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The thesis is divided into 2 parts: (i) the synthesis and investigation of diamond-

like carbon (DLC) films to explore the appropriate condition for DLC films and (ii) the 

improvement of the tribological properties and corrosion resistance of DLC films with 

Ti atoms. With regard to (i): the DLC films were synthesized on a Si substrate by pulsed 

two-filtered cathodic vacuum arc (FCVA) deposition as a function of the substrate 

negative direct current bias voltage (Vbias) from 0.0 to 1.5 kV. The microstructure, 

mechanical performances, and optical properties of the films have been investigated in 

respect to the effects of the Vbias. The Raman spectroscopy results showed the lowest 

ID/IG ratio at the Vbias of 1.0 kV which was consistent with the highest sp3/sp2 ratio 

obtained from the XPS technique. The XRR analysis indicated that the DLC films had 

a relatively high density between 2.51 and 2.79 g/cm3. The film growth rate was 

measured to be 3.5, 4.8, and 3.3 nm/min at the Vbias of 0.5, 1.0, and 1.5 kV, respectively, 

which depended on the self-sputtering of the substrate and the deposition process. The 

surface roughness of the films increased monotonically due to the bombardment of 

high-energy ions at a high Vbias. The hardness and elastic modulus were measured in a 

range of 13–25 GPa and 114–145 GPa, respectively. The internal stress during the film 

growth under the bias condition was found to improve the mechanical properties and 
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CHAPTER I 

INTRODUCTION 

1.1  Background and motivation 

Diamond-like carbon (DLC) is an amorphous carbon film which consists of a 

mixture of the sp2 and sp3 hybridized carbons. DLC films have been considered as 

fascinating due to their exceptional properties, such as high hardness and wear 

resistance, low friction coefficient, chemical inertness, optical transparency, and 

biocompatibility (Robertson, 1996; Tsai, and Bogy, 1987; Cuomo et al., 1991). These 

properties allow DLC to be a promising coating for a wide range of engineering and 

industrial applications, e.g., cutting tools, automotive components, magnetic storage 

disks, electric devices, and solar cells (Robertson, 2002; Lifshitz, 1999; Grill, 1999). It 

is, however, possible that the DLC films could be damaged while being used in certain 

circumstances, particularly the combination of an external mechanical shear/normal 

force and a corrosive environment, with a resultant loss of performance efficiency and 

an increase in energy consumption. Consequently, it is very necessary to understand 

the mechanical and tribological performance accompanied by the thermal stability and 

corrosion behavior of the DLC films for the effect on their long-term performance. It 

should be noted that several research groups have focused the modification of DLC 

films to resolve such a problem. 

To date, several surface modifications have been shown to be practical for DLC 

films. One is heat treatment, for example, the carburizing, nitriding, and carbonitriding
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 processes. Another is the surface coating technology including physical vapor 

deposition (PVD) and chemical vapor deposition (CVD). When considering the 

requirement of accuracy and precision in the final dimension of the components, heat 

treatment should be avoided as it is not a good choice due to the phase transformation 

and distortion of the complex shape components during the high-temperature process. 

Therefore, it is obligatory to pursue new technology to overcome the limitations of 

those processes to obtain the desired properties. In this respect, the surface coating 

technology is implicated and recognized as a predominant method which performs at a 

low operating temperature and provides a high-precision dimensional control and high-

quality protective coating.  

Over the years, a number of research groups have attempted to study the method 

of improving the material surface with surface coating technology, especially with DLC 

films. Although DLC films possess many advantages, high residual stress during the 

films’ growth is one of the major problems which results in poor adhesion to the 

substrate, particularly to a steel substrate (McKenzie et al., 1991; Fallon et al., 1993; 

Lossy et al., 1995), and thus restricts the films’ thickness and their applications. To 

obtain good adhesion and so a great opportunity to utilize DLC films in advanced 

applications, the reduction of the internal stress is extremely necessary. Two effective 

methods were used in the reduction of the internal stress of DLC films: (i) the 

application of metallic intermediate layers deposited on the steel substrate before DLC 

deposition and (ii) the incorporation of metallic elements into the amorphous carbon 

network structure, especially the carbide former, such as Ti, W, Cr, Si, and Mo 

(Dimigen, and Klages, 1991). In addition, it has been reported that the metal-doped 

DLC film shows superior tribological properties, corrosion resistance, and adhesion 
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compared to those of the pure DLC films. For example, the Ti-doped hydrogenated 

DLC films prepared by radio frequency (RF) discharged plasma and co-sputtering of 

the Ti targets showed an excellent lubrication and friction performances due to the 

presence of the transfer layer during measurements (Zhao et al., 2010). Also, the 

incorporation of the Ti atoms into the DLC matrix produced by magnetron sputtering 

caused the carbide phase formation in an amorphous carbon structure which resulted in 

lower residual stress, wear rate, and friction coefficient of the Ti-doped DLC films (Cui 

et al., 2012). Fu et al., 2005 investigated Mo- and W-doped DLC films deposited by 

dual metal plasma deposition in an acetylene gas and reported that the doped DLC films 

exhibited high thermal stability up to annealing temperatures of 500 °C compared to 

the pure DLC films limited by graphitization just above 350 °C (Akkerman et al., 1996). 

Another research group indicated that a low Ti doping level into the hydrogenated 

amorphous carbon films prepared by middle-frequency magnetron sputtering twin 

targets led to the enhancement of the wear resistance and reduction in the internal stress 

(Qiang et al., 2013). In an aspect of the corrosion-resistant coatings, Azzi et al. (2010) 

showed that the corrosion barrier properties of the Si-doped DLC films deposited by 

RF plasma-enhanced chemical vapor deposition (PECVD) were improved through the 

formation of the passive silicon (Si) oxide surface film. From the above-mentioned 

examples, the incorporation of metals into the DLC structure, therefore, is a powerful 

method which provides a promising protective coating for advanced engineering and 

industrial applications. 

At present, a considerable number of methods have been proposed for DLC 

deposition, for example, magnetron sputtering, high power impulse magnetron 

sputtering (HIPIMS), ion beam deposition (IBD), ion implantation, PECVD, and the 
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filtered cathodic vacuum arc (FCVA) technique. Among them, FCVA has been proven 

as one of the interesting methods capable of producing a fully ionized plasma, and thus 

it yields high-quality DLC films with a large density and number of C-sp3 carbon bonds 

(Robertson, 1996). With the combined adoption of the metallic intermediate layer and 

the incorporation of the metal into the DLC films, the outstanding properties of the 

DLC films, such as excellent tribological and mechanical properties, good adhesion, 

and the corrosion resistance can possibly be tailored.  

Since the properties of the DLC films correlate highly with the fraction of the 

sp3/sp2 hybridized carbons, it is very important to emphasize the acquisition of the 

sp3/sp2 ratio to comprehend their properties. To estimate the sp3/sp2 ratio in DLC films, 

near edge X-ray absorption fine structure (NEXAFS) spectroscopy was an attractive 

and extreme surface-sensitivity analytical tool to be used. The chemically 

heterogeneous objects in the DLC films, such as local geometrical structure and 

bonding configurations were simultaneously obtained by this technique. The other 

surface analytical techniques, such as Raman spectroscopy, X-ray photoelectron 

spectroscopy (XPS), X-ray photoemission electron microscopy (X-PEEM), X-ray 

reflectivity (XRR), spectroscopic ellipsometry (SE), and scanning electron microscopy 

(SEM) which are effective and non-destructive methods for analyzing the 

microstructure, thermal stability, physical and chemical properties, and surface 

morphology of the deposited films were performed for the in-depth understanding. Also, 

supplementary analytical techniques, such as pico- and nano-indentation tests, a nano-

scratch test, potentiodynamic polarization test, and inductively coupled plasma mass 

spectrometry (ICP-MS) were implemented to achieve the nano-mechanical and nano-
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tribological properties, e.g., the hardness, elastic modulus, adhesion strength, 

coefficient of friction, and corrosion performance, respectively, of the DLC films. 

In this thesis, pure (undoped) DLC and Ti-doped DLC were fabricated by pulsed 

two-FCVA deposition. Two strategies, which comprised the use of an adhesive layer 

of Ti to serve as a Ti bond-coat between the DLC film and the substrate and the 

incorporation of Ti into the DLC structure were implemented to enhance the adhesion 

of the DLC films to the steel substrate and to reduce the residual internal stress. A 

preliminary study associated with manipulating the energy of the carbon ions by means 

of the substrate negative direct current bias voltage (Vbias) was performed to obtain the 

appropriate deposition conditions for the DLC deposition. It was found that the 

optimum Vbias of 1.0 kV provided the highest sp3/sp2 ratio accompanied by excellent 

physical, mechanical, and optical properties for the DLC films. It, therefore, was the 

best deposition condition and was chosen for DLC preparation in the subsequent 

investigation. Subsequently, the possibility of incorporating the Ti atoms into the DLC 

structure by pulsed two-FCVA deposition was explored. Also, comprehension of the 

effects of the Ti doping on the tribological properties and corrosion behaviors of the Ti-

doped DLC films was systematically conducted. The microstructure and thermal 

stability of the Ti-doped DLC films as a function of Ti contents were also investigated 

for a long-term performance. The mechanisms used for describing the phenomenon 

were discussed in detail. This execution is beneficial for developing a protective DLC 

coating, which offers to be a good candidate for advanced engineering and tribological 

applications. 



6 

 

1.2 Objectives of thesis 

The objective of this thesis was to fabricate the Ti-doped DLC films on an AISI 

304 austenitic stainless steel substrate by pulsed two-FCVA deposition and to find a 

way to improve the tribological and corrosion performances of the DLC films. The 

other physical and mechanical properties were supplementarily investigated by a 

variety of effective analytical techniques to further understand the related mechanisms. 

The objective was divided into 4 main issues as follows. 

1.2.1 To explore the appropriate condition for DLC deposition by the pulsed 

two FCVA technique. 

1.2.2 To study the effect of the Vbias on the microstructure and mechanical and 

optical properties of the DLC films. 

1.2.3 To investigate the thermal stability of the Ti-doped DLC films as a 

function of the annealing temperature in a range of 30–500°C. 

1.2.4 To comprehend the mechanisms in the improvement of the adhesion 

strength, tribological properties, and corrosion performance of the Ti-

doped DLC films. 

1.3  The scope of the study 

1.3.1 The Si (100) wafer and AISI 304 austenitic stainless steel were used as 

the substrate for the DLC deposition. 

1.3.2 The Ti was used as the doping element and served as an adhesive layer. 

1.3.3 The developed pulsed two-FCVA deposition with a separate cathodic 

arc source was used to synthesize the DLC and Ti-doped DLC films.  

1.3.4 The important deposition parameters were given by: 
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 Base vacuum pressure, 

 Substrate negative direct current bias voltage, 

 Deposition time, 

 Arc voltage, 

 Pulse repetition rate, 

 Duty cycle. 

1.3.5 Analytical techniques for identifying the DLC films were: 

(a) Microstructure, bonding configuration, and chemical composition 

by:  

 Raman spectroscopy, 

 Near edge X-ray absorption fine structure (NEXAFS) 

spectroscopy, 

 X ray photoelectron spectroscopy (XPS). 

(b) Surface morphological information by: 

 Scanning electron microscopy (SEM) equipped with energy-

dispersive X-ray spectroscopy (EDS). 

(c) Physical and optical properties by: 

 X-ray reflectometry (XRR), 

 Spectroscopic ellipsometry (SE). 

(d) Mechanical properties by: 

 Pico- and nano-indentation test. 

(e) Tribological properties by: 

 Nano-scratch test. 

(f) Electrochemical properties by: 
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 Potentiostat analyzer using potentiodynamic polarization, 

 Inductively coupled plasma mass spectrometry (ICP-MS). 

(g) Thermal stability by: 

 X-ray photoemission electron microscopy (X-PEEM) in 

conjunction with the NEXAFS technique. 

1.4 The locations of the research 

1.4.1 The Center for Scientific and Technological Equipment, Suranaree 

University of Technology (SUT), Nakhon Ratchasima, Thailand. 

1.4.2 Beamline 3.2Ub: PEEM, Research Facility Department, Synchrotron 

Light Research Institute (SLRI), Nakhon Ratchasima, Thailand. 

1.4.3 Building and Utilities Division, Mechanical System Development and 

Utilities Department, Synchrotron Light Research Institute (SLRI), 

Nakhon Ratchasima, Thailand. 

1.4.4 Electrical and Electronic Division, Technical and Engineering 

Department, Synchrotron Light Research Institute (SLRI), Nakhon 

Ratchasima, Thailand. 

1.4.5 Opto-electronic Ceramics Laboratory, Department of Chemistry, 

Nagaoka University of Technology (NUT), Niigata, Japan. 

1.5  Anticipated outcomes 

1.5.1 Proficiencies and skills in the synthesis and the analysis of DLC and Ti-

doped DLC films deposited by simultaneous pulsed two-FCVA 

deposition. 
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1.5.2 Understanding of the microstructure, physical and optical properties, 

bonding configuration, thermal stability, nano-mechanical and nano-

tribological properties, and electrochemical corrosion behavior of the 

DLC depending on the Vbias and the Ti doping. 

1.5.3 A practical way of improving thermal stability, adhesion strength, and 

tribological and corrosion performance of the DLC by means of the Ti 

doping. 

1.5.4 International conferences, publication, and overseas experience during 

the period of being an exchange research student. 

1.6  Outline of the thesis 

This thesis has been divided into 6 chapters, which are related to the deposition 

and characterization of the microstructure and properties of the undoped (pure) DLC 

and Ti-doped DLC films synthesized by the pulsed two-FCVA deposition. The 

introduction to this thesis has already been described in Chapter I, including the 

background and motivation, objectives of this thesis, the scope of the study, the 

locations of the research, and outline of the thesis. The literature reviews in Chapter II 

provide the basic principle and brief review of the diamond-like carbon (DLC) films, 

incorporation of the alloying elements in DLC films, deposition methods for DLC films, 

applications of DLC films, tribological properties of undoped DLC and doped DLC 

films, tribological properties of DLC films in various contact conditions, friction and 

wear behavior of DLC films, thermal effects on the tribological behavior of DLC films, 

electrochemical corrosion, and stainless steel, respectively. In Chapter III, there are the 

experimental procedures which have been implemented containing the preparation of 
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the DLC films, the microstructure, bonding configuration, elemental analysis, 

electrochemical corrosion analysis, and mechanical and tribological performance 

analysis of the DLC films. Chapter IV contains the detail of the results and discussion 

of all the works consisting of 2 main topics: (i) the optical and mechanical properties 

of DLC films, and the correlation between microstructures and deposition conditions 

and (ii) the enhancement of the thermal stability, adhesion strength, tribological 

property, and corrosion protection performance of DLC films deposited on stainless 

steel by Ti incorporation. The conclusions of this thesis are revealed in Chapter V. 

Finally, suggestions are discussed for the further studies in Chapter VI. 

 



 

 

CHAPTER II 

LITERATURE REVIEWS 

In this chapter, a review is carried out of the theoretical background regarding 

the deposition and applications of DLC films, and the analytical techniques for 

characterizing the DLC and metal-doped DLC films. This chapter addresses by the 

following 10 main issues: (1) the diamond-like carbon (DLC) films, (2) the deposition 

methods for the DLC films, (3) the applications of the DLC films, (4) the incorporation 

of metals into the DLC films, (5) the tribology of DLC and metal-doped DLC film, (6) 

the tribological performance of DLC films in various conditions, (7) the friction and 

wear performance of the DLC films, (8) the thermal effects on the tribological 

performance of DLC films, (9) the electrochemical properties, and (10) the AISI 304 

austenitic stainless steel. 

2.1  Diamond-like carbon (DLC) films 

2.1.1 Structure and Categorization of DLC films 

 As is well-known, carbon is one of the chemical elements existing in 

many allotropes, for example, short, intermediate, and long range-order configurations. 

Most of the carbon forms are the crystalline structure, such as graphite (sp2 

hybridizations), diamond (sp3 hybridizations) and amorphous carbon, such as DLC 

(Lifshitz, 1999). In the sp2-hybridized orbitals “graphite structure”, 3 of 4 valence 

electrons of carbon atoms are linked to trigonal planar geometry (120 °) in a layered 

structure with 3 strong σ bonds in a plane. The fourth valence electron is formed in the
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 π orbital electron, normal to planar geometry. This π orbital is bonded by weak bonds, 

called the wan der Waals forces, which allow a graphite layer to easily shear or slide 

by an external force. In the sp3-hybridized orbitals “diamond structure”, on the other 

hand, all the fourth valence electrons are occupied to tetrahedral geometry, in which 

each carbon atom is arranged in the CC bond with strong σ bonds. This is the reason 

why diamond has the highest hardness, modulus, and room temperature thermal 

conductivity, largest atomic density, and the lowest thermal expansion coefficient of 

any bulk materials in the world (Pierson, 1993). There are, however, still a number of 

carbon forms found in nature and synthesized carbon in the laboratory in addition to 

diamond and graphite, for example, fullerene which is also referred to as buckyball, 

carbon nanotube, carbon nanobud, etc., as shown in Figure 2.1. 

 

Figure 2.1 The various forms of carbon nanomaterials: (a) diamond, (b) graphite, (c)  

                   fullerene, (d) carbon nanotube, and (e) carbon nanobud, respectively.  

 DLC is one of the amorphous carbon (a-C) and/or hydrogenated 

amorphous carbon (a-C:H) films consisting of a mixture of the sp3 and sp2 hybridized 

carbons. The DLC films with highly sp3 hybridized carbons are typically named as the 

tetrahedral amorphous carbon (ta-C) or tetrahedral hydrogenated amorphous carbon 

(ta-C:H) films if there is a number of hydrogen (H) atoms. DLC films were firstly 

synthesized using IBD in 1969 (Robertson, 2002; Aisenberg, and Chabot, 1971; 
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Aisenberg, and Kimock, 1990). Due to the unique combined properties of the high 

hardness and Young’s modulus, low friction coefficient, excellent tribological and wear 

performance, chemical inertness, optical transparency, optical compatibility, and wide 

band gap (Robertson, 1996; Santra et al., 2010; Song et al., 2013; Chaus et al., 2014; 

Silva et al., 2014; Wang et al., 2011), DLC has attracted interest for a wide range of 

industrial applications as a protective coating.  

