimizing the difference between the experimental and 

analytical frequency response acceleration amplitudes at the bending resonant frequencies, has been 

presented to address the frequency dependent mechanical and damping properties of a novel carbon 

based (CNx) nano-structured damping material.  

For the experimental modal analyses, free hanging impact tests: first to the bare substrates and then 

to the coated substrates were conducted at the free-free boundary condition. Eigen frequencies and 

system loss factors were extracted for the first two fundamental bending modes (mode X and Y) 

through the 'accelerance' frequency response functions obtained from the 'drive point' measurements 

of the impact tests. Then, an array of the potential material damping loss factor and elastic modulus 

values of the coating material, corresponding to the system loss factor values of the composite 

structures found from the experimental analyses, was derived from the 'free layer damping 

calculation' based on the 'strain energy' method. Next, the elastic modulus and loss factor of the 

coating material were evaluated by the iterative finite element eigen frequency and frequency 

response function analyses for the corresponding flexural mode shapes. These material properties 

were characterized for 800 µm and 600 µm CNx coating material layers. 

The 800 µm and 600 µm film layers were produced and deposited onto two internal turning tools 

(tool steel substrates) by the plasma enhanced chemical vapor deposition process in an Ar, N2 and 

C2H2 gas reactive atmosphere. The deposition process was carried out by the high power impulse 

magnetron sputtering of the Cu and C target plates at the desired gas pressure of 3 Pa; 800 V to 1000 

V target voltage; 60 A to 80 A peak current pulse with a pulse duration of 400 µs and a repetition 

frequency of 330 Hz. Prior to the deposition, the substrate was plasma etched with -500 V to -600 V 

DC bias voltage. 

The following observations have been manifested from the investigation: 

a) The resonance frequency of the coated tools were shifted to high frequency level attributing 

to the higher bending stiffness induced into the coated structures due to application of the 

coating material. Again, 40% to 73% acceleration amplitude attenuation at the resonant 

frequencies depicts the notably improved damping capacity (2 to 5 times increase in system 

loss factor value compared to the substrates) of the coated tools. 

 

b) The demonstrated procedure derived the elastic modulus and loss factor  of the CNx coating 

material to be approximately in the range of 32.5 GPa to 49.1 GPa and 0.004 to 0.045 

respectively.  
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c) Comparison between the 3M-112 viscoelastic material and CNx coating material assumed 

that the coating material has larger damping effect on the substrate which can be 

characterized by the 3 to 10 times higher reduction in frequency response acceleration 

amplitudes of the composite structures compared to the viscoelastic material. Investigation 

also revealed that the coating material has higher bending stiffness. 

 

d) From the scanning electron microscopy (SEM) analysis of the CNx coating material samples, 

it can be conceived that the homogeneous coating layer can provide the intrinsic material 

damping due to the interfacial frictional losses between the columnar micro-structures 

(amorphous growth) of the coating material during the high frequency bending deformation. 

 

e) From results and discussions, it can be manifested that, the elastic modulus and loss factor 

value of the CNx coating material found from the analyses of turning tool#1 and 800 µm 

coated tool#1 are more comprehensible than those found from the analyses of turning 

tool#2 and 600 µm coated tool#2.  

6.2 Future Work 

It will be interesting to dig deeper into the following subject matters for further characterizing the 

dynamic material properties of the carbon nitride coating material: 

1) Since the DC bias voltage to the substrate has a great impact on the composition and micro-

structure of the interfaces formed within the coating layer, several samples can be produced 

with different bias voltages (for example from 0 V to 300 V with 50 V resolution). And then 

investigations can be carried out to quantify the effect of different interface micro-structures 

on the dynamic material properties of the coating material. 

 

2) Further investigations can be performed in order to evaluate the dynamic mechanical and 

damping characteristics of different morphologies (such as spring-like carbon micro-coils, 

carbon nano-tube) of the coating material. Thus a correlation can be established among the 

physical parameters of a desired morphology of the coating material, corresponding process 

parameters and the dynamic material properties of the respective the coating layer. 