 Several deposition methods have been widely used to synthesize the 

DLC films, such as direct IBD, mass selected ion beam deposition (MSIBD), 

magnetron sputtering, FCVA, laser ablation, PECVD, electron cyclotron resonance 

physical vapor deposition (ECR-CVD), and ion assisted deposition (IAD). Since the 

DLC properties, either the physical or the mechanical properties, depend strongly on 

the sp3/sp2 ratio, most of the research was performed in a way to enhance the sp3 fraction. 

DLC films can be classified into 4 main types (Reinke et al., 1993; Jacop and Möller, 

1993; Weiler et al., 1994; Ronkainen et al., 2008; Zeng et al., 2014) depending on the 

sp2 and sp3 hybridizations and the H contents, as seen in Figure 2.2. These 4 types 

contain the a-C, a-C:H, ta-C, and ta-C:H, respectively.  

 Many deposition methods were used to deposit a-C and ta-C films, such 

as MSIBD, magnetron sputtering, FCVA, and laser ablation (Robertson, 2002). The 

carbon species for DLC deposition are from the carbon source, for example, graphite 

target and/or rod. To deposit DLC films using the MSIBD method, carbon ions are 

generated from an ion source by a graphite target and guided by sets of magnetic filters 

to have the optimum energetic ions before being sent toward the substrate. In magnetron 

sputtering, the Ar background gas is decomposed into the Ar ion using a direct current 

(DC) or radio frequency (RF) sputtering power supply placed behind the graphite target. 
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The bombardment of the Ar ion toward the target results in a glow discharge and 

vaporization of the carbon plasma, which is the carbon source for the DLC films. The 

introduction of a reactive gas, such as hydrogen gas into the deposition chamber causes 

the achievement of the a-C:H films.  

  

  

 
 

 
H bonds C-sp2 cluster C-sp3 cluster 

Figure 2.2 Classification of the amorphous carbon films: (a) a-C, (b) a-C:H, (c) ta-C,  

                   and (d) ta-C:H film. The H bonds, the C-sp2 cluster, and the C-sp3 cluster  

                   are also provided, respectively. 

 In laser ablation, the plasma plume of carbon is generated from the 

graphite target by a laser source before being emitted toward the substrate. In FCVA, 
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carbon plasma is obtained from the pure graphite target before passing through a 

magnetic filter where neutral species and macro-particles are filtered out before arriving 

at substrate. The FCVA is a fully ionized plasma-based technique among the techniques 

described above; the energy of the carbon ions, therefore, is effectively controlled using 

the substrate bias voltage, which determines the structure of the films. Since the a-C 

and ta-C films are formed from the pure carbon species without any hydrogen or 

hydrocarbon gases, they have less than 5% H content and 5−80% the sp3 contents 

(Robertson, 2002) for the a-C and ta-C films, respectively. 

Table 2.1 A comparison of the properties of diamond, graphite, and carbon-based  

                 materials.  

Types sp3 (%) H (%) Density (g/cm3) Gap (eV) H* (GPa) 

Diamond 100 0 3.515 5.5 100 

Graphite 0 0 2.267 0 - 

Glassy carbon 0 0 1.3−1.55 0.01 3 

a-C (evaporated) 0 0 1.9 0.4−0.7 - 

a-C (sputtered) 5 0 2.2 0.5 3 

ta-C 80−88 0 3.1 2.5 80 

a-C:H Hard 40 30−40 1.6−2.2 1.1−1.7 10−20 

a-C:H soft 60 40−50 1.2−1.6 1.7−4 <10 

ta-C:H 70 30 2.4 2.0−2.5 50 

*H is the hardness 

 On the other hand, the a-C:H film is produced by the decomposition of 

hydrocarbon gas, such as methane (CH4) and acetylene (C2H2) using the conventional 

method of RF-PECVD, ECR-CVD, and reactive sputtering of the graphite target in a 

mixture of hydrogen and argon gas. Therefore, the carbon network structure contains 
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approximately 20−60% H content and 20−70% the sp3 content for the a-C:H and ta-

C:H, respectively (Robertson, 2002). A comparison of the properties of the diamond, 

graphite, and amorphous carbons is given in Table 2.1 (Reinke et al., 1993; Jacop, and 

Möller, 1993; Weiler et al., 1994; Ronkainen et al., 2008; Fallon et al., 1993; Zeng et 

al., 2014; Robertson, 1986; Koidl et al., 1990; Field, 1993). 

 The amorphous carbon films with a large number of sp3 hybridized 

totaling carbons more than 70% (Lifshitz, 1999) are denoted as the ta-C and ta-C:H 

films;  thus they are high-quality DLC films which promotes superior mechanical and 

tribological properties comparable to those of the a-C and a-C:H films which dominate 

the sp2 hybridizations. Figure 2.3 demonstrates the ternary phase diagram of the 

amorphous carbon films which was first established by Jacob, and Möller, 1993. This 

diagram gives the relationship of the sp2 bonding, sp3 bonding, and H content of the 

amorphous carbon. 

 As can be seen in Figure 2.3, the ternary phase diagram contains 3 main 

regions. The first region in the bottom left corner is hydrogen free a-C. The a-C having 

the rich sp2 is typical for glassy carbon or a-C films that are prepared by pyrolysis of 

hydrocarbon polymers or by an evaporation method, and these are not DLC films. The 

a-C with the higher sp3 content without the H content is usually prepared by the 

sputtering method and are DLC films. Recently, modern technology of sputtering 

methods, such as unbalanced magnetron sputtering has produced DLC films with a 

larger number of sp3 hybridized carbons. The a-C film with the higher sp3 content is 

designated as the ta-C film. This high-quality DLC film is specially produced by ion or 

plasma beams with a high ions flux and narrow ions energy range, which is included in 
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the MSIBD, FCVA, and pulsed laser ablation deposition techniques at room 

temperature. 

 

Figure 2.3 A ternary phase diagram of amorphous carbon film containing a mixture of  

                  the sp2 and sp3 hybridizations, and hydrogen (H) content modified from  

                  elsewhere in the literature (Robertson, 2002). 

 The second region in the bottom right corner of the phase diagram shows 

the films with a large amount of H content. The carbon atoms do not form a fully 

connected network, but only gas molecules (Jacob, and Moller, 1993), and thus there is 

a polymer-like carbon or no film.  

 The intermediate region of the ternary phase diagram shows the a-C:H 

films. They are typically generated by PECVD of hydrocarbon molecules, or by 

reactive sputtering of a graphite target in a mixture of a hydrogen or hydrocarbon gas 

precursor, or by IBD of a hydrocarbon background gas. At the present time, in modern 

PECVD method, for example, ECRCVD, Inductively coupled plasma (ICP), the plasma 
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beam source (PBS) or electron cyclotron wave resonance (ECWR), the plasma density 

generated from these methods is enhanced to so-called high-density plasma. The 

operation of low pressure and the application of magnetic fields to provide the long 

electron path lengths of these methods, they promote high plasma ionization, which 

yields denser a-C:H films with high sp3 content designed as the ta-C:H films.   

 An amorphous carbon film can also be classified into 7 types depending 

on the H contents and the additional elements by the German Guideline VDI 2840 

‘Carbon films — Basic knowledge, film types and properties’, Beuth-Verlag, 2005. 

(available as a German/English version) and (Donnet and Erdemir, 2008; Ingenieure, 

2005) as follows: (i) a-C hydrogen-free amorphous carbon, (ii) ta-C tetrahedral-bonded 

hydrogen-free amorphous carbon, (iii) a-C:Me metal-doped hydrogen-free amorphous 

carbon (Me = W, Ti), (iv) a-C:H hydrogen-containing amorphous carbon, (v) ta-C:H 

tetrahedral-bonded hydrogen-containing amorphous carbon, (vi) a-C:H:Me metal-

doped hydrogen-containing amorphous carbon (Me = W, Ti), and (vii) a-C:X modified 

hydrogen-containing amorphous carbon (X = Si, O, N, F, B). 

2.2  Incorporation of alloying element in DLC films 

Although DLCs have excellent mechanical and chemical properties, such as 

high hardness and wear resistance, low friction coefficient, and chemical inertness, a 

large intrinsic compressive stress arising during the film growth is the main problem 

leading to poor adhesion of the DLC films to the substrate, especially a steel substrate. 

In a case where a thick film is required, the delamination of films with high compressive 

stress can occur and thus limit the applications of the DLC films in advanced 

engineering applications. In an attempt to apply DLC films for a wide range of 
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applications, the elimination of the compressive stress is becoming a key factor and 

must be primarily considered. A conventional approach to reach a combination of those 

properties involves an increase in the deposition temperature using the substrate heating 

or a decrease in carbon energetic ions before arriving at the substrate. These approaches, 

however, result in the reduction of the sp3 content in the carbon network structures. 

Other methods used to reduce the compressive stress in DLC films are the application 

of an adhesive metallic interlayer between the film and the substrate and the doping of 

metal atoms into the DLC structure. These methods not only reduce the compressive 

stress and enhance the film adhesion, but also improve their mechanical and tribological 

properties, which presents the opportunity to employ the films in more applications. 

Besides the improvement of the adhesion and the mechanical and tribological 

properties of the films, the incorporation of metals into DLC films has an influences on 

their electrical and optical properties as well as biocompatibility. Therefore, 

incorporation should be performed carefully and there is a need to comprehend more 

detailed information in utilizing the doping elements.  In general, the structure of the 

metal-doped DLC films is quite complex and difficult to understand compared to those 

of the undoped or pure DLC films. When the metal atoms are incorporated into the 

DLC structure, they are likely to form and/or interact with the carbon atoms as either a 

pure metal solid solution or metal carbide depending on the nature and concentration 

of the metals. The metals acting as the metallic carbide former, such as titanium (Ti), 

tungsten (W), vanadium (V), molybdenum (Mo), tantalum (Ta), and niobium (Nb) 

(Dimigen and Klages, 1991) and the non-carbide former, such as aluminum (Al), 

copper (Cu), silver (Ag), gold (Au), and nickel (Ni) (Zhou et al., 2012; Wang et al., 

2012) can embed within the carbon network structure as a nano- or micro-crystalline 
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structure cluster or can disperse as pure metal. The concentration level of the metals, 

therefore, is a key factor in determining the properties of developed DLC films. These 

metal-doped DLC films are beneficial and wide interest in all fields, for instance, 

biomedical materials, optical devices, electronic and tribological applications, and 

automobile components.  

It should, however, be of concern that the incorporation of a high concentration 

of metal atoms in an amorphous structure may cause an increase in the sp2 hybridized 

carbon and friction. This is because the formation of the metal carbide or metallic 

nanocluster gives a ceramic-like character; thus, it has a higher coefficient of friction 

compared to that of diamond- or graphite-like character. Besides as described-above, 

the other advantages of high metal incorporation are reductions in the films mechanical 

properties, for example, the hardness and elastic modulus (Bharathy et al., 2012) in 

hard DLC films like the ta-C films. In recent decades, various metals have been 

incorporated in the DLC films, such as Ti, Cr, W, Mo, Ag, and Cu by means of several 

deposition techniques including the conventional CVD and PVD methods. Advanced 

deposition technology has been applied, such as the combination of either the CVD and 

PVD or the PVD and PVD, for example, PECVD and FCVA deposition or unbalanced 

magnetron sputtering (UMP) of metallic targets in the presence of a gas mixture of 

hydrocarbon and argon and high power impulse magnetron sputtering (HIPIMS) 

techniques (Mandal et al., 2015). 

According to these methods, modified DLC films with a wide range of 

compositions and structures in the deposition technique and the doping element can be 

feasible. For example, Ma et al. (2012) prepared Ti-doped DLC films on Ti alloy by 

reactive magnetron sputtering combined with plasma source ion implantation (PSII) 
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technology. They showed the formation of TiC nanometer grains in the a-C:H films. 

The hardness, wear resistance, and cohesive strength of the Ti-doped DLC films were 

significantly improved due to the carbide phases and nano-composite structure. The 

film adhesion was evidently increased by the compositionally graded layers with a large 

water contact angle compared to that of the unmodified DLC films. Pang et al. (2011) 

also reported the deposition of Ti/Ti-doped DLC and Ti/AlTiN/Ti-doped DLC films on 

a W18Cr4V high-speed steel substrate by magnetron sputtering. The adhesion was 

improved with the release of the internal stress in the films. The coefficient of friction 

(COF) and wear resistance of the steel substrate were also obviously enhanced by the 

Ti atoms incorporated into the DLC films. Also, similar results were observed by Feng 

et al. (2012). They found that Ti-doped DLC films produced on an AISI 52100 steel 

substrate using the medium frequency magnetic sputtering process exhibited a lower 

COF than a perfluoropolyether (PFPE) substrate. In addition to the Ti-doped DLC films, 

Fu et al. (2013) reported an increase in the DLC’s toughness due to the formation of 

tungsten carbide (WC) dispersed in the DLC matrix. They observed a significant 

improvement in the film’s adhesion and wear resistance as the W content increased up 

to 3.08 at.%. With the application of pure polyalpha olefin (PAO) lubrication, the COF 

and residual stress of the W-doped DLC films were reduced because of good absorption 

of the lubricant oil molecules relative to the undoped DLC films. The residual stress 

was, however, in turn increased as the W content further increased. Other research 

groups agreed with the adhesive improvement of DLC films by metal doping due to the 

interfacial adhesion (Gayathri et al., 2015) in which the relaxation in the compressive 

stress can be found by the shifting of the G peak position towards a lower wavenumber 

in the Raman analysis. One revealed a higher thermal stability of the W- and Mo-doped 
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DLC films than the pure DLC films. Hydrogen loss and phase transformation was found 

to decrease with an incorporation of metal atoms (Fu et al., 2005). These investigations 

showed a good consistency with the results of Tallant et al. 1995. For this reason, the 

incorporation of metals in the DLC films is an effective method used to tailor the DLC’s 

properties. The metal doped into the DLC films provides not only to reduce the residual 

stress and COF but also to improve the wear resistance and adhesion strength which is 

beneficial in many industrial applications. The corresponding properties acquired from 

the incorporation of the metals into the DLC films are summarized, as shown in Figure 

2.4. 

 

Figure 2.4 A schematic diagram of the incorporation of alloying elements into the DLC  

                  films and their corresponding properties adopted from Donnet and Erdemir  

                  (2008). 
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2.3  Deposition methods for DLC films 

It is well-known that DLC films can be synthesized by a variety of deposition 

methods, as shown in Figure 2.5, which includes direct ion beam deposition, arc 

discharge, filtered cathodic vacuum arc (FCA), pulsed laser deposition, sputtering, ion 

beam assisted deposition (IBAD), ion assisted deposition (IAD), mass selected ion 

beam deposition (MSIBD), and plasma enhanced physical vapor deposition (PECVD) 

(Robertson, 2002; Lifshitz, 1999). Each deposition technique gives different structures 

and properties of DLC films, which will be described in detail in the following 

subsections. 

 
  

   

Figure 2.5 The schematic illustrations of various depositions for DLC film: (a) IBAD,  

                  (b) IAD, (c) magnetron sputtering, (d) CVA, (e) PECVD, and (f) pulsed  

                  laser ablation deposition, respectively, modified from Robertson (2002).  
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2.3.1  Ion beam assisted deposition (IBAD) 

 IBD was first explored by Aisenberg and Chabot and used in the 

synthesis of DLC films (Aisenberg and Chabot, 1971; Aisenberg and Kimock, 1990). 

The carbon plasma from the IBD method is obtained by sputtering of the graphite target 

with an ion source. A set of grids electrically connected with high bias voltage is used 

to accelerate the carbon ions and propel the optimum energetic ions toward the vacuum 

chamber to form the DLC film on the substrate. Typically, the carbon ions of this 

method have an intermediate energy of approximately 100 eV which is the optimum 

energy to produce high-quality DLC films with high density and sp3 hybridized carbons 

(Donnet and Erdemir, 2008). Figure 2.6 shows the correlation of the ion energy on the 

density and sp3 hybridizations of a-C and a-C:H films. The optimum energy of the 

carbon ions of 100 eV shows the best deposition condition to give the diamond-like 

characteristics with the highest sp3 hybridizations. According to Figure 2.6, the carbon 

ion energy is a very important factor in determining the properties of DLC films 

depending strongly on the deposition techniques. 

 

Figure 2.6 A variation of the sp3 content as a function of (a) ion energy and (b) density  

                  adopted from Donnet and Erdemir (2008). 



25 

 

2.3.2  Arc discharge 

 In arc discharge, carbon ions from pure carbon plasma are generated by 

an electric discharge between the cathode and anode. In some deposition condition, an 

initial carbon plasma can be produced by a laser source known as laser-arc deposition. 

The carbon ions generated in the plasma contain a wide range of species, for example, 

different charge states and neutral atoms, such as macro-particles or melted droplets. 

These ions have a broad energy in a range of approximately 30 eV per charge state. The 

application of the substrate bias voltages, therefore, is required to tune the energy of the 

ions and to obtain high-quality DLC films (Lifshitz, 1999).  

2.3.3  Cathodic vacuum arc (CVA) 

 The cathodic vacuum arc occurs when a high arc discharge current with 

an ion current density of approximately up to 1013 W/cm2 is applied to the cathode 

materials, especially the graphite cathode. With the applied high ion current density, a 

tiny region on the graphite solid will transform into fully ionized carbon plasma (Jüttner, 

1987; Robertson, 2002). An initial carbon plasma that is generated at the local region 

is referred to as cathode spot which expands through the vacuum chamber rapidly 

towards the substrate and grounded anode. To obtain good films with a very low oxygen 

contamination, the base pressure of this method should be approximately 10−8 Torr 

(~10−6 Pa). The working pressure is, however, increased to 10−5 Torr due to the 

outgassing of the cathode materials during the deposition process. The ion charge state 

acquired from the cathodic vacuum arc can vary depending on the arc current 

(Robertson, 2002) and cathode materials, for example, 20 eV for light elements and 

200 eV for heavy elements (Sanders and Anders, 2000). With a higher ion charge state 

relative to the other deposition methods, the cathodic vacuum arc is a potential 
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technique to produce ta-C films with excellent mechanical, chemical, and tribological 

properties. In the generation of high-quality DLC films, DC, pulsed DC, and RF bias 

voltage is used to tune the incident ion energy (Fallon et al., 1993) from the plasma 

before arriving at the substrate. One of the disadvantages of such a technique is, 

however, a droplet of the cathode materials known as a macro-particle. The macro-

particle is a drawback for the films used as components in optical and electronic 

applications which is required a smooth surface. Macro-particles in the form of neutral 

atoms or uncharged ions can, however, be removed by passing them into a curved 

magnetic filter where they can escape the coil turn out of the line-of-sight and only the 

charged ions are guided along the magnetic field toward the substrate. The cathodic 

vacuum arc with the application of a magnetic filter is called the filter cathodic vacuum 

arc (FCVA), as shown in Figure 2.7.  

 

Figure 2.7 A schematic illustration of the typical FCVA system. 
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2.3.4  Pulsed laser ablation 

 In the pulsed laser ablation, a short pulse with high energy from a laser 

source is used to ablate or vaporize the graphite target into an intense carbon plasma 

plume of energetic ions toward the substrate. A variety of the ion charge states can be 

obtained depending on the laser’s power density. Siegal et al. (1998); Merkulov et al. 

(1998) reported the preparation of the ta-C film by pulsed laser deposition. They found 

that the ta-C film’s properties from the pulsed laser deposition were similar to those 

from the MSIBD and FCVA techniques. 

2.3.5  Sputtering 

 The sputtering method is widely used in industrial processes due to its 

usefulness and flexibility. The DC or RF sputtering of a graphite target by Ar+ plasma 

is a conventional sputtering in the production of many materials which can be scaled 

up for a large surface area. Owing to the low sputter yield of a conventional sputtering, 

a permanent magnetic behind the negative cathode is used to trap electrons; this so-

called magnetron sputtering allows the synthesis of the films with a high deposition 

rate. The DC substrate bias voltage is applied to increase the ion energy and the reactive 

gas, of hydrogen, nitrogen, hydrocarbon, and oxygen, can be fed during the deposition 

process to form the a-C:H, a-C:N films or metallic oxide films, such as TiO2 and ZnO, 

and the process is well-known as reactive magnetron sputtering.  

2.3.6  Ion assisted deposition (IAD) 

 In the IAD method, the generation of the carbon species occurs at the 

carbon target as a result of the bombardment of the energetic ions of the Ar+ beam 

(Cuomo et al., 1991). For this reason, the quality of the films depends on the momentum 

transfer which is attributed to the energy of the carbon ions. The typical momentum 
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transfer acquired from the IAD method is not sufficient to promote a high energy of the 

carbon ions. The sp3 content of the DLC films, therefore, is limited by this method and 

the substrate bias voltage is required to improve the DLC films (Lifshitz, 1996; Schwan 

et al., 1996). 

2.3.7  Mass selected ion beam deposition (MSIBD) 

 This method is performed under several controlled parameters, such as 

the selection of only a single ion species, the control of the well-defined energetic ions, 

the deposition in ultra-high vacuum (UHV) of 10−6−10−10 Torr, and the incorporation 

of alloying elements using the dual beam system (Grill, 1999). The ion beam is 

produced by an ion source from the pure graphite target before being accelerated with 

a high voltage in the range of 5−40 kV which provides the energy of the carbon ions 

between 20 and 30 keV. These ions then pass through the magnetic filter where only 

the carbon ions are selected and diverge at low voltage due to the Coulomb repulsive 

force; subsequently, they decelerate at the electrostatic lens until the energy is in the 

range of 5−20 keV before arriving at the substrate. For this reason, it is considered as 

one of the best methods to provide high-quality DLC films. Due to the high cost and 

low deposition rate of 0.001 Angstrom/s (Robertson, 2002), the MSIBD method is not 

popular in general industry. 

2.3.8  Plasma enhanced chemical vapor deposition (PECVD) 

 One of the most used deposition methods in industrial and research 

applications is the RF-PECVD method. In the RF-PECVD method, there are 2 parallel 

electrodes which require a capacitive discharge of a 13.56 MHz to generate the surface 

power density of an order of 100 mW/cm2 (Donnet and Erdemir, 2008). The RF power 

supply is used to produce the carbon ions which involves the decomposition of 
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hydrocarbon precursors, such as methane (CH4) and acetylene (C2H2) between the 2 

electrodes. A DC or pulsed DC substrate bias power supply is frequently employed to 

increase the energetic carbon ions toward the substrate. A low base pressure is 

necessary to avoid the collision and interaction of the carbon ions in the plasma with 

the gas molecules which leads to the reduction of the energetic ions and the existence 

of contamination in the deposited films. 

2.4  Applications of DLC films 

The outstanding combined properties, such as high hardness and wear resistance, 

low friction coefficient, chemical inertness, infrared transparency, biocompatibility, 

good thermal conductivity, and high electrical resistivity and dielectric strength, make 

the DLC potentially interesting for a wide range of industrial applications (Lifshitz, 

1999) as corrosion and wear-protective coatings for magnetic recording or magnetic 

storage media, e.g., tape-recording heads, scratch-resistant wear protective coatings, 

and anti-reflective coating for infrared (IR) optical equipment. In view of the low-

temperature process in the deposition of films, DLC films are applied as a wear-

protective coating for sunglass lenses which are made of polymers or plastics. Also, 

they are mostly used in wear resistance applications, such as metal bearings, gears, seals, 

sliding friction parts in the automotive industry, like precision gages, engine cylinders, 

and pistons which used self-lubricating properties and to reduce the COF, wear, and the 

oil consumption. Additionally, they are used as protective coatings for drills and 

wrought aluminum mills, plastics, copper/copper alloys, and wood. In recent years, one 

of the important applications of DLC films has focused on the biomedical environment 

as joints, implants, and artificial heart valves for which the objectives are improving 
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the potential performance and durability of biomedical components (McHargue et al., 

1991). Figure 2.8 illustrates a variety of the applications of DLC films. 

(a)  

  
(b)  

  
(c)  

  

Figure 2.8 The applications of the DLC films in various engineering and industrial  

                   fields, for example, (a) precision wear resistant and engineered  

                   components, (b) automotive and semiconductor components, and (c)  

                   biomedical components and goods, respectively. 
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2.5  Tribological property of the undoped and doped DLC films 

Tribology is derived from the Greek word τριβοσ (tribos) which means a 

“rubbing” and the suffix ology meaning “the study of”; thus tribology involves the 

study of rubbing. In fact, the interaction of the surface in tribological applications is, 

however, very complicated and requires more knowledge to explain both the theoretical 

and practical study. Tribology is defined as the science and technology of surface 

interaction between 2 contact materials. Most tribological study emphasizes the 

performing conditions which are related to friction, wear, and lubrication. To 

concentrate on the tribological application, many engineers and scientists have 

designed and produced mechanical and engine components concerned with minimizing 

friction and wear rate. For this reason, a detailed understanding of tribological 

technology is very crucial to obtain the performance efficiency and longer durability of 

components. DLC is well-known as a wear-protective coating and has become 

increasingly prevalent in tribological fields due to its excellent properties which provide 

not only high hardness and wear resistance, but also low COF compared to other soft 

materials, such as polymer and lamellar solids, e.g., graphite and MoS2 which have low 

friction and hardness or low anti-wear coatings. On the other hand, hard ceramics, such 

as nitrides, carbides, or some oxides have high hardness and wear resistance, but also 

have a high COF (0.5) against a steel counterpart compared to those of DLC films 

with a typical COF of less than 0.2 in normal atmosphere (Donnet and Erdemir, 2008). 

From the aforementioned description, it seems to be very difficult to combine the 

desired properties of both high hardness and wear resistance with low friction. The 

combined properties are feasible by the application of DLC films which are, therefore, 

an ideal choice for tribological applications. The summary of the COF and wear rates 
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of various DLC and doped DLC films under different conditions are listed in Table 2.2 

(Donnet, 1998; Ronkainen et al., 2003; Erdemir, 2004; Field et al., 2004; Fontaine et 

al., 2004; Fontaine et al., 2004; Gangopadhyay, 1998; Grill, 1997; Grillo and Field, 

2003; Harris et al., 1997; Hirvonen et al., 1990; Klafke et al., 2005; Koskinen et al., 

1994; Miyoshi et al., 1992; Park et al., 2004; Ronkainen et al., 1996; Ronkainen et al., 

2001; Svahan et al., 2003; Tanaka et al., 2004; Voevodin and Zabinski, 2000; Zhang et 

al., 2003; Voevodin et al., 1996; Donnet and Erdemir, 2008). 

Table 2.2 Summarized data of the COF and wear rate of diamond, undoped and   

                 doped DLC films tested in a variety of conditions. 

Structure 

Diamond H-free DLC hydrogenated DLC doped DLC  

CVD diamond 
a-C 

ta-C 

a-C:H 

ta-C:H 

a-C:Me 

a-C:H:Me 

a-C:H:X 

Atomic structure sp3 sp2 and sp3 sp2 and sp3 sp2 and sp3 

H content − > 1% 10−50%  

COF in vacuum 0.02−1 0.3−0.8 0.007−0.05 0.03 

COF in dry N2 0.03 0.6−0.7 0.001−0.15 0.007 

COF in dry air 0.08−0.1 0.6 0.025−0.22 0.03 

15−15% RH     

COF in humid air 0.05−0.15 0.05−0.23 0.02−0.5 0.03−0.4 

15−95% RH     

COF in water 0.002−0.08 0.07−0.1 0.01−0.7 0.06 

COF in oil − 0.03 0.1 0.1 

K in vacuum 1−1000 60−400 0.0001 − 

K in dry N2 0.1−0.2 0.1−0.7 0.00001−0.1 − 

K in dry air 1−5 0.3 0.01−0.4 − 

15−15% RH     

K in humid air 0.04−0.06 0.0001−400 0.01−1 0.01−1 

15−95% RH     

K in water 0.0001−1 − 0.002−0.2 0.15 

K in oil − − − 0.1 

K is wear rate (×10-6 mm3/Nm) and Me = W, Ti… while X = Si, O, N, F, B… 
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To apply DLC films as a protective coating, the film’s adhesion to the substrate, 

especially a steel substrate, is extremely necessary to avoid the film’s delamination 

during service conditions. There are 2 approaches used to overcome this problem. The 

first involves the incorporation of dopants or additional elements, such as Si, fluorine 

(F), nitrogen (N), Ti, Cr, and W into the cross-linked carbon network structure. The 

other is the deposition of the metallic intermediate layer, such as Ti, Cr, Si, Al, and W. 

Especially, it is believed that the carbide-forming elements, e.g., Si, Ti, and W, can 

improve adhesive strength by the presence of a metallic carbide interface between the 

film and the substrate. These layers act as a diffusion barrier protecting the diffusion of 

C atoms from the DLC films into the steel substrate and enhance the bonding strength 

at the film/substrate interface. One reason is that the metallic layers reduce the 

compressive stress in the DLC structure. For example, Donnet and Erdemir, (2008); 

Donnet (1998) reported that a significant improvement in the adhesion of DLC films to 

the substrate was found to be due to the existence of an intermediate silicide film. The 

friction-controlling mechanisms of the films during the experiment involved the build-

up of the transfer film and led to easy shear at the film/substrate interface. Also, DLC 

films prepared on aluminum alloy exhibited a good adhesion strength by the presence 

of the WC interlayer (Utsumi et al., 2007). Other research groups showed that the 

introduction of a Ti functional gradient layer led to the diminishing in the mismatch of 

the thermal expansion coefficient between the DLC films and the Si substrate and, thus, 

DLC films with good adhesion and low internal stress were obtained (Wang et al., 

2007). From these results, it is noticed that various factors determined the tribology 

behavior of the DLC films, for instance, the compressive stress, the build-up transfer 

film within the interfacial material, the presence of the O atoms and water vapor in the 
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system, and the deposition conditions (Donnet, 1998). Among these, the deposition 

condition is very important because either good adhesion strength or low internal stress 

can be controlled through the deposition parameters. 

In an attempt to reduce the internal stress, incorporation of alloying elements is 

performed. Little research work has, however, investigated the structure of doped DLC 

films, which will be thoroughly studied and discussed in this work. The metal atoms 

into the structure can exist in the form of the nanocrystals or nanoclusters of the pure 

metal or metal carbide (MeC) depending on the nature and amount of the metals. In the 

case that the metal content is too high, they will disperse and become incoherent in the 

cross-linked carbon network. At a very low metal content, on the other hand, metal 

atoms are in the form of a solid solution of the pure metal. One must, therefore, be 

careful in the application of the optimum concentration to avoid the formation of 

nanoclusters of MeC phases that provide ceramic-like properties and thus result in a 

high COF and wear rate. In general, the objective of the incorporation of the alloying 

element into the DLC structure is to reduce the internal stress and improve the film’s 

adhesion. For example, Dai and Wang (2011) reported the dispersion and dissolution 

of very low metal atoms in DLC films. They found that the mechanical and tribological 

properties of the films were not influenced by the doping in this range, but rather it 

affected the reduction of the internal stress. Also, they showed that the combination of 

good properties of low internal stress and relatively high mechanical and wear 

resistance can be obtained by keeping a very low metal concentration. This was also 

observed by Kalin et al. (2010). They investigated the tribological properties and the 

reactivity of non-doped and Ti- and WC-doped DLC films with extreme-pressure (EP) 

oil additives. The XPS data indicated that all the films spontaneously reacted with the 
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EP oil additives without the direct sliding contact of the steel counter body and 

confirmed the surface oxidation during the tribological testing. The chemical 

formations at the worn surface in terms of the phosphorus/sulfur (P/S) ratio in the EP 

additives, into the boundary-lubrication for the Ti-doped DLC was 25-fold higher than 

for the WC-doped or non-doped DLC films. This resulted in the lowest wear rate of the 

Ti-doped DLC films. Another research group suggested the deposition of silver (Ag)-

incorporated DLC films as hemocompatible and antibacterial coatings for biomedical 

applications by the medium frequency unbalanced magnetron sputtering method (Wu 

et al., 2013). The improvement of the adhesion strength due to low internal stress was 

observed accompanied by a slight decrease in the mechanical properties, such as 

hardness. The enhanced tribological properties in terms of a low COF and wear rate 

occurred from the low shear strength of the Ag surface clusters. Also, the wear and anti-

corrosion property and bonding strength experienced a major improvement with the Ti 

and N co-doped DLC/micro-arc oxidation (MAO) coated on an AZ80 Mg alloy 

substrate. The low COF and corrosion resistance were a beneficial choice as the 

protective coating on Mg alloy (Yang et al., 2013).  

According to the research described above, the deposition condition or 

parameters, which include the application of intermediate layers and the introduction 

of dopants into DLC structure, are very important factors allowing us the opportunity 

to modify the DLC films with the combined benefit of excellent mechanical and 

tribological properties and good biocompatibility for a wide range of engineering and 

industrial applications. 
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2.7  Tribological property of DLC films in various contact conditions 

The tribological performance of the DLC films depends not only on the 

deposition conditions as described above, but also the tribological testing parameters, 

such as the type of lubricants, oil additives, sliding speeds, loads, counterparts, 

temperature, environment, and tribofilms (Donnet and Erdemir, 2008; Donnet, 1998). 

Knowledge of the tribological behaviors, therefore, can be explained through such 

parameters.  

Although DLC films have a low COF under dry contact environments, most of 

the DLC films are still operated with a lubrication, especially a boundary lubrication 

(Donnet and Erdemir, 2008) by reason of the cooling of the mechanical systems and 

protecting the interacting surface in relative motion. Also, unlubricated DLC films 

exhibit inferior tribological properties and are rather sensitive to operation under humid 

air and atmospheric conditions. Unavoidably, the comprehension of the tribological 

behavior of DLC films under lubricated conditions should be emphasized to develop 

new DLC films for machine-component industrial applications. For a detailed 

understanding of the tribological behaviors under the lubrication, the Stribeck-curve is 

given in Figure 2.9. 
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Figure 2.9 The Stribeck-curve consisting of a change in the COF and testing  

                     conditions: 
(𝐕𝐢𝐬𝐜𝐨𝐬𝐢𝐭𝐲)(𝐒𝐥𝐢𝐝𝐢𝐧𝐠 𝐬𝐩𝐞𝐞𝐝)

(𝐋𝐨𝐚𝐝)
 as a function of each regime under  

                     lubrication condition. 

As can be seen in Figure 2.9, the boundary lubrication takes place at a high load 

and low viscosity and sliding speed. In this regime, the surface contact of DLC films to 

the body counter materials is not completely covered by the lubricants which results in 

the presence of surface asperities, and thus increases the friction and wear rate during 

tribological performance. To apply DLC films in this regime, therefore, the additives 

should be involved, and this plays a much greater role in the formation of low friction 

tribofilms within the interfacial surface. In the mixed and elastohydrodynamic 

lubrication, the surface contact of 2 materials is found to be partially separated by the 

lubricant. This regime promotes surface sharps and asperities, but the asperities have 

less effect than the boundary lubrication. The friction and wear rate, therefore, are lower 
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than the boundary lubrication. Taking into account the effect of the viscosity and sliding 

speed on the tribological behaviors, when the viscosity and sliding speed increase, a 

steady-state friction and low wear rate are observed. The lowest friction and wear rate 

are a result of the low shear resistance of the interfacial surface, due to the presence of 

the fully-lubricated condition. This regime is assigned as hydrodynamic lubrication. 

Although this regime contributed to the fully lubricating film, there was still a risk of a 

lack of lubricant due to the increase in the operating temperature during the testing. The 

tribological parameters, such as the viscosity of lubricant, sliding speed, and applied 

load, therefore, should be properly controlled to obtain the best conditions for DLC 

films used in mechanical systems and tribological applications.  