 

3) In order to anticipate the non-linearity (amplitude dependent) and the effect of varying 

temperatures (e.g. from room to elevated temperatures) in the damping characteristics of the 

coating material, the ‘accelerance’ frequency response function can be extracted as a function 

of maximum strain amplitude of the coating layer interface with the substrate as well as a 

function of temperature at each strain level.  

 

4) A statistical damping distribution model can be developed in order to quantify the effect of 

varying film layer thicknesses on the dynamic material properties of the coating material. 
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Appendices  
 

Damping calculation matrix for 800 µm coated tool 

Mode X Table 

Table 0-1: Mode X system loss factor calculation (800 micron coated tool) 

  Modulus of rigidity of coating material,Ec 

    48,5 48,6 48,7 48,8 48,9 49 49,1 49,2 49,3 49,4 49,5 

Coating 
material loss 
factor, ηmat 

0,001 0,00025 0,00025 0,00025 0,00025 0,00025 0,00025 0,00025 0,00025 0,00025 0,00025 0,00025 

0,0015 0,00029 0,00029 0,00029 0,00029 0,00029 0,00029 0,00029 0,00029 0,00029 0,00029 0,00029 

0,002 0,00032 0,00032 0,00032 0,00032 0,00032 0,00032 0,00032 0,00032 0,00032 0,00032 0,00032 

0,0025 0,00035 0,00035 0,00035 0,00035 0,00035 0,00035 0,00035 0,00035 0,00035 0,00035 0,00035 

0,003 0,00038 0,00038 0,00038 0,00039 0,00039 0,00039 0,00039 0,00039 0,00039 0,00039 0,00039 

0,0035 0,00042 0,00042 0,00042 0,00042 0,00042 0,00042 0,00042 0,00042 0,00042 0,00042 0,00042 

0,004 0,00045 0,00045 0,00045 0,00045 0,00045 0,00045 0,00045 0,00045 0,00045 0,00045 0,00045 

0,0045 0,00048 0,00048 0,00048 0,00048 0,00048 0,00049 0,00049 0,00049 0,00049 0,00049 0,00049 

0,005 0,00052 0,00052 0,00052 0,00052 0,00052 0,00052 0,00052 0,00052 0,00052 0,00052 0,00052 

0,0055 0,00055 0,00055 0,00055 0,00055 0,00055 0,00055 0,00055 0,00055 0,00055 0,00055 0,00055 

0,006 0,00058 0,00058 0,00058 0,00058 0,00058 0,00058 0,00059 0,00059 0,00059 0,00059 0,00059 

0,0065 0,00061 0,00061 0,00062 0,00062 0,00062 0,00062 0,00062 0,00062 0,00062 0,00062 0,00062 

0,007 0,00065 0,00065 0,00065 0,00065 0,00065 0,00065 0,00065 0,00065 0,00065 0,00065 0,00066 

0,0075 0,00068 0,00068 0,00068 0,00068 0,00068 0,00068 0,00069 0,00069 0,00069 0,00069 0,00069 
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0,008 0,00071 0,00071 0,00071 0,00072 0,00072 0,00072 0,00072 0,00072 0,00072 0,00072 0,00072 

0,0085 0,00075 0,00075 0,00075 0,00075 0,00075 0,00075 0,00075 0,00075 0,00075 0,00075 0,00076 

0,009 0,00078 0,00078 0,00078 0,00078 0,00078 0,00078 0,00078 0,00079 0,00079 0,00079 0,00079 

0,0095 0,00081 0,00081 0,00081 0,00081 0,00082 0,00082 0,00082 0,00082 0,00082 0,00082 0,00082 

0,01 0,00084 0,00085 0,00085 0,00085 0,00085 0,00085 0,00085 0,00085 0,00085 0,00086 0,00086 

Mode Y Table 

Table 0-2: Mode Y system loss factor calculation (800 micron coated tool) 

  Modulus of rigidity of coating material,Ec 

    48,5 48,6 48,7 48,8 48,9 49 49,1 49,2 49,3 49,4 49,5 

Coating 
material loss 
factor, ηmat 

0,001 0,00025 0,00025 0,00025 0,00025 0,00025 0,00025 0,00025 0,00025 0,00025 0,00025 0,00025 