The operation of DLC films under the boundary-lubricated sliding conditions is 

very crucial in the tribological performance. Generally, the COF and wear rate increase 

rapidly due to the loss of the lubricant. For this case, the base oils, the additives, e.g. 

anti-wear (AW), such as molybdenum dithiocarbamate (MoDTC) and zinc 

dithiophosphate (ZDDP), and EP were considered for application during operation. For 

example, Donnet and Erdemir (2008); Donnet  (1998); Liu et al. (1996) reported on the 

formation of a carbon transfer film, which is known as tribochemical film or tribofilms 

due to the interaction between the additives and the DLC surface during the tribological 

measurements. They also found that the COF and wear rate of the films were decreased 

by the presence of tribofilms. 

There were other investigations carried out in the case of doped DLC films. For 

example, the WS2 or MoS2 layers of the tribofilms were formed on the W-doped DLC 

or Mo-doped DLC surface due to the added AW additives in the lubricants. The 

tribofilms exhibited very easy shear, thus resulting in a dramatic friction reduction of 
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the surface contacts (Dai et al., 2004; Mutafov et al., 2014). In addition to the 

lubrication, the operating temperature and sliding load can influence the friction and 

wear rate of doped DLC films. The increase in the operating temperature and sliding 

load during tribological performance leads to the rapid formation of the tribofilms 

and/or graphitization process at the surface contact. This results in the reduction in the 

friction and wear rate due to the low-strength atomic carbon interlayer or shear layer 

compared to normal conditions. With the long duration of testing, the tribofilms are 

thicker and lead to lower steady-state friction. Importantly, the appropriate deposition 

conditions and testing parameters should be controlled to acquire a good tribological 

performance of DLC films in many conditions.  

2.8  Friction and wear behavior of DLC films 

The study on the friction and wear behavior of DLC films depends on the 

relationship of the type of DLC structure and the performance environments, such as a 

vacuum, dry or inert conditions, and humid air, which can be explained by Figure 2.10. 

The investigation of the friction and wear behaviors which are surrounded by dry air 

and an inert environment is probably different for the hydrogenated DLC films, such 

as the a-C:H and ta-C:H films and H-free DLC films, such as the a-C and ta-C films. 

In the case of the hydrogenated DLC films, the COF is quite low in the range of 

0.001−0.22 in a vacuum and dry condition, and increases to between 0.01−0.7 in humid 

air and a water tested environment. The analogous behavior of the friction is observed 

for the H-free DLC films in humid air. The H-free DLC films have a lower COF and 

wear rate in oil and humid air environment conditions than those of the hydrogenated 

DLC films, but exhibit a higher friction in a dry and vacuum condition. The phase 
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transformation from tetrahedral sp3 bonding to graphite-like sp2 bonding, the so-called 

graphitization process, is one of the mechanisms in the tribological behavior which 

leads to an increase in the friction and wear rate of the DLC films. The graphitization 

process is caused by thermal accumulation due to the sliding-induced heat, which 

results in the release of the sp3 hybridized bonds in the DLC films. The surface 

roughness also has an effect on the friction and wear performance of the DLC films, in 

addition to the testing environment. The DLC films with a rougher substrate reveal a 

higher friction and wear rate compared to those with a smoother substrate (Andersson 

et al., 2003). 

The low friction of the hydrogenated DLC films in a dry and inert environment 

is derived from the presence of the H-terminated dangling bonds and transfer layer in 

terms of a weak van der Waals force at the surface contact between the films and body 

counterparts. It is, however, found to be disturbed by water vapor or oxygen molecules 

in humid oxygen environments, which results in the removal of the H and the increase 

in the friction and wear rate. The friction and wear rate of the H-free DLC films, on the 

other hand, are more stable and lower in humid environments compared to those of the 

hydrogenated DLC films. The highly sp3 hybridized bonds exhibit lower friction and 

wear rate, especially for the ta-C films compared to the a-C films with a dominant sp2 

content (Ronkainen and Holmberg, 2008; Ronkainen et al., 1994). One reason for the 

reduction in the friction and wear rate for the H-free DLC films is attributed to the 

presence of the graphitic transfer films and the water-terminated dangling bonds during 

tribological motion under humid air environments. The friction and wear rate in turn 

increase in dry and inert environments due to the lack of humidity (Voevodin et al., 

1996; Gardos, 1994). In summary, the friction performances of the hydrogenated and 
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H-free DLC films are quite analogous, but in the case where the tribological interaction 

is subjected to water vapor and gas adsorption in humid environments, the hard H-free 

DLC films exhibit better anti-wear property, especially the ta-C films.  

 

Figure 2.10 A variation of the COF in different humidities of the hydrogenated and H- 

                    free DLC films and the mechanisms involved in tribological performance  

                    (Ronkainen and Holmberg, 2008). 

2.9 Thermal effects on tribological behavior of DLC films  

It should be emphasized that the tribological performances of both 

hydrogenated and H-free DLC films are diminished at elevated temperatures. This is 

due to the dehydrogenation of the CH bonds in the hydrogenated DLC structure or 

desorption of water and the humid environments surrounding H-free DLC films during 
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the tribological performances. The operating temperature has a direct effect on the 

stability of the H in the cross-linked carbon network structure, which becomes an 

important factor in determining a number of the sp3 configurations in hydrogenated 

DLC films. Since the presence of the H in the hydrogenated DLC films sustains the sp3 

carbon bonding, the loss of the H at high temperature performance results in 

deterioration of the properties of the hydrogenated DLC films, particularly the 

mechanical and tribological properties. The dehydrogenation of the hydrogenated DLC 

films is found to take place in the temperature range from 300 to 600oC depending on 

the deposition parameters and the tribological testing conditions. In a similar effect to 

that of the temperature, the wear rate of the hydrogenated DLC films increases 

dramatically due to the graphitization process at a higher operating temperature. 

Conversely, the increased sliding velocity and sliding distance during test conditions 

enhance the formation of the carbonous transfer layer on the sliding contact which leads 

to the reduction of the friction (Erdemir et al., 1993; Meletis et al., 1995; Miyoshi et 

al., 1992). Further Ronkainen et al. (1992) observed the enhancement of transfer layer 

thickness at a high load and sliding speed. The thicker transfer layer reduced the wear 

rate of the hydrogenated DLC films. Moreover, the formation of the graphitization was 

observed to reduce the friction of the hydrogenated DLC films (Jahanmir et al., 1989). 

Generally, the graphitization formation is caused by the wear- and friction-induced 

heating. Also, the strain energy or work hardening accumulated during the tribological 

testing can also be the reason for this process (Liu et al., 1996). However, the 

graphitization rate reduction was likely to occur at a high humidity level, which has a 

negative effect on the friction performance. The dramatic increase in wear rate and 

graphitization at a higher temperature can lead to the rupture of the hydrogenated DLC 
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films (Erdemir and Fenske, 1996; Liu et al., 1999). With the rising temperature, the 

friction reduction was observed, but the wear resistance of the films was lower. The 

increased wear rate of the hydrogenated DLC films as a function of the annealing 

temperature is shown in Figure 2.11. 

 

Figure 2.11 The evolution of the wear rate of the hydrogenated DLC films on the  

                     annealing temperature modified from Erdemir and Donnet (2005). 

Many research groups have attempted to overcome this limitation by 

incorporating the alloying elements into the hydrogenated DLC films. In this case, the 

alloying elements which are generally used are Si, F, N, and metals (Ronkainen and 

Holmberg, 2008). According to Er and So (2014), the Si-doped a-C:H films prepared 

on Si wafer by the reactive sputtering method had a good thermal stability due to the 

formation of the SiO and SiC bonds within the a-C:H structure. The COF of the 

Si-doped DLC films was observed to be lower with the presence of the SiO2 transfer 

layer on a worn surface. Further Choi et al. (2007) observed that DLC films with high 
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Si contents showed a slight decrease in hardness compared to the undoped DLC and 

the DLC with low Si contents after thermal annealing. This was because of the 

formation of Si oxide on the DLC surface. The DLC films with high Si contents still 

maintained the sp3 bonded carbon after thermal annealing. Also, the low COF and wear 

rate of the annealed Si-doped DLC films were acquired due to the low shear strength 

of the graphite transfer layer and thick and stable Si oxide layer.  

In comparison with the hydrogenated DLC films, the H-free DLC films have a 

higher oxidation or thermal stability. Especially, for the thermal annealing in a vacuum, 

it was found by McKenzie et al. (1994) that the ta-C films deposited by vacuum arc 

discharge remained a carbon conversion from the sp3 to sp2 hybridized carbon up to 

727°C. This was attributed to a tiny amount of the H content and high sp3 hybridized 

carbon of the ta-C films. Similar effects were found by Ronkainen et al. (1996). They 

reported that ta-C films prepared by the pulsed laser ablation method had a good 

thermal resistance in a UHV up to 627°C. The thermal annealing of the H-free DLC 

films at high temperature in a range of 400–500°C in the air was, however, caused by 

the increase in the COF and the wear rate. This led to the desorption of the water vapor 

and humidity level between the films and body counter contact, thus resulting in the 

reduction of the graphitic transfer films and the water-terminated dangling bonds (Leng 

et al., 2003; Robertson, 2002).  

Nonetheless, there are methods used in the improvement of thermal stability of 

DLC films, for example, the incorporation of metals and/or nanocomposite structure. 

Abou Gharam et al., 2011 observed a reduction in the COF and wear rate at a 

temperature above 400°C of the W-doped DLC films caused by the formation of the 

transferred layer of the W-rich oxide on the W-doped DLC surface and 319Al 
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counterface. Further Zhang et al., 2006 found that the thermal stability and hardness of 

the nanocomposite nc-TiC/a-C(Al) films were stable up to 600°C due to the formation 

of the TiC nanocrystallites in the matrix, and in the case of pure DLC films, they began 

to be thermally unstable at an annealing temperature beyond 300°C, as demonstrated 

by the increase in the ID/IG ratio from the Raman analysis. The degradation of the pure 

DLC films due to the thermal effects was caused by the graphitization, which resulted 

in a hardness reduction and the loss of film thickness by the oxidation of carbon atoms 

into the gas phase, for example, the CO2. The presence of the Ti and Al oxides at high 

temperatures for the nanocomposite nc-TiC/a-C(Al) films was, however, observed to 

act as a barrier layer to prevent the loss of film thickness.  

As described above, the thermal effects on friction and wear performance of the 

DLC films in tribological performance depend strongly on the surrounding 

environments, such as the humidity level. The H-free DLC films are sensitive to use in 

dry and inert environments because they require water molecules or hydrocarbon 

species to form the water-terminated dangling bonds and graphitic transfer layers. In 

contrast, the hydrogenated DLC films exhibit better performance in a dry and inert 

environment, but they are rather sensitive to being used under a humid and elevated 

temperature because of the dehydration of the hydrogen atoms in the tribocontact. The 

applications of DLC films in an inappropriate environment, thus, can result in reduced 

friction and wear performance. A similar friction performance of both the hydrogenated 

and H-free DLC films was found; however, the ta-C films still have the best wear 

resistance in a normal atmosphere (Ronkainen and Holmberg, 2008). 
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2.10  Electrochemical corrosion 

The corrosion of DLC films is becoming a major issue which occurs generally 

in a wide range of engineering and industry applications, particularly in mechanical and 

tribological applications surrounded by aqueous fluids and/or lubrication conditions. 

The approach to overcome this issue is based on an understanding of the fundamental 

concepts of corrosion which will be described in detail in the following section. 

The corrosion process occurs spontaneously in nature resulting in the 

deterioration of metals through chemical and/or electrochemical reactions to the 

surrounding environments. Other physical damage, for example, by friction, wear, 

erosion, and fretting are not considered as a type of damage in the corrosion process. 

The corrosion process is, however, likely to involve physical damage, which is assigned 

by the terms erosion-corrosion, corrosion wear, erosion-corrosion wear, and fretting 

corrosion. In addition, the term corrosion can be used for nonmetals, for instance, 

plastics, wood, and concrete, but the rust found during the corrosion process like in iron 

or iron-base alloys is not to be found for those nonmetals. Three are 3 important reasons 

to study the corrosion behavior of the materials. The first is about an economic reason 

which is in agreement with the objective of this study to reduce loss or dissolution of 

materials from corrosion due to the electrochemical reaction with environments. The 

second reason involves safety through improvement in the design of suitably functional 

equipment, e.g., boilers, airplanes, nuclear-power plants, turbine blades, etc. used in 

corrosive environments for which suggestions are made. The final reason is about 

conservation. In this case, a reduction in the use of resources and materials is proposed 

which corresponds to energy and water preservation in production.  
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The corrosion process of metals depends greatly on the surrounding 

environment and operating temperatures. Typically, the corrosion process can be 

classified into 2 main groups, e.g., the oxidation and electrochemical corrosion known 

as dry or high temperature corrosion and wet corrosion, respectively. In this thesis, the 

electrochemical corrosion of pure DLC and Ti-doped DLC films will be described in 

detail, while the high temperature corrosion of the films is investigated through the 

films’ thermal stability; the basic principle of the thermal stability of films is described 

in section 2.9 on the thermal effects on the tribological behavior of DLC films. 

2.10.1 Electrochemical corrosion 

 The deterioration of metals by electrochemical reaction in aqueous 

environments is defined as electrochemical corrosion. The mechanisms of 

electrochemical corrosion are based on the transport reactions of electrons, atoms, and 

molecules at charged interfaces, which eventually lead to the degradation of conductive 

substrates (Stansbury and Buchanan, 2000), as schematically illustrated in Figure 2.12 

(Fernandez-Solis et al., 2016). According to Figure 2.12, the adsorbed molecules of the 

solvent and adsorbed species are formed as structured layers near the interface. The 

group of adsorbed species moving near the interface with the distance (d1) is called the 

inner Helmholtz layer. The adsorbed species moving away from the interface with the 

distance (d2) is designed as the outer Helmholtz layer. The other distribution of a 3-

dimensional form of adsorbed species due to thermal motion is referred as the diffusion 

layer, which is based on the explanation of the Poisson-Boltzmann equation (Lyklema, 

1995). The transportation of adsorbed species in the electrochemical reaction causes 

the dissolution of the metals in the form of corrosion products or rusts. The rate of the 

corrosion and related corrosion parameters can be subsequently examined using a 
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potentiostat analyzer, which will be explained in this thesis. Furthermore, several 

research groups have been interested in the effects of fluctuation adsorbed species 

during the electrochemical corrosion processes and have investigated their changes 

(Okamoto and Onuki, 2011; Dreyer et al., 2014; Lyklema, 2009; Netz and Orland, 

2000; Netz, 2001). 

 

Figure 2.12 A schematic diagram of the structured layers at the solid/solution interface.  

                    The numbers 1, 2, 3, 4, 5, and 6 represent the inner Helmholtz layer, outer  

                    Helmholtz layer, solvated ions (cations), diffusion layer, electrolyte  

                    solvent, and specifically adsorbed ions, respectively, adopted from  

                    Fernandez-Solis et al. (2016). 
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2.10.2 Electrochemical analytical techniques 

 The electrochemical analytical techniques, such as potentiodynamic 

polarization and electrochemical impedance spectroscopy are widely used at present 

and allow us to have considerable information on electrochemical corrosion behavior. 

A concise overview of the potentiodynamic polarization technique is provided and a 

method of achieving the electrochemical corrosion parameters is proposed. A 

description of the experimental set-up of the potentiostat analyzer and related electrodes 

is shown in Figure 2.13. The electrochemical corrosion parameters, such as the 

corrosion rate (CR), corrosion potential (Ecorr), corrosion current density (icorr), porosity 

(P), and protective efficiency (Pi) can be obtained by potentiodynamic polarization 

measurement based on the current-potential relations. In recent years, the rate of 

corrosion acquired from the traditional method, such as the weight loss method, has 

been replaced by this method due to its fast and accurate technique. In the 

potentiodynamic experiment, as the DC potential is continuously scanned in a potential 

sweep, the scan potential rate is acquired and the flowing current at the specimen is 

recorded. The electrochemical process is associated with an anode, a cathode, and 

electrolyte or electrical conduction path, such as a salt-bridge probe. The electrolyte or 

ionic conduction path is frequently used to connect the counter and working electrodes, 

while the salt-bridge probe is employed to link between the polarization and reference 

cells, as schematically shown in Figure 2.13.  
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Figure 2.13 A schematic diagram of the potentiostat analyzer and a typical three  

                      electrode standard for a potentiodynamic polarization experiment  

                      modified from ASTM G5-14. 

 In the measurement, the degree of the driving force of the 

electrochemical reactions can be controlled using a potentiostat analyzer (Enos and 

Scribner, 1997). During the transfer of electrons in the system, electrochemical 

reactions occur at each electrode. Typically, the anode is designed as a negative 

electrode, while the positive electrode is obtained from the cathode. The presence of 

oxidation at the anode, e.g., the metal or specimen can be given by the following 

reaction: 

𝑀 → 𝑀𝑥 + + 𝑥𝑒−, (2.1) 
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where 𝑀 is the pure metal or alloy, 𝑀𝑥 + is the metal ions, and 𝑥𝑒− is the number of 

electrons transferred in the system. The other electrochemical reactions take place in 

addition to the oxidation, for example, oxygen production: 

2𝑂𝐻− → 1

2
𝑂2 + 𝐻2𝑂 + 2𝑒−, (2.2) 

where 𝑂𝐻−  is the hydroxide ions. At the cathode surface, the oxide or hydroxide 

reductions occur possibly in aqueous solutions by this expression: 

𝑀𝑥(𝑂𝐻)𝑦 + 𝑦𝑒− → 𝑥𝑀+ + 𝑦𝑂𝐻−. (2.3) 

 The water reduction can also be present when the negative potential is 

high enough, as addressed by: 

𝐻2𝑂 + 𝑒− → 𝐻 + 𝑂𝐻−. (2.4) 

 For interpretation of the electrochemical data, a semi-log scale of the 

potential against the logarithmic of the current, typically the current density: the current 

per unit area exposed to the electrolyte, is plotted, which is well-known as the 

potentiodynamic polarization curve, as shown in Figure 2.16. This potentiodynamic 

polarization curve is conducted to achieve the electrochemical corrosion parameters, 

which provide abundant information on the electrode processes. A standard 3 electrode 

system used in the potentiodynamic polarization includes: the graphite rod as the 

counter electrode (CE), the specimen as the working electrode (WE), and the Ag/AgCl 

electrode as the reference electrode (RE). A schematic diagram of the experimental set-

up of the potentiostat analyzer and 3 electrode standard system is shown in Figure 2.13.  
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 Two scan features are used in the potentiodynamic polarization 

experiments which are the anodic and cathodic potentiodynamic polarization scans 

(Enos and Scribner, 1997). Figure 2.14 demonstrates the anodic potentiodynamic 

polarization curve, which is mostly used in the electrochemical measurements. As seen 

from the figure, the curve starts from point ① and finishes at point ②. When the 

potential is applied in the positive region toward point A at the open circuit potential 

(OCP) where the total anodic current and the total cathodic current are equal, the 

measured current value or the sum of the anodic and cathodic reaction rates is 0. As the 

potential increases continuously toward point B in the active region, the oxidation 

reaction of metals is notable, as previously demonstrated in Equation 2.1. As there is a 

further increase in the applied potential, the current does not increase at the C region, 

which is attributed to the passivation potential. In the D region, as the potential 

increases, the current, in turn, decreases due to the formation of passivity called a 

passive region, as seen in the E region. The current at this region is referred to as the 

passive current density. As the applied potential increases further toward the positive 

direction at point F, the current starts to increase greatly in the G region, which is 

attributable to the breakaway potential or transpassive dissolution. In the G region, 

some metal exhibits pitting corrosion. Some alloy with a stable protective oxide, for 

example, cobalt, on the other hand, show the oxygen evolution (Enos and Scribner, 

1997).  
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Figure 2.14 An anodic polarization curve modified from Enos and Scribner (1997). 

 The cathodic potentiodynamic polarization scan is shown in Figure 2.15. 

The potential is scanned from point ① and decreases in the negative direction toward 

point ②. The OCP occurs on the point A. As the applied potential decreases toward 

the B region, the oxygen reduction reaction is dominant. This reaction depends strongly 

on the pH solution and the concentration of dissolved oxygen. At the potential decreases 

continuously, the current is limited and does not change in the C region. This limitation 

is controlled by a charge or mass transport which relates to the concentration and 

diffusivity of the species in the solution. As the applied potential further decreases, on 

the other hand, a degree of the driving force, in turn, increases and leads to the 

occurrence of reactions in the D and E regions, for example, hydrogen evolution or 

water reduction reaction, as previously described by Equation 2.4. 
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Figure 2.15 A cathodic polarization curve modified from Enos and Scribner (1997). 

 For in-depth understanding the electrochemical reactions, the 

potentiodynamic polarization curve with the active-passive type of iron is considered, 

as revealed in Figure 2.17, modified from Fernandez-Solis et al. (2016). There are 6 

important reactions that occur in this system from the following equations (Fernandez-

Solis et al., 2016): 

𝐹𝑒 → 𝐹𝑒2+ + 2𝑒−, (2.5) 

3𝐹𝑒 + 4𝐻2𝑂 → 𝐹𝑒3 𝑂4 + 8𝐻+ + 8𝑒−, (2.6) 

2𝐹𝑒3𝑂4 + 𝐻2𝑂 → 3𝐹𝑒2 𝑂3 + 2𝐻+ + 2𝑒−, (2.7) 

or 

2𝐹𝑒2+3𝐻2𝑂 → 𝐹𝑒2 𝑂3 + 6𝐻+ + 2𝑒−, (2.8) 

(2 − 𝑥)𝐹𝑒2𝑂3 + 3𝑥𝐻2𝑂 → 2𝐹𝑒𝑥
6+𝐹𝑒(2−2𝑥)

3+ ⊡𝑥 𝑂3 + 6𝑥𝐻+ + 6𝑥𝑒−, (2.9) 
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where x is the fraction of the iron lattice sites and ⊡ is the vacancy in the iron lattice 

sites. 

𝐹𝑒2 𝑂3 + 5𝐻2𝑂 → 2𝐹𝑒𝑂4
2− + 10𝐻+ + 6𝑒−, (2.10) 

 As the applied potential increases progressively, the iron begins to 

corrode in the A region in the active dissolution, as shown by Equation 2.5. When the 

potential increases further, the passivity is formed on the iron surface. At this point, the 

transformation of the active to passive type can be observed at point B, which is 

attributed to a primary passivation potential (Epp). The measured current at this point is 

designed as the critical current density (icrit). While the potential increases continuously, 

the current is found to decrease in the C region. This is due to the formation of the 

passivity, as illustrated by Equation 2.7. As the potential increases toward the positive 

direction, no change in the corrosion rate is observed in the D region due to the presence 

of a stable passivity and the current at this region is assigned as the passive current ( ip). 

However, at the high potential above the D region, the breakdown of the passivity has 

taken place accompanied by the rapid increase in the current and corrosion rate. The 

potential range in the E region is ascribed to the transpassive potential (E t). In this 

region, the dissolution of iron into the ions is observed and is presented by Equation 

2.8–2.10. Also, the oxygen evolution has taken place at a higher potential range. 
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Figure 2.16 Potentiodynamic polarization curve of iron in an aqueous solution of pH = 7. 

2.10.3  Interpretation of electrochemical data 

 The corrosion current density (icorr) and corrosion rate (CR) are very 

important parameters in the electrochemical corrosion measurement, which can be 

acquired through 2 significant methods, i.e., the linear polarization resistance and the 

Tafel slope extrapolation method (ASTM G5–87, 1987; ASTM G59–97, 1994). The 

measured current achieved from the potentiodynamic experiment is the total anodic 

current (Icorr), which is typically converted into the corrosion current density by this 

expression: 

𝑖𝑐𝑜𝑟𝑟 = 
𝐼𝑐𝑜𝑟𝑟

𝐴
, (2.11) 

where 𝑖𝑐𝑜𝑟𝑟  is the corrosion current density (A/cm2), 𝐼𝑐𝑜𝑟𝑟  is the total anodic current 

(A), and 𝐴 is the exposed surface area (cm2). In the case of alloys or metals with 

multiple valences, the equivalent weight (EW) is given by: 
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𝐸𝑊 = (Σ
𝑓𝑖 𝑛𝑖

𝑊𝑖
)

−1

, (2.12) 

where 𝑓𝑖 is the mass fraction, 𝑛𝑖 is the valence, and 𝑊𝑖  is the atomic weight of each 

component. According to Faraday’s law, the CR can be calculated from the relationship 

of the icorr by the following equation:  

𝐶𝑅 = 𝐾
𝑖corr

𝜌
𝐸𝑊, (2.12) 

where 𝐶𝑅 is the corrosion rate in units of mm/year, 𝐾 is the constant value (3.27 × 10–3), 

and 𝜌 is the density of the alloys or metals. 

 The linear polarization resistance (LPR) method is used to assess the CR 

of alloys or metals in a low potential range of approximately ±10 mV near the OCP. In 

the LPR measurement, the potential is scanned in a potential range between ±5 and ±25 

mV. With a small potential range, the measured current is a relatively linear line, as 

shown in Figure 2.17.  

 

Figure 2.17 Linear polarization resistance curve modified from Enos and Scribner (1997). 
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 The calculated CR value acquired from this method is in units of milli-

inches per year (mpy) (ASTM G102–89, 1999). The polarization resistance (Rp) of 

metals based on Ohm’s law: potential V = IR is expressed by the ratio of the applied 

potential (Δ𝐸) to the measured current (Δ𝑖). The icorr that relates to such a ratio can be 

obtained via the following equation:  

𝑅p =
Δ𝐸

Δ𝑖
=

𝛽a𝛽c

2.303𝑖corr(𝛽a+𝛽c )
, (2.13) 

where 𝛽a and 𝛽c are the anodic and cathodic Tafel slopes acquired from the Tafel plot 

(V/decade), respectively. 

Rearrangement of Equation 2.13 gives: 

𝑖corr =
𝛽a𝛽c

2.303(𝛽a+𝛽c )

∆𝑖

∆𝐸
. (2.14) 

 The CR, therefore, can be calculated by the relationship of the icorr 

through Equation 2.12. The other method that is extensively used to assess the CR is 

the Tafel slope extrapolation. The reactions in this method are typically controlled 

through a charge or mass transfer at less than the limiting rate in a potential range of 

approximately ±300 mV between the anodic region (positive-going potential) and 

cathodic region (negative-going potential), as illustrated in Figure 2.18.  



59 

 

 

Figure 2.18 Tafel slope extrapolation modified from Enos and Scribner (1997). 

 The icorr can be achieved through a relationship of the overpotential (𝜂) 

as follows:  

𝜂 = 𝛽log
𝑖

𝑖o
, (2.15) 

where 𝛽 is the Tafel slope, i is the current density, and io is the exchange current density. 

 The Tafel slope extrapolated for the anodic and cathodic reactions at the 

OCP can be acquired from the linear (dashed line) responses of the polarization curve 

where the anodic reaction is equal to the cathodic reaction. At this point, the current 

density is projected to the icorr and the potential is referred to the Ecorr, as shown in 

Figure 2.18. The CR can be obtained by replacing the icorr into Equation 2.12. 
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2.11  Stainless steel 

Stainless steel is versatile and widely used in engineering and industrial 

applications due to its anti-corrosion property, high toughness and strength, and 

mechanical formability (Francisco et al., 2015; Marshall, 1984). The requirement of 

excellent hardness and wear resistance, low COF, and anti-chemical property, 

especially in chloride ions is, however, very necessary for stainless steel in advanced 

applications. To overcome these drawbacks, the surface modification technology, for 

example, DLC films, is considered to be a good choice as a protective coating.  

A brief history of stainless steel reveal that it was discovered in 1913 by a 

metallurgist named Harry Brearley while he was searching for ways to improve the 

alloy to protect cannon bores. He found that the introduction of approximately 12.8% 

Cr into the low carbon steel resulted in stain resistance, and this alloy was designed as 

the first ever stainless steel (Cobb, 2010). The stain resistance is achieved by means of 

the formation of a transparent and adherent Cr-rich oxide film, which cannot be 

observed with the unaided eye. This oxide film resists corrosion in many environments, 

for example, water, atmosphere, food, and alkalis. Further research showed that the 

oxide film could heal itself instantly when it was surrounded by oxygen. Stainless steel 

is defined as a steel alloy, which contains a minimum of 10−12 wt.% Cr for protection 

against the formation of rust. The addition of other elements, such as Ni, manganese 

(Mn), molybdenum (Mo), Cu, Ti, Si, etc. is performed to enhance particular 

characteristics, e.g., ductility, scaling and corrosion resistance, and high-temperature 

strength. Typically, stainless steel can be classified into 5 important families depending 

on their structures:  

(i) Austenitic stainless steel with the austenitic matrix,  
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(ii) Ferritic stainless steel with the ferritic matrix,  

(iii) Martensitic stainless steel with the martensitic matrix,  

(iv) Precipitation hardening stainless steel with the addition of Al, Mg, Ni, Ti, 

etc. to form the precipitate phase in the matrix resulting in the improvement of the yield 

strength, and  

(v) Duplex stainless steel with a mixture of austenitic and ferritic grains 

providing attractive properties. Figure 2.19 illustrates the beneficial relationship 

between the chemical composition and properties of the stainless steel family. 

 

Figure 2.19 Chemical composition and the corresponding properties of stainless steel  

                    family modified from Beddoes and Parr (1999). 

As seen in Figure 2.19, AISI 304 austenitic stainless steel, as a Fe-Cr-Ni alloy, 

is generally considered as the most austenitic stainless steel, which is the most versatile 
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and is typically used in many industrial applications; it accounts for more than 70% of 

all the stainless steel in the world due to its good formability and weldability, excellent 

corrosion resistance in many environments, and high yield strength. Cr is the most 

important element in the stainless steel in developing the passive Cr-oxide film on 

stainless steel surface. At least 10−12%Cr in the stainless steel can form the protective 

oxide thin film which is sufficient for the scaling resistance. Ni is a key element that is 

used to improve the ductility and the corrosion or scaling resistance. In this thesis, type 

304 stainless steel was selected to be the substrate before DLC deposition. Table 2.3–

2.5 (Beddoes, and Parr, 1999; Long Products Stainless Steel Grade Sheet (North 

America Stainless, 2010); Stainless Steel 304 1.4301 (ThyssenKrupp Materials, 2017)) 

show the chemical composition and the mechanical and physical properties of AISI 304 

austenitic stainless steel, respectively. 

Table 2.3 Chemical composition of AISI 304 austenitic stainless steel. 

AISI 304 
Chemical composition (wt.%) 

C Cr Ni Mn Si S P 

Min. − 17.50 8.00 − − − − 

Max. 0.07 19.50 10.50 2.00 1.00 0.015 0.045 

Table 2.4 Mechanical properties of AISI 304 austenitic stainless steel. 

Type 
Tensile strength  

(MPa) 

Proof stress 

(MPa) 

Elongation 

(%) 

Reduction of area 

(%) 

Hardness 

(HRB) 

AISI 304 520–720 210 min 45 min 70 81 
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Table 2.5 Physical properties of AISI 304 austenitic stainless steel. 

Density (kg/m3)  8000 

Modulus of elasticity (GPa)  193 

Specific heat capacity (J/Kg K)  500 

Thermal conductivity at 100oC (W m/K)  16.2 

Mean coefficient of thermal expansion (10−6/oC) at 0−100 oC 17.2 

 100−315oC 17.8 

 315−538oC 18.4 

Electrical resistivity (μΩm)  0.072 

Melting point (oC)  1450 

 



 

 

CHAPTER III 

EXPERIMENTAL PROCEDURES 

The deposition and analysis of the undoped (pure) DLC and Ti-doped DLC 

films are described in detail. This chapter has been divided into 2 important sections 

regarding the preparation of the DLC film by the pulsed two-FCVA technique and the 

characterization of the DLC films by many analytical techniques which can be 

cataloged into 3 sub-sections. The first sub-section involves the microstructure, 

bonding configuration, and chemical composition analysis. The second is an 

investigation in regard to the electrochemical corrosion analysis. The final sub-section 

involves the mechanical and tribological analysis.  

3.1  Preparation of DLC films 

In this PhD thesis, pure DLC and Ti-doped films have been successfully 

synthesized by pulsed two-FCVA deposition. The pulsed two-FCVA system was 

constructed in the laboratory located at the Synchrotron Light Research Institute, SLRI, 

Nakhon Ratchasima, Thailand, as demonstrated by Figure 3.1(a) and 3.1(b). The pulsed 

two-FCVA system has 2 separate cathodic arc sources and its own macro-particle filter, 

which can be individually or simultaneously controlled by an arc plasma power supply 

connected to a personal computer-controlled system with the Arduino micro-controller 

board and open-source Arduino software (IDE). This system allows many potential 

advantages, for example, the incorporation of alloying elements into the DLC structure 

and/or the deposition of the multi-layered structures via the controllable deposition
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parameters, such as the duty cycle, pulse repetition rate or arc frequency, arc voltage, 

and arc current.  

Two sets of the DLC films were prepared for this Ph.D. thesis. For the first set, 

all the DLC films were deposited on the Si wafer to avoid the surface roughness effect 

of the substrate. In this preliminary study, the performance of the pulsed two-FCVA 

system and the optimum deposition condition were explored through the 

characterization of the microstructure and mechanical, physical and optical properties 

as a function of the substrate negative DC bias voltages (Vbias). The DLC films deposited 

at 0.0, 0.5, 1.0, and 1.5 kV were frequently designated as DLC-0, DLC-1, DLC2, and 

DLC-3, respectively. The second set dealt with the deposition and characterization of 

the Ti-doped DLC films. The different concentrations of the Ti atoms in the Ti-doped 

DLC films were controlled by adjusting the applied arc voltages of 0.65 and 0.8 kV 

connected to a Ti cathode. The samples deposited at different arc voltages were denoted 

as Ti-DLC1 and Ti-DLC2, respectively. Both the Si wafer and AISI 304 stainless steel 

were used as the substrate and the films were prepared under the best deposition 

condition acquired from a preliminary study. The films deposited on the Si substrate 

were used for the microstructure, bonding configuration, and chemical composition 

analyses, while the others on the AISI 304 stainless steel substrate were used for the 

nano-mechanical, nano-tribological, and electrochemical corrosion analyses. The 

microstructure and properties of the pure DLC films were also investigated in 

comparison with those of the Ti-doped DLC films. 
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Figure 3.1 A set-up of an in-house developed pulsed two-FCVA system: (a)  

                     photograph of the deposition chamber during film growth and (b)  

                     corresponding schematic diagram of pulsed two-FCVA deposition used  

                     for DLC deposition with the detailed information of all the components  

                     inside the deposition chamber. 

In the sample preparation, the p-type (100) oriented Si wafers and the AISI 304 

stainless steel were cut into rectangular pieces of 10 mm × 10 mm, which is an 

appropriate size for all the analytical techniques. In the case of the stainless steel 
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substrates, they were ground and polished with silicon carbide (SiC) sandpapers to 

achieve a suitable surface profile roughness (Ra) of approximately 30 nm using the 

surface profilometer, as shown in Figure 3.2. All the substrates were subsequently 

ultrasonically pre-cleaned with ethanol and acetone for 15 min for each step to remove 

any surface contamination and afterward dried by nitrogen gas before being introduced 

into the deposition chamber.  

 

Figure 3.2 The 3-dimension surface profile measurement of AISI 304 austenitic  

                    stainless steel substrate using surface profilometer located at the BL6a:  

                    Deep X-ray Lithography (DXL), SLRI, Nakhon Ratchasima, Thailand. 