0,0015 0,00029 0,00029 0,00029 0,00029 0,00029 0,00029 0,00029 0,00029 0,00029 0,00029 0,00029 

0,002 0,00032 0,00032 0,00032 0,00032 0,00032 0,00032 0,00032 0,00032 0,00032 0,00032 0,00032 

0,0025 0,00035 0,00035 0,00035 0,00035 0,00035 0,00035 0,00035 0,00035 0,00035 0,00035 0,00036 

0,003 0,00039 0,00039 0,00039 0,00039 0,00039 0,00039 0,00039 0,00039 0,00039 0,00039 0,00039 

0,0035 0,00042 0,00042 0,00042 0,00042 0,00042 0,00042 0,00042 0,00042 0,00042 0,00042 0,00042 

0,004 0,00045 0,00045 0,00045 0,00045 0,00045 0,00045 0,00045 0,00045 0,00046 0,00046 0,00046 

0,0045 0,00048 0,00048 0,00049 0,00049 0,00049 0,00049 0,00049 0,00049 0,00049 0,00049 0,00049 

0,005 0,00052 0,00052 0,00052 0,00052 0,00052 0,00052 0,00052 0,00052 0,00052 0,00052 0,00052 

0,0055 0,00055 0,00055 0,00055 0,00055 0,00055 0,00055 0,00055 0,00056 0,00056 0,00056 0,00056 

0,006 0,00058 0,00058 0,00059 0,00059 0,00059 0,00059 0,00059 0,00059 0,00059 0,00059 0,00059 

0,0065 0,00062 0,00062 0,00062 0,00062 0,00062 0,00062 0,00062 0,00062 0,00062 0,00062 0,00062 

0,007 0,00065 0,00065 0,00065 0,00065 0,00065 0,00065 0,00065 0,00066 0,00066 0,00066 0,00066 

0,0075 0,00068 0,00068 0,00068 0,00069 0,00069 0,00069 0,00069 0,00069 0,00069 0,00069 0,00069 

0,008 0,00072 0,00072 0,00072 0,00072 0,00072 0,00072 0,00072 0,00072 0,00072 0,00072 0,00073 

0,0085 0,00075 0,00075 0,00075 0,00075 0,00075 0,00075 0,00076 0,00076 0,00076 0,00076 0,00076 

0,009 0,00078 0,00078 0,00078 0,00079 0,00079 0,00079 0,00079 0,00079 0,00079 0,00079 0,00079 
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0,0095 0,00082 0,00082 0,00082 0,00082 0,00082 0,00082 0,00082 0,00082 0,00082 0,00083 0,00083 

0,01 0,00085 0,00085 0,00085 0,00085 0,00085 0,00085 0,00086 0,00086 0,00086 0,00086 0,00086 

Damping calculation matrix for 600 µm coated tool 

Mode X Table (600 µm coated tool) 

Table 0-3: Mode X system loss factor calculation (600 micron coated tool) 