In the deposition, the FCVA system is a “triggerless” arc initiation technique  

and, therefore, a trigger electrode and trigger power supply are not necessary. A 

graphite rod with a purity of 99.99% (8 mm in diameter) and titanium rod with a purity 

of 99.50% (8 mm in diameter), surrounded by a ceramic insulator, copper anode 

cylinder, and cooling system, were inserted into the cathodic arc source acting as the C 

and Ti source for the pure DLC and Ti-doped DLC films. Due to the small material rod 
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(8-mm diameter) and no reactive and/or background gas required, the FCVA is an eco-

friendly and cost-effective surface modification technique for industrial applications. 

To generate an initial arc plasma, a conductive path or conductive layer of the cathode 

materials that are previously deposited on the ceramic insulator surface between the 

cathode and anode is required to allow the current to cross over to initiate the arc plasma. 

  

Figure 3.3 The measured arc current by oscilloscope (vertical scale: 100 A/div,  

                    horizontal scale: 100 μs/div). (a) Main arc current with the second arc  

                    current operated at a pulse repetition rate of 1.0 and 1.25 Hz and duty cycle  

                    of 50% and (b) Only the main arc current after pulse repetition rate and  

                    duty cycle were changed to 6 Hz and 0.003%. 

Prior to the deposition, the chamber was evacuated to a base pressure of 2 × 

10−3 Pa by a turbomolecular pump backed up by a diaphragm pump. The Vbias in a range 

of 0 to 1.5 kV was applied to extract the ions and control the energy of the ions from 

the C+ and Ti+ plasma. During the deposition, the working pressure was slightly 

increased to 3 × 10−2 Pa because of the outgassing of the cathode materials. The arc 

current was driven at the arc voltage of 0.8 kV. The pulse repetition rate of 6 Hz and a 

duty cycle of 0.003% were controlled to maintain the cathode consumption and arc 
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stability. The single arc current or single main arc current (see in Figure 3.3) can be 

obtained under the above-mentioned conditions. Thus, the arc pulse, is uniform, stable, 

and countable, which allows accurate control of the film thickness and microstructure. 

Any surface oxide films were firstly removed by a bombardment with the 

energetic ions of Ti+ at the Vbias of 1.5 kV for 5 minutes before deposition of the DLC 

film. This method provided both a freshly cleaned surface and active surface for the 

subsequent DLC film. To improve the film adhesion and to reduce the delamination 

during the film growth, a 20 nm thickness of the Ti intermediate layer was pre-coated 

on the substrate and served as a bond-coat or adhesive layer between the DLC films 

and the substrate. This approach not only gave a Ti layer as the magnetron sputtering 

but also promoted the Ti ions into a substrate sublayer, thus resulting in good adhesion 

of the DLC films to the substrate. The high quality and low macro-particles DLC films 

can be obtained when the plasma species are passed through an open-architecture, 90°-

curved magnetic filter set, which was electrically connected in series with the cathodic 

arc discharge. The magnetic filter set was made of the copper tube with 20 turns and a 

45 mm inner diameter. The distance between the exit of the filter coil and steel substrate 

was 30 mm. The summarized deposition parameters for the pure DLC and Ti-doped 

DLC films are listed in Table 3.1.  

Table 3.1 The crucial controlled parameters for DLC film deposition. 

 Deposition condition parameter 

Base pressure (Pa) 2 × 10−3 

Arc voltage (−kV) 0.65 and 0.80 

Substrate bias voltage (–kV) 0–2.00 

Pulse repetition rate (Hz) 1.0–6.0 

Duty cycle (%) 0.003–50 

Deposition time (min) 30 
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3.2  Microstructure, bonding configuration, and elemental analysis 

For more understanding of the microstructure, chemical composition, and 

surface morphology of the pure DLC and Ti-doped DLC films, several analytical 

techniques including Raman spectroscopy, near edge X-ray absorption fine structure 

(NEXAFS), X-ray photoelectron spectroscopy (XPS), X-ray photoemission electron 

microscopy (X-PEEM), and scanning electron microscopy (SEM), energy-dispersive 

X-ray spectroscopy (EDS), X-ray reflectivity (XRR), and spectroscopic ellipsometry 

(SE) were performed. The basic principle of their analytical techniques is described by 

the following sub-sections. 

3.2.1  Raman spectroscopy 

 Raman spectroscopy is the most popular technique and a standard non-

destructive analysis for characterizing the microstructure of carbon-based materials 

(Ferrari and Robertson, 2000, 2001, 2004; Chu and Li, 2006), e.g. crystalline and 

disordered graphite, amorphous carbon (a-C), and hydrogenated amorphous carbon (a-

C:H), and diamond thin films. The basic principle of the Raman method relies on an 

inelastic scattering or Raman scattering of a monochromatic light beam from a laser 

source. The interactions of the laser light with the atoms or molecules in the materials 

lead to the shift of the laser photon (hν), which provides the local structural information 

about the rotational or vibrational modes of the materials. There are 3 types of light 

scattering: Rayleigh scattering, Stokes scattering, and anti-Stokes scattering are 

presented in the Raman spectroscopy, as shown in Figure 3.4. According to Figure 3.4, 

the Rayleigh scattering originally takes place when the light photon is absorbed and 

then elastically the scattering goes back to the same frequency and level of an initial 

excitation light. The Stokes Raman scattering usually has a lower energy level and 
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frequency due to the interaction between the incident light and atoms or molecules in 

the materials compared to the initial incident light. The anti-Stokes Raman scattering, 

on the other hand, has a higher energy and frequency of the emitted photon than the 

initial incident light. This scattering, however, likely takes place at a high temperature. 

The inelastic scattering which consists of the Stokes and anti-Stokes Raman scattering, 

therefore, is commonly used to obtain the Raman information.  

 

Figure 3.4 A schematic diagram of energy transitions in Rayleigh and Raman 

scattering edited from Moura et al. (2016); Lam et al. (2016). 

 Since the Raman scattering is a very weak signal compared to the intense 

elastic Rayleigh scattering, the model instruments, such as the notch filter, holographic 

grating, amplifier, and CCD detector are designed and used to magnify and optimize 

their signals, as schematically shown in Figure 3.5. 
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Figure 3.5 A schematic illustration of Raman spectroscope modified from Butler et al.  

                  (2016). 

 The Raman spectrum of diamond with the sp3 hybridization is located 

at 1332 cm−1 while that of highly oriented pyrolytic graphite (HOPG) with the E2g CC 

stretching mode is located at 1582 cm−1 and assigned as the G band. The G band is 

attributed to the stretching mode in all sp2 sites both in aromatic rings and chains in the 

graphite. The disordered structure like polycrystalline graphite shows the other sharp 

peak is located at about 1350 cm−1 with the A1g CC breathing mode. This is associated 

with the D band which represents the bond-angle disorders of the breathing mode of 

the sp2 sites in rings, thus if no ring is present, there is no D band (Irmer and Reisel, 

2005; Chu and Li, 2006). Raman spectroscopy in the spectral range between 800 and 

2000 cm−1 or 1000 and 2000 cm−1 (Chu and Li, 2006) is widely studied to identify the 

microstructural information of carbon-based materials, especially amorphous carbon 

thin films. The G band is centered at approximately 1580 cm−1 and the D band is located 
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at approximately 1350 cm−1. The Raman parameters, such as the G and D bands 

positions, the intensity ratio of the D and G bands (ID/IG ratio), the full width at half-

maximum of the G band (FWHM(G)), and cluster size of the sp2 sites (La) can be 

obtained from the fitted and deconvoluted well by 2 Gaussian curves on a linear 

background subtraction. The Raman spectrum of amorphous carbon is dominated by 

scattering of the sp2 sites due to the excitation resonances with π states, which is 

attributed to the G and D bands (Ferrari, and Robertson, 2004).  

 Although the visible Raman spectrum is not a direct technique for the 

achievement of the sp3 content in the DLC films, it is used in a limited range to obtain 

the relative sp3/sp2 ratio which can be compared to the other analytical techniques (Chu 

and Li, 2006). In addition, the residual stress in the DLC structure can also be calculated 

by the shift of the G band position, which is associated with the film’s mechanical 

properties. Raman spectroscopy is quite an advantageous technique because it is faster 

than nuclear magnetic resonance (NMR), near edge X-ray absorption fine structure 

(NEXAFS), or electron energy-loss spectroscopy (EELS) which are direct methods for 

the achievement of the sp3 content, but they all rather suffer a from time-consuming 

technique. 
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Figure 3.6 Photographs of the Raman spectrometer (a) HORIBA, Jobin-Yvon,  

                     LabRAM Infinity, (b) BRUKER RamanScope, SENTERRA, OPUS, and  

                     (c) the sample stage and focused the laser beam on the sample inside the  

                     SENTERRA. 

 Two Raman systems were used in this work, as shown in Figure 3.6(a) 

and 3.6(b). The first system was a laser Raman microscope spectroscopic apparatus 

(HORIBA, Jobin-Yvon, LabRAM Infinity) located at the Optoelectronic Ceramics 

Laboratory, NUT, Niigata, Japan. This system was used for the preliminary study 

operated in the backscattering mode and produced by a 5 mW Ar+ ion laser with a 

source wavelength of 514.5 nm. The probe aperture was approximately 10 µm with the 

wavelength resolution of 1 cm−1 and the Raman spectra were performed in a 1000−2000 

cm−1 spectral range. Another system was a dispersive Raman spectroscopic system 

(BRUKER RamanScope, SENTERRA, OPUS) located at the SLRI, Nakhon 

Ratchasima, Thailand. This system was used for the Ti-doped DLC films operated in a 
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backscattering configuration and produced by a 12.5 mW Ar+ ion laser as an excitation 

source at a wavelength of 532.0 nm. The spot size of a laser beam is focused on the 

sample with approximately 4 μm2 and the spectral resolution of 3 cm–1. The Raman 

spectra of the films were carried out in a range of 800–2000 cm–1. The Raman 

parameters, such as the ID/IG ratio, the position of the D and G bands, FWHM, residual 

stress, and La were acquired by fitting the Raman spectrum with 2 Gaussians functions 

using the OriginPro software. The Raman spectra of the DLC films and standard 

materials of glassy carbon and HOPG are revealed in Figure 3.7. 

 

Figure 3.7 Raman spectra of the DLC films at different bias voltage along with the  

                   glassy carbon and HOPG standard materials adopted from Natthaphong  

                   et al. (2018). 
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3.2.2  Near edge X-ray absorption fine structure (NEXAFS) spectroscopy 

 NEXAFS spectroscopy is a useful and surface sensitive technique for 

identifying the electronic structure, chemical functional groups, and molecular 

orientation of the carbon-based materials, especially the sp3/sp2 ratio in the DLC films 

(Hähner, 2006; Benny et al., 2006). NEXAFS is capable of providing the unique 

information of low atomic number element mean that this is predominantly suited for 

distinguishing of complex heterogeneous sample because the absorption spectra depend 

strongly on the local geometric structure of atoms in the sample. NEXAFS spectroscopy 

is a powerful capabilities for the chemical characterization of DLC forms. It is a 

synchrotron-based spectroscopic technique in which the synchrotron radiation has a 

superior radiated intensity than most conventional sources by orders of magnitude, thus 

high spatial resolution of NEXAFS can be obtained. 

 To generate the synchrotron radiation (see in Figure 3.8(a)), the electric 

charges, particularly electrons are produced at a heated cathode of an electron gun 

before being fed into the booster. The electrons are linearly accelerated using a linear 

accelerator or LINAC to have the desired velocity of 40 MeV and then transferred into 

the booster ring or synchrotron. In the booster ring, the electrons are accelerated and 

forced to move in a circular pattern with a velocity close to the speed of light of 1 GeV 

before being injected into the storage ring at the final stage where the electron energy 

can reach up to 1.2 GeV.  
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Figure 3.8 Schematic representation: (a) the synchrotron facility at the SLRI, Nakhon  

                  Ratchasima, Thailand and (b) the synchrotron radiation covered a  

                  continuous range of the electromagnetic spectrum (Synchrotron Light  

                  Source and Characteristics of Synchrotron Light, SLRI, 2018–2019). 

 Then the electrons are forced by the actions of magnetic fields to change 

direction making them lose energy and discharge in the form of an electromagnetic 
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wave or photons the so-called synchrotron radiation, with a wide range of the 

electromagnetic spectrum covering a continuous range from infrared rays (IR), visible 

light, ultraviolet rays (UV) and X-rays, as seen in Figure 3.8(b). The synchrotron 

radiation is then conveyed to experimental stations through photon beamlines in which 

a single wavelength or appropriate energy, for example, a high brilliance, tunable, 

monochromatic X-ray source (Hähner, 2006) are selected via a monochromator for 

matching up to each experiment. 

 The X-ray absorption experiments deal with an absorption edge 

structure both in the immediate near-edge jump and above the edge. The near 

absorption edge region, about the first 50 eV above the absorption edge (<2000 eV) is 

referred to as X-ray absorption near-edge structure (XANES) standing for near-edge X-

ray absorption fine structure (NEXAFS) (Hähner, 2006), while the oscillations 

extending up to more than 1000 eV are frequently referred to as extended X-ray 

absorption fine structure (EXAFS), as shown in Figure 3.9. XANES region involves 

the oxidation or electronic state, bonding characteristics or chemical shift, atomic 

position of neighbors, bond angle, and geometry of materials, which is dominated by 

intense and narrow resonances. The EXAFS region is, on the other hand, sensitive to 

the distribution of electron density, and thus is for quantitative analysis of the bond 

length and coordination number (Stöhr, 1992; Groot and Kotani, 2008). In recent years, 

the term EXAFS has been designated for hard X-ray absorption spectra and the term 

NEXAFS (XANES) is assigned for soft X-ray spectra. NEXAFS and EXAFS are, 

however, still the most widely used, but NEXAFS spectroscopy is particularly 

considered as an extremely analytical technique for amorphous carbon thin films 

through its carbon K-edge. 
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Figure 3.9 A schematic diagram of an X-ray absorption spectrum for the NEXAFS  

                   (XANES) and the EXAFS regions adopted from Stöhr (1992); Penner- 

                   Hahn (2003). 

 There are 2 modes of measurement of an X-ray absorption spectrum 

carried out: (i) transmitted X-ray flux (transmission mode) and (ii) the incident (electron 

yield mode). These modes involve the measurement of an absorption coefficient (μ) 

behind and in front of the sample based on Beer’s law (Hähner, 2006) and is given by 

the equation, as shown in Figure 3.10. A transmission mode is a suitable tool for very 

thin samples. It, therefore, is limited by an energy of the absorption edge and 

concentrated samples, while the electron yield mode referred to as the total electron 

yield (TEY) and partial electron yield (PEY) can be used for conventional samples, 

especially amorphous carbon thin films.  
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Figure 3.10 A basic principle of XAS geometry setup for the achievement of the μ: (a)  

                    transmission and (b) electron yield modes modified from Stöhr (1992);  

                    Hähner (2006). 

 In the NEXAFS experiment, the occurrence of photoabsorption 

processes is due to the inner-shell excitation process of core electrons; at the photon 

energy close to an atomic absorption edge, into unoccupied or empty or continuum 

states. This process leads to the following phenomena, as demonstrated in Figure 

3.11(a). As monochromatic X-rays with a sufficient energy shines on the sample (step 

1), the electrons located at the core level are ejected to the empty states above the 

vacuum or Fermi level in a phenomenon known as the photoelectric effect or often also 

referred to as photoelectric emission or photoemission, and the emitted electrons are 

called photoelectrons (step 2). This phenomenon leaves a core hole in the inner K-shell 

or core level in which the created hole is then filled with an electron from the outer shell 

(step 3) through the emission of X-rays or a fluorescent photon with the difference in 

the energy of the electron between the 2 shells (L3 → K), which is characteristic of a 

specific atom. The other phenomenon is about Auger decay (step 4), which is prominent 

in the soft X-ray regions over the fluorescent photon (Stöhr, 1992; Hähner, 2006; Benny 

et al., 2006).  
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Figure 3.11 A schematic illustration of ionization processes and generations of X-rays  

                    edited from Hähner (2006); Benny et al. (2006). 

 Although the photons or monochromatic X-rays will penetrate many 

microns deep into the sample, all the electrons occurring in the absorption cross-section 

cannot emerge from the outset surface region, but rather those electrons with a 

sufficient energy to overcome the work function (ϕ) of the materials. In the NEXAFS, 

the effective escape depth is measured in a range of approximately 5 nm for metals and 
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semiconductors, and slightly deeper for insulators in which such electrons, for example, 

secondary electrons generated from an interaction of the emitted electrons, such as 

photoelectrons or Auger electrons, can be directly detected via a channeltron and/or an 

energy analyzer, as illustrated in Figure 3.11(b). 

 In an attempt to improve the surface sensitivity of the XAS technique, a 

negative grid detector is inserted before the electrons enter into an electron energy 

analyzer. This device is used to retard the electrons with a low kinetic energy, thus it 

allows only the electrons with a sufficient energy to overcome the negative grid 

potential before they pass through an energy analyzer (approximately 3 nm from the 

top surface). This technique is referred to as the partial electron yield (PEY) detection. 

The PEY detection provides a good signal-to-background ratio comparable to the total 

electron yield (TEY) detection in which all the emitted electrons are recorded in an 

electron energy analyzer. The other method is the Auger electron yield (AEY) detection 

in which the specific electron energy analyzer is needed for recording the elastically 

scattered Auger electrons. One is the fluorescence yield (FY) detection which requires 

a suitable detector to record an emission of fluorescence photons. The PEY, AEY, and 

FY detections are adequate signal-to-background ratios for thin films. Because of the 

limited mean free path of the electrons, the FY detection is suitable for samples in 

aqueous solution or in a gaseous environment with energy below 1000 eV. In this case, 

the PEY-NEXAFS technique is the best choice; it provides the surface sensitivity tool 

and no specific electron energy analyzer is required and so it was selected for 

identifying the DLC films in this work. 

 To investigate the bonding configurations and electronic structures of 

amorphous carbon thin films by the NEXAFS technique, a detailed understanding of 
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the photoabsorption cross section is a very significant and prerequisite topic. The 

absorptions or ionization processes involving the excitation of the core electron to 

unoccupied states or continuum of final states can be described via the transitions into 

Rydberg states, as shown in Figure 3.12.  

 

Figure 3.12 A schematic diagram of (a) the corresponding K-edge spectrum acquired  

                     from (b) the effective potential of a diatomic molecular adopted from  

                     Hähner (2006). 
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 According to Figure 3.12, the superimposed resonances in the form of 

the step-like shape can be observed below the ionization threshold in a range of 

approximately 50 eV when the energy of incoming X-rays matches up to the difference 

in energy between the initial state and the unoccupied states. The unfilled (empty) 

orbitals are assigned to the π* or σ* orbitals in which most of them are found above the 

vacuum level. The 1s→ π* resonance occurs with the π-bonding both in the form of 

double and triple bonds or aromatic systems, but not in the form of single bonds. A 

Gaussian line-shape can be used for identifying the resonance width at higher energies. 

The σ* resonances are an asymmetric line-shape at higher energies due to the lifetime 

broadening and molecular vibration along the bond direction. In general, the Rydberg 

orbitals are located between the π*-resonance and the ionization potential which can be 

described as a mixing of the Rydberg orbitals with hydrogen-derived antibonding 

orbitals, particularly in the CH bonds. It, therefore, is important and can be typically 

observed in the case of the hydrogenated DLC or the H-free DLC films with a small 

amount of the H. 

 In this thesis, the electronic structures and bonding configurations of 

carbon atoms in the DLC films were investigated by NEXAFS spectroscopy. The 

NEXAFS implementation was performed at the BL3.2Ub: PEEM of the SLRI, Nakhon 

Ratchasima, Thailand. The synchrotron radiation acquired from the storage ring has a 

beam energy of 1.2 GeV. The photon energy of the beamline covers a range from 40 to 

1040 eV with a resolving power of 1000 and total energy resolution of approximately 

0.5 eV. The synchrotron radiation was linearly polarized in the plane of the sample 

surface at any an incident light angle. During the NEXAFS experiment, the samples 

were irradiated with monochromatic X-rays at an angle of 17°. The typical usage of a 
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20 kV negative bias voltage on the negative grid detector allows the NEXAFS to 

perform in the PEY detection in which the absorption spectra can be achieved by 

normalizing the emitted electron intensity of the DLC films with that of a freshly 

cleaned Si wafer. The C K-edge NEXAFS spectra of the films and freshly cleaned Si 

wafer were performed in the same photon energy range and scanning step to obtain the 

normalized data. To estimate the sp3/sp2 ratio, the C K-edge spectra of the films were 

deconvoluted using the Igor Pro 6.3 software. The C K-edge, O K-edge, Ti L3,2-edge, 

Fe L3,2-edge, and Cr L3,2-edge NEXAFS spectra were carried out in the photon energy 

range of 275−335, 525−555, 450−475, 700–730, and 565–595 eV, respectively, with a 

scanning step size of 0.1 eV to investigate the changes in the bonding configuration of 

the films after the electrochemical corrosion tests. 

3.3.3  X-ray Photoemission electron microscopy (X-PEEM) 

 Photoemission electron microscopy (PEEM) has been proved as a 

powerful tool providing microscopic images of thin film materials, surface physics and 

chemistry, and surface biomaterials. PEEM is also referred to as photoelectron 

microscopy (PEM) which is nearly related to low-energy electron microscopy (LEEM). 

In the operation of PEEM, the samples should be well-cleaned and should have 

ultrahigh vacuum (UHV) compatibility, electrically conductive materials, and flat and 

smooth surfaces to avoid the effects of surface electron charging and arc discharge 

during the increasing –20 kV biased voltage between the sample and the objective lens. 

This is one of the major drawbacks which leads to damage on the surface of a sample. 

For the non-conductive materials, a thin conductive layer, for example, platinum, 

copper or gold is pre-deposited on the sample surface to solve the electron charging. In 

recent years, PEEM has been improved to achieve enhanced resolution in an order of 
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magnitude. The UHV PEEM was developed to obtain a spatial resolution of 10 nm and 

more beautiful micrographs. LEEM and PEEM can be simultaneously utilized to obtain 

a specific surface imaging by changing the excitation source from the UV light to an 

electron. The images in LEEM mode take place due to the reflection of low energy 

electrons at a sample surface. In addition, selected-area low-energy electron diffraction 

(LEED) can also be conducted for the achievement of domain structures in single-

crystal and polycrystalline materials (Euaruksakul et al., 2013). Instead of the low-

energy electron by the X-ray source, a high resolution of a magnetic domain can be 

achieved, which is referred to as X-ray photoemission electron microscopy (X-PEEM).  

 Different image contrast mechanisms commonly occur in X-PEEM 

analysis (Stöhr, 1992; Hähner, 2006; Tonner et al., 1996) which consists of surface 

topology, work function, and elemental and chemical composition contrasts, as shown 

in Figure 3.13. The topographic contrasts take place on the rough samples due to the 

distortion or curvature of the accelerating electric field or the electron trajectories at the 

surface topographic features. This contrast is caused by the presence in the spatial 

resolution and local focusing of a sample surface. The work function contrasts are 

dominant, as the excitation source with energy close to or more than the local work 

function of materials is radiated. The difference in the work function results in the 

different micrographics of each region. In the case in which an excitation source has 

higher energy than the work function of the materials, that region appears as a brighter 

surface comparable to that with a lower energy than the work function. The elemental 

and chemical composition contrasts are known as some of the most substantial 

mechanisms in distinguishing each region of the materials. The region with a strong 

absorption of species appears brighter in the X-PEEM image. The chemical contrast is 
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also related to the oxidation states and electric band structures, such as bonds and 

molecular orbitals. The region with a predominant oxidation state and electric band 

structures, therefore, appears brighter. 

 

Figure 3.13 A schematic representation of the image contrast mechanisms: (a) surface  

                    topographic, (b) work function, and (c) elemental or chemical composition  

                    contrasts. 

 In the X-PEEM experiments, an appropriate spot size with a 75 μm field 

of view (FOV) on the MCP screen can be obtained by focusing monochromatic soft X-

rays with a much higher intensity and solution from the varied line-spacing plan-grating 

monochromator on the sample, as revealed in Figure 3.14(a).  With the potential 

difference of –20 kV between the sample and the objective lens, the emitted electrons 

near a minimum of the secondary electron mean a free path generated by photoemission 

and photoabsorption processes is accelerated into the microscope where the resolution 

and transmission of electrons or digital signals are determined by the combination of 

the objective lens and contrast aperture. The digital signals are then collected and 

magnified onto a microchannel plate intensifier or a phosphor screen by the 

intermediate lens and the projective lens. The digital signals on the phosphor screen are 
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subsequently converted into the visible image and captured by a Sensicam QE couple-

charged device (CCD) camera connected to a personal computer. This is a relatively 

fast technique due to the parallel image-acquisition and, hence, a series of images or 

image sequences accompanied by the photoabsorption spectra at different energies can 

be obtained known as a stack. In this case, a video record can be made by accumulating 

the series of a stack, enabling a study of the alteration of the process in real-time. 

 

 

Figure 3.14 (a) Schematic diagram of X-PEEM and (b) a photograph of the X-PEEM  

                     apparatus (Schematic diagram and Photograph of X-PEEM system, SLRI,  

                     2018). 
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 In this thesis, the local bonding configuration of the deposited DLC 

films before and after the thermal annealing and the electrochemical corrosion 

measurements were thoroughly determined using the NEXAFS spectroscopy in 

connection with the X-PEEM technique, the so-called spectroscopic photoemission and 

low energy electron microscope (SPELEEM), located at the beamline (BL) 3.2Ub: 

PEEM of the SLRI, Nakhon Ratchasima, Thailand. X-PEEM is a very effective probe 

for inspection of the chemically distinct surface and interface phenomena which yield 

the combined analysis of the images and spectral features, the so-called 

spectromicroscopy technique. To attain the high spatial resolution of approximately 1 

nm, a hemispherical electron energy analyzer (ELMITEC Elektronenmikroskopie 

GmbH, Germany) equipped with LEEM III at the end-station of the BL3.2Ub: PEEM 

was employed. This device acts as a low pass energy filter of a few eV bandwidths near 

the threshold of the photoelectrons and is used for collecting and selecting the energy 

of the photoelectrons that are readily emitted at particular photon energies. For the 

qualitative analysis, the X-PEEM technique operated under a UHV of ~3 × 10–10 Pa 

with a photon energy range of 40–1040 eV and the image resolution of 30 nm and was 

performed to approach the C 1s, O 1s, Ti 2p, Fe 2p, and Cr 2p X-PEEM images of 

particular areas. The stack acquired from a series of images at different energies was 

collected using the ImageJ software. The corresponding C K-edge, O K-edge, Ti L-edge, 

Fe L-edge, and Cr L-edge NEXAFS spectra obtained from the X-PEEM images were 

performed to analyze the local bonding structure of carbon coordination in the DLC 

films before and after the electrochemical corrosion tests. 

 For the thermal stability analysis, the vacuum heating system in 

conjunction with the X-PEEM chamber was applied which enables the annealing 
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temperature over the temperature range from approximately 30 to 1200°C. The change 

in the local bonding structure as a function of the thermal annealing was also measured 

in the real-time analysis. A freshly flashed Si wafer was employed for normalizing the 

out-coming emitted electron absorption signals from the DLC films corresponding to 

the same photon energy range. The HOPG standard material with a highly pure sp2 

bonding was employed as the reference for energy calibration and quantitatively 

estimating the absolute sp2/(sp2 + sp3) fraction of the pure DLC and Ti-doped DLC 

films. The C K-edge, O K-edge, and Ti L3,2-edge NEXAFS spectra were investigated 

in the photon energy range of 270–350 eV, 525–555 eV, and 450–475 eV, respectively, 

at the scanning step size of 0.1 eV. The heatable substrate holder used in the thermal 

stability analysis and the unheatable (normal) substrate holder are shown in Figure 3.15. 

   

Figure 3.15 Photographs of (a) the unheatable substrate holder, (b) heatable substrate  

                    holder, and (c) heatable substrate holder during annealing in X-PEEM  

                    main chamber. 

3.3.4  X-ray photoelectron spectroscopy (XPS) 

 XPS is known as the standard electron spectroscopy for chemical 

analysis (ESCA) technique. XPS is extensively used as a surface sensitive tool in a wide 

range of materials, such as metals, semiconductors, ceramics, and biocomponents 
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which provides both qualitative and quantitative surface chemical information. Since 

the average escape depth is estimated at approximately 5−10 nm, XPS is a good choice 

for surface characterization of an ultra-thin film in various industrial and research 

applications. The basic principle of XPS relies on the photoelectric effect, as shown 

schematically in Figure 3.16.  

 

Figure 3.16 A schematic illustration of the basic principle of XPS technique  

                       (Schematic of a typical XPS setup, 2019). 

 The photoelectric effect occurs as the sample is irradiated by a 

monochromatic X-ray source with sufficient photon energy, rather higher than the 

binding energy of the materials. The photoelectric effect emits the electrons the so-

called photoelectrons before being detected by an electron energy analyzer. The 

photoelectrons of each element have their own characteristics with different kinetic 
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energies. The XPS technique, therefore, is used to identify the elemental composition 

and oxidation state of the DLC films in this thesis. The kinetic energy of electrons is 

measured by an electron energy analyzer that is converted into the binding energy by 

the following equation: 

𝐾𝐸 = ℎ𝜈 − 𝐵𝐸 − 𝑒𝜙, (3.1) 

where ℎ𝜈 is the photon energy of the monochromatic X-ray source, 𝐵𝐸 is the binding 

energy of the materials, and 𝑒𝜙 is the work function of the electron energy analyzer. 

 In this thesis, 2 types of XPS system were used. The first was the XPS 

(JEOL, JPS-9010TR) located at the Department of Materials Science and Technology, 

NUT, Niigata, Japan. It was employed to characterize the chemical composition and  

structural information in terms of the sp3/sp2 ratio of the pure DLC films in the 

preliminary study. A monochromatic Mg Kα X-ray source was used as an excitation 

source. The emitted photoelectrons from the sample were collected using a 

hemispherical electron energy analyzer at the pass energy of 20 eV with a step size of 

0.1 eV and a dwell time of 10 s. The C 1s and O 1s XPS spectra were carried out under 

a UHV condition of approximately 10–6 Pa. The bombardment with Ar+ ions at a kinetic 

energy of 1 kV was performed for 1 min before the measurements to remove any native 

oxide surface. Another system was the XPS: PHI5000 Versaprobe ULVAC-PHI, Japan 

located at the BL 5.3 SUT-NANOTEC-SLRI XPS of the SLRI, Nakhon Ratchasima, 

Thailand. It was used to obtain the chemical composition of the pure DLC and Ti-doped 

DLC films. A monochromatic Al K radiation with the photon energy of 1486.6 eV 

was employed as an excitation source. A hemispherical electron energy analyzer was 
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employed to detect the emitted photoelectrons that were recorded in the C 1s, O 1s, and 

Ti 2p regions with a spot size on the sample of 100 μm, a depth of 10 nm, a pass energy 

of 46.95 eV, a step size of 0.1 eV, and a dwell time of 100 eV.  The XPS experiment 

was performed at a UHV of approximately 10–7 Pa. The bombardment with the Ar+ 

ions at a kinetic energy of 2 kV was performed for 12 s to remove any surface oxides 

and residual contamination. For the quantitative analysis, MultiPak Spectrum: ESCA 

software equipped with the XPS apparatus was employed to achieve the elemental 

composition of the films. 

3.3.5  Scanning electron microscopy (SEM) and Energy-dispersive X-ray 

spectroscopy (EDS) 

 

Figure 3.17 A schematic diagram of SEM (Zhou et al., 2007). 
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 SEM is undertaken with an electron microscope with a superior 

performance compared to light optical microscopy due to its high-resolution surface 

imaging and spatial resolution. SEM using an elemental composition detector has been 

routinely performed in many applications of nanomaterials sciences to provide 

information on the surface topographical and elemental composition (Reichelt, 2007). 

The schematic representation of the principle of conventional SEM is demonstrated in 

Figure 3.17.  

 In the standard electron microscope, a tungsten filament cathode at the 

top of the column is electrically heated using a thermionic electron gun to generate 

electrons. The emitted electrons with a typical range energy of 0.1 to 30 keV are then 

accelerated down and focused in an electron beam of approximately 5–10 nm by a 

series of condenser lenses and apertures before hitting the sample mounted on a stage 

inside the chamber which is evacuated by pre-vacuum and high vacuum pumps. With 

a low pressure, typically in an order of 10–4 Pa, the electron beam travels toward the 

sample without much interaction with residual gas molecules. The position of the 

incident electron beams on the sample is controlled by scan coils located below the 

objective lens. This device allows us to scan the electron beam to the desired regions. 

As the emitted electron beam penetrates into the sample’s surface, it interacts with the 

localized atoms of the sample which leads to their scattering and adsorption. These 

processes occur within a teardrop shape known as the sample-interaction volume 

caused by the energy loss of the penetrated electrons through elastic and inelastic 

interactions, as illustrated in Figure 3.18(b). The width and depth of the interaction 

volume depend on the sample’s average atomic number and the accelerating voltage .  
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Figure 3.18 A schematic demonstration of (a) the interaction of electron beam with the  

                    localized atomic nucleus and (b) the sample-interaction volume with  

                    detectable signals. 

 In the elastic scattering, the interaction of the electron beam with the 

atomic nucleus or outer shell electrons is caused by the scatters and changes in their 

trajectory at a similar kinetic energy and velocity which is known as elastic scattering 

or electron backscattering. Electron backscattering at more than 90° is usually referred 
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to as the backscattered electrons (BSE) which provides a useful information of the 

surface morphology in the SEM technique. In the case that the incident electrons pass 

through the sample completely in the same direction after interacting with the localized 

atomic nucleus, this process is called the unscattered or transmitted electrons in which 

no additional electrons are generated. The electron energy of the BSE and transmitted 

electrons is in a range of 50 eV up to the accelerating voltage (E0). 

 The inelastic scattering involves the interaction of the electron beams 

with the orbitals electrons in the localized atomic nucleus in the sample with loss of the 

electron energy. The process provides phenomena, such as secondary electrons, phonon 

excitation (heating), characteristic X-rays, plasmon production from secondary 

electrons, Auger electrons (AE) acquired from the outer shells, continuum or 

Bremsstrahlung (breaking) X-rays, and cathodoluminescence or visible light 

fluorescence, as schematically shown in Figure 3.18(b). Typically, the secondary 

electron is acquired from the ejection of the loosely bound outer shell in the valence or 

conduction band into the vacuum level. It, thus, is generated near the surface and carries 

energy of ≤ 50 eV which is a useful information for surface topography and morphology 

in SEM imaging. Small electrons ejected from the inner shells are detected and result 

in ionization of the atoms in the sample which leads to the formation of characteristic 

X-rays, with a higher energy than SE, as shown in Figure 3.18(a). Since the 

characteristic X-rays provides the chemical information for the sample, it is widely used 

in the microstructural analysis technique in SEM. The presence of the characteristic X-

rays is due to the interaction of a decelerating high-energy electron with the electron 

cloud and localized atomic nucleus in the sample results in the formation of a 

continuous background followed by the generation of the Bremsstrahlung or continuum 
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X-rays. The AE is also generated from ionization of the atoms by the incident electron 

and has the characteristic electron energy. It carries low energy because of the emission 

from very near the surface and thus gives chemical information from only a few 

nanometer depths of the outer surface. Cathodoluminescence is a process of energy 

stabilization generated by the collision of the incident electron beams after filling the 

holes with electrons from the outer shells. In some materials, excess energy will be 

released in a form of photons, such as infrared, visible light fluorescence, or ultraviolet 

wavelengths which can be detected via a photomultiplier in the same way as the SE 

detector acquired from approximately 50 nm of the outer surface.   