    Modulus of rigidity of coating material,Ec 

    33 33,1 33,2 33,3 33,4 33,5 33,6 

Coating 
material loss 
factor, ηmat 

0,04 0,0015004 0,0015043 0,0015081 0,0015119 0,0015158 0,0015196 0,0015235 

0,045 0,0016650 0,0016693 0,0016737 0,0016780 0,0016823 0,0016866 0,0016909 

0,05 0,0018296 0,0018344 0,0018392 0,0018440 0,0018488 0,0018536 0,0018584 

0,055 0,0019942 0,0019995 0,0020048 0,0020100 0,0020153 0,0020206 0,0020259 

0,06 0,0021588 0,0021645 0,0021703 0,0021761 0,0021818 0,0021876 0,0021934 

0,065 0,0023234 0,0023296 0,0023359 0,0023421 0,0023484 0,0023546 0,0023608 

0,07 0,0024879 0,0024947 0,0025014 0,0025081 0,0025149 0,0025216 0,0025283 

0,075 0,0026525 0,0026597 0,0026670 0,0026742 0,0026814 0,0026886 0,0026958 

0,08 0,0028171 0,0028248 0,0028325 0,0028402 0,0028479 0,0028556 0,0028633 

0,085 0,0029817 0,0029899 0,0029981 0,0030062 0,0030144 0,0030226 0,0030308 

0,09 0,0031463 0,0031549 0,0031636 0,0031723 0,0031809 0,0031896 0,0031982 

0,095 0,0033109 0,0033200 0,0033292 0,0033383 0,0033474 0,0033566 0,0033657 

0,1 0,0034755 0,0034851 0,0034947 0,0035043 0,0035139 0,0035236 0,0035332 

0,105 0,0036400 0,0036501 0,0036603 0,0036704 0,0036805 0,0036906 0,0037007 

0,11 0,0038046 0,0038152 0,0038258 0,0038364 0,0038470 0,0038576 0,0038681 

0,115 0,0039692 0,0039803 0,0039914 0,0040024 0,0040135 0,0040246 0,0040356 

0,12 0,0041338 0,0041453 0,0041569 0,0041685 0,0041800 0,0041916 0,0042031 
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0,125 0,0042984 0,0043104 0,0043225 0,0043345 0,0043465 0,0043585 0,0043706 

0,13 0,0044630 0,0044755 0,0044880 0,0045005 0,0045130 0,0045255 0,0045381 

Mode Y Table (600 µm coated tool) 

Table 0-4: Mode Y system loss factor calculation (600 micron coated tool) 

    Modulus of rigidity of coating material,Ec 

    32 32,1 32,2 32,3 32,4 32,5 32,6 

Coating 
material loss 
factor, ηmat 

0,0105 0,0004134 0,0004144 0,0004154 0,0004164 0,0004174 0,0004184 0,0004194 

0,011 0,0004294 0,0004304 0,0004315 0,0004326 0,0004336 0,0004347 0,0004357 

0,0115 0,0004454 0,0004465 0,0004476 0,0004487 0,0004498 0,0004509 0,0004520 

0,012 0,0004614 0,0004625 0,0004637 0,0004648 0,0004660 0,0004672 0,0004683 

0,0125 0,0004774 0,0004786 0,0004798 0,0004810 0,0004822 0,0004834 0,0004846 

0,013 0,0004934 0,0004946 0,0004959 0,0004971 0,0004984 0,0004996 0,0005009 

0,0135 0,0005094 0,0005107 0,0005120 0,0005133 0,0005146 0,0005159 0,0005172 

0,014 0,0005254 0,0005267 0,0005281 0,0005294 0,0005308 0,0005321 0,0005335 

0,0145 0,0005414 0,0005428 0,0005442 0,0005456 0,0005470 0,0005484 0,0005497 

0,015 0,0005574 0,0005588 0,0005603 0,0005617 0,0005631 0,0005646 0,0005660 

0,0155 0,0005734 0,0005749 0,0005764 0,0005778 0,0005793 0,0005808 0,0005823 

0,016 0,0005894 0,0005909 0,0005924 0,0005940 0,0005955 0,0005971 0,0005986 

0,0165 0,0006054 0,0006070 0,0006085 0,0006101 0,0006117 0,0006133 0,0006149 

0,017 0,0006214 0,0006230 0,0006246 0,0006263 0,0006279 0,0006295 0,0006312 

0,0175 0,0006374 0,0006390 0,0006407 0,0006424 0,0006441 0,0006458 0,0006475 

0,018 0,0006534 0,0006551 0,0006568 0,0006586 0,0006603 0,0006620 0,0006638 

0,0185 0,0006694 0,0006711 0,0006729 0,0006747 0,0006765 0,0006783 0,0006800 

0,019 0,0006854 0,0006872 0,0006890 0,0006908 0,0006927 0,0006945 0,0006963 

0,0195 0,0007014 0,0007032 0,0007051 0,0007070 0,0007089 0,0007107 0,0007126 

 