 In a conventional SEM, the microscope is typically equipped with 

energy-dispersive X-ray spectroscopy (EDS or EDX) and electron backscattered 

diffraction (EBSD) for the quantitative analysis. EDS is an analytical technique which 

is widely used to identify the regions of small interest or contaminating spots. It 

provides the elemental or chemical composition of the samples which can be scanned 

and imaged in the SEM measurement. The basic principle of the EDS technique relies 

on the photoelectric effects which emit a characteristic X-ray due to the bombardment 

of a high energy beam of electrons or X-rays. The energy and count of an emitted X-

ray photon from the sample are characteristic of the element that generated it which are 

collected and identified by an energy dispersive spectrometer. In addition to scanning 

the electron beam over the sample, the elemental distribution images known as maps 

or lines scanning can also be performed which is important information for the 

microanalytical method in SEM.  

 The diffraction of electrons is an optional technique in SEM occurring 

from the interactions of the accelerated electron beam with the crystalline or 
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polycrystalline materials which are obtained using electron backscattered diffraction 

(EBSD). The EBSD pattern of each diffraction is characteristic of the crystalline 

structure and orientation of the materials, the so-called Kikuchi bands. The obtained 

electron diffracted pattern, therefore, is very useful for identifying the crystalline 

structure, orientation, and phase of the materials. As described above, SEM equipped 

with an EDS or EBSD device is a very powerful technique for studying the surface 

topology, morphology, elemental and chemical information, crystalline structure, and 

orientation of the materials. In this thesis, SEM through FEI QUANTA 450 equipped 

with an Oxford Instrument electron energy dispersive spectroscopy (EDS), as shown in 

Figure 3.19 was employed to achieve the surface topologies, morphologies, and 

elemental composition of the pure DLC and Ti-doped DLC films both before and after 

the electrochemical measurements. 

 

Figure 3.19 A photograph of SEM (FEI QUANTA 450) equipped with EDS device  

                     located at SLRI, Nakhon Ratchasima, Thailand. 
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3.2.6  X-ray reflectometry (XRR) 

 XRR is a non-destructive and surface-sensitive analytical tool for 

determining the thickness, true density, and interface roughness for the multilayered 

thin film structure of amorphous and crystalline structures. The fundamental principle 

of the XRR technique involves the interaction of a beam of monochromatic X-rays with 

the samples. As the X-rays interact with the structure of the samples, they will reflect 

and provide the intensity of the X-rays in a form of the interference fringe in relation to 

the change in the layer thickness, surface and interface roughness, and surface and layer 

density of thin films or multilayered structures. The deviations of the specular reflected 

intensity of the X-rays, as illustrated by the interference fringe, are determined to obtain 

the sample’s thickness, density, and roughness based on the Fresnel reflectivity 

(Lengeler, 1990; Parrat, 1954; Wormington et al., 1996; Sinha et al., 1988). The 

analysis in XRR experiments can be performed using a reflectometry pattern known as 

the whole-pattern fitting of Parratt’s theory (Parratt, 1954; Sakurai et al., 2008). A 

typical XRR profile is plotted on a semi-logarithmic scale in which a particular stacking 

structure model is required for the simulated XRR profile of each sample. The best 

stacking model matches up to the sample structure results in reliably fitting and precise 

data. An example of the stacking structure models used for determining the density and 

thickness of the hafnia (Hf) oxide film was simulated, as schematically shown in Figure 

3.20. The minimal value of the reliability factor (R) of 0.0197 was obtained for the 

model D which provides the density and thickness of the HfO2 film of 8.72 g/cm3 and 

11.5 nm. In this case, the four-layer model that had the SiO2 and HfSiO layers as 

intermediate layers were considered the best model. 
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Figure 3.20 The stacking structure model A, B, C, and D of a hafnia oxide film on the  

                       Si substrate for simulated XRR fitting adopted from Kishimoto et al. (2008). 

 The XRR profile obtained by the fitting consists of the valuable 

parameters including a critical angle (θc) whose period is correlated to the average 

electron density which provides the true density, the interference fringes whose period 

is assigned to the total thickness, and the slope which is related to the roughness, as 

illustrated in Figure 3.21. In this work, the reflection intensity for the XRR analysis was 

performed through an X-ray diffractometer (M03XHFMXP3, MacScience), as shown 

in Figure 3.22.  A rotating anode Cu Kα radiation operated at 40 kV and 15 mA with a 

wavelength of 1.54 Å in the θ/2θ configuration was employed. The XRR spectrum was 

scanned in a range of 0.2−2.5o with a step size of 0.004o. The incident X-ray beam was 

monochromatized using a curved graphite monochromator. The incident and reflected 

X-rays were collimated with a receiving slit of 0.05 mm to obtain a parallel and small 

angle. The film density, thickness, and roughness were evaluated by fitting the 

simulated reflectivity profile to the experimental reflectivity profile. The best-fit 

solution is derived by the least squares fitting method with a minimal R factor using a 
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commercial analyzing package (GXRR software, Rigaku) based on Parratt’s theory 

(Parratt, 1954). 

 

Figure 3.21 A typical XRR profile of thin film which consists of the important  

                      parameters, such as critical angle and period of an interference fringe. 

 

Figure 3.22 A photograph of XXR apparatus located at the Department of Materials  

                     Science and Technology, NUT, Niigata, Japan used for determining the  

                     film’s density, thickness, and roughness. 
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3.2.7  Spectroscopic ellipsometry (SE) 

 SE is a surface-sensitive and non-destructive optical technique used with 

many different materials, such as semiconductors, microelectronics, optoelectronics, 

photovoltaics, optical coatings, surface chemistry, metallurgy, and biomedical 

components to obtain the thickness and optical constants, such as the refractive index 

(n) and extinction coefficient (k) of thin films, graded layers, anisotropic layers, and 

multilayer film structures (Tompkins and Gahan, 1999). The basic principle of SE relies 

on the reflection and/or transmission of the polarized incident light with the materials 

(Caurel et al., 2013). The changes in the polarized incident light by interaction with the 

structure of materials are detected by the amplitude ratio of the ellipsometric angles (ψ) 

and phase difference (Δ). Since the SE experiments are based on a model-dependent 

method by numerical inversion, a specific model is required to achieve the best fit. With 

a minimum mean square error, meaning the matching up between the created model 

and the real state of the sample, the measured data is reliable and accurate. 

 The standard and fitting models used for simulating the thickness and 

optical constant of the pure DLC films are schematically shown in Figure 3.23. The 

standard model represented a single DLC film on an adhesive layer of Ti. A single DLC 

film was, however, not a good fit with the real state of the samples with a higher mean 

square error. In this case, a new model was designed. Taking the surface roughness or 

void layers into account, the fitting model was considered as the best candidate that 

provided a lower mean square error. Therefore, it was the most appropriate model with 

reasonable accuracy. In this work, the SE system (HORIBA, Jobin-Yvon, UVISEL-

23301010I) (Aspnes, 1982) with a Xenon arc lamp operated at a power of 75 W was 

used to generate the light beam with a spot size of 500 μm2. A wide wavelength range 
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of 300–1000 nm was conducted to obtain the n and k of the DLC films. Two 

independent monochromators at a reflection angle of 70° were employed to reflect the 

polarized incident light beam onto a sample surface and detect the reflected light beam 

under an operating temperature of 20°C, as shown in Figure 3.24. The optical constants 

of the films were calculated using the void volume of 50% by the Bruggeman effective 

medium approximation (B-EMA) (Aspnes, 1982; Mori et al., 1995). 

  

Figure 3.23 The schematic diagrams of (a) the standard and (b) fitting models used for  

                    simulating the optical constants of the DLC films adopted from  

                    Konkhunthot et al. (2018). 

  

Figure 3.24 (a) Schematic diagram and (b) photograph of SE system located at the  

                     Department of Materials Science and Technology, NUT, Niigata, Japan  

                     used for measuring the optical constants of the films. 
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3.3  Electrochemical corrosion analysis 

3.3.1  Potentiodynamic polarization technique 

 A potentiodynamic polarization measurement is routinely performed to 

obtain the electrical current-potential relationship of the metals surrounded by an 

aqueous solution. This technique provides important information which is used to 

assess the electrochemical corrosion behaviors. The mechanisms of the corrosions are 

associated with the electrochemical reactions of the atomic, ionic, or molecule 

transportations at a sample interface surrounded by an aqueous solution or electrolyte 

which results in the dissolution of the metals known as the corrosion process. In this 

thesis, the corrosion behaviors of the pure DLC and Ti-doped DLC films were explored 

using potentiodynamic polarization measurement by Autolab potentiostat PGSTAT 

128N (Metrohm AG, Switzerland) in an aerated 3.5 wt.% sodium chloride (NaCl) 

solution consisting of 3.5 g/l NaCl and distilled water (pH ≈ 6.6) balanced. The 

operating temperature was kept at 27  0.5°C during the electrochemical corrosion 

experiments. Due to the nature of the chemical stability and solvent resistance of the 

DLC film, the pH of the solution in this work was tuned with 1 M hydrochloric acid 

(HCl) to 2.0 (an acidic solution) to accelerate the corrosion reactions and to observe the 

corrosion resistance of the DLC films in a relatively short period of time. From this 

point, the samples will encounter various active species dissolved in an aqueous 

solution of pH 2, for example, Cl–, H+, and OH–. These active species, therefore, are a 

major factor in determining the corrosion rate of the films and might cause more 

aggressive damage in these experiments.. 
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Figure 3.25 A schematic diagram of an electrochemical cell consisting of a standard  

                        three-electrode system. The potentiostat analyzer and personal computer with a   

                        NoVa (Metrohm Autolab) software used for performing the electrochemical  

                        corrosion data are shown adopted from Konkhunthot et al. (2019). 

 For the experimental details, the electrochemical cell of a conventional 

three-electrode system was constructed which contains the saturated silver to silver 

chloride (Ag/AgCl) with 3 M potassium chloride (KCl) as a reference electrode (RE), 

a 99.99% purity graphite rod as a counter electrode (CE), and the samples as a working 

electrode (WE). The schematic diagram of the electrochemical cell set-up is shown in 

Figure 3.25. In an attempt to reduce the ohmic drop or iR drop effect during 

measurements, a capillary glass tube joined to the RE at the end of which the capillary 

tube was extended very close to the WE surface. The samples were tightly mounted 

between an O-ring and a copper plate for the electrical connection. An exposed area of 

the samples was limited by the 6 mm inner diameter of the O-ring which gives the 
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exposed area inside the O-ring of 0.28 cm2. Prior to the corrosion measurements, the 

samples were exposed to an aqueous solution for 30 min to stabilize the open circuit 

potential (EOCP) or steady state potential and to stimulate the passivation, if it was 

present. In the potentiodynamic polarization conditions, a scan rate was set at 0.167 

mV/s according to ASTM F 2129; Kociubczyk et al. (2015) with a potential range from 

–500 mN below the EOCP within a cathodic region to +500 mV above the EOCP within 

an anodic region. The important corrosion parameters, such as the corrosion potential 

(Ecorr) and the corrosion density (icorr) were achieved using the Tafel extrapolation 

technique as a commercial analyzing package. Moreover, the corrosion rate (CR) in 

millimeters per year (mm/year) can also be calculated by Faraday’s law (ASTM 

standard G102 -89): 

𝐶𝑅 =
𝐾×𝑖corr×EW

𝜌
, (3.2) 

where K is the constant value (K = 0.13) and determines the unit of the CR to be 

mm/year and EW is the equivalent weight which is given by: 

EW =
1

𝑁EQ
, (3.3) 

where 𝑁EQ =Σ (
𝑓i 𝑛i

𝑊i
), fi is the mole fraction of the alloying elements, ni is the number 

of electrons transferred during the corrosion, and Wi is the atomic weight of the alloying 

elements. The 𝜌 in Equation 3.2 can be precisely evaluated to be 2.79, 2.68, and 2.49 

g/cm3 for the pure DLC, Ti-DLC1, and Ti-DLC2, respectively, by the XRR method and 

the detailed measurements in XRR technique can be found elsewhere (Konkhunthot et 
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al., 2018). The porosity (P) of the films is determined using the following expression 

(Matthes et al., 1991):  

𝑃 =
𝑅P

0

𝑅p
× 10−|∆𝐸corr/𝛽a

|, (3.4) 

where 𝑅p
0  and 𝑅p  are the polarization resistance of the substrate and the film, 

respectively. ∆𝐸corr is the corrosion potential difference between the substrate and the 

film. 𝛽a is the anodic Tafel slope of the substrate. In addition, the protective efficiency 

(Pi) is one of the crucial parameters and can be estimated by this equation (Yu et al., 

2003): 

𝑃i = 100 (1 −
𝑖corr

𝑖corr
0 ), (3.5) 

where 𝑖corr
0  and 𝑖corr  are the corrosion current density of the substrate and the films, 

respectively. 

3.3.2  Inductively coupled plasma mass spectrometry (ICP-MS) 

 The basic principle of the ICP-MS technique is associated with the 

generation of the ions from liquid solution by an Ar+ plasma solid-state RF generator 

at a high temperature between 6000 and 9000°C toward a mass spectrometer where the 

ions are subsequently separated and analyzed by an ICP-MS detector. Prior to the 

experiment, the samples of approximately 8 mL acquired from electrochemical 

corrosion tests were collected into the sample vial and were introduced by a peristaltic 

pump into a nebulizer where were mixed with Ar gas to form an aerosol. Large aerosols 

were dropped and eliminated as they touched the wall of the Peltier-cooled spray 
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chamber. Fine aerosols were, on the other hand, collected into the plasma channel 

where they were then dried, decomposed, atomized, and ionized as positively charged 

ions when they passed through the ICP torch. After that, the positive ions were focused 

by a shield torch before they passed through an orifice and then a skimmer cone into a 

high vacuum region. The positively charged ions and neutral species were separated by 

an electrostatic lens into the reactive cell where the octopole reaction system (ORS) 

with an octopole ion guide was employed for removal of polyatomic spectral 

interferences as the ions interact and collide with helium gas inside a pressurized 

reaction cell of the ORS into the true hyperbolic quadrupole. The true hyperbolic 

quadrupole is a mass filtering used to improve the sensitivity of the spectrum. The 

spectral peak was then separated based on the mass to charge (m/Z) ratio. Finally, the 

abundance ions entered through the advanced detection system of an electron multiplier 

detector where the electronic signals were processed and collected in a multi-channel 

scaler generating a mass spectrum. Subsequently, the intensity at a given mass of the 

spectrum was proportional to the concentration of the isotope. 

 In this thesis, the ICP-MS (Agilent 7500ce, USA) technique, as shown 

in Figure 3.26, was performed for the ultra-trace determination over a wide 

concentration range of elements, particularly the released metallic ions after the 

electrochemical corrosion measurements against the obtained potentiodynamic 

polarization results. For the qualitative analysis of the type and concentrations of the 

released metallic ions, the standard solutions with an exact concentration of Ti, Cr, Mn, 

Fe, Ni, and Mo were prepared from a 1000 ppm commercial solution to have the 

following concentrations: 0.001, 0.03, 0.05, 0.07, and 0.1 mg/L, respectively. In ICP-

MS experiments, the solutions acquired from the individual samples and standard 
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solution were collected into the sample vial and then loaded onto a tray before being 

analyzed. The helium collision mode, the ORS and hyperbolic quadrupole technology, 

and internal standard solution were used to optimize the data acquisition. The intensity 

of the standard spectra was conducted for the calibration curves. Four samples of each 

condition were performed to achieve the average statistical data. 

 

Figure 3.26 (a) Schematic diagram and (b) photograph of the ICP-MS device located  

                     at the Center for Scientific and Technological Equipment, SUT, Nakhon  

                     Ratchasima, Thailand. 
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3.4  Mechanical and Tribological performance analysis 

3.4.1 Pico- and Nano-indentation tests 

 Data acquisitions of the instrumented indentation method are based on 

calculation by the power law fitting through the cycle of the loading and unloading 

process (Oliver and Pharr, 1992, 2003). In a typical indentation test, both a diamond 

Berkovich-triangular pyramidal and Vickers indenter can be used. The measured 

penetration depth is compared to the calibrated diamond indenter to evaluate the H and 

E of the films, as schematically shown in Figure 3.27. The important parameters which 

include the maximum indentation load (Pmax), indenter displacement at maximum load 

(hmax), and the contact stiffness (S = dP/dh) can be obtained from the load-indentation 

displacement curve and subsequently are used in the calculation of the H and E values. 

Taking into account all the 3 parameters, the H can be calculated by the ratio of the Pmax 

and the contact area (A) under load which is given by:  

𝐻 =
𝑃max

𝐴
, (3.6) 

where A is the khc, in which k is the proportionality constant depending on the bluntness 

of the indenter; k = 24.5 for the Berkovich or Vickers indenter, and hc is the contact 

depth which is defined as:  

ℎc = ℎmax − ℎs. (3.7) 

The elastic deflection (hs) is the ϵ(Pmax/S), in which ϵ is the constant relating to the 

geometry of the indenter. The reduced elastic modulus (Er) can be estimated by the 

following equation: 
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1

𝐸r
= [(

1−𝜈s
2

𝐸s
)] + (

1−𝜈i
2

𝐸i
), (3.8) 

where Es and Ei are the Young’s moduli for the sample and indenter, respectively, and 

υs and υi are the Poisson ratio for the sample and indenter, respectively. 

 
 

Figure 3.27 The schematic representations of (a) the indentation load versus  

                           indentation displacement curve and (b) the loading-unloading process with  

                           the important parameters modified from Oliver and Pharr (1992, 2003).   

 Two analytical techniques used in the measurement of the mechanical 

properties, such as the hardness (H) and Young’s modulus (E) of the pure DLC and Ti-

doped DLC films are the pico- and nano-indentation tests, as shown in Figure 3.28(a) 

and (b). In the preliminary study, the mechanical properties of the pure DLC films 

deposited on the Si substrates by pulsed two-FCVA deposition at a different Vbias were 

measured by pico-indentation (FISCHER H-100) system located at the Department of 

Materials Science and Technology, NUT, Niigata, Japan. In each sample, 6 repeated 

indentations were carried out to achieve satisfactory statistical reliability and average 

values. Prior to the measurement, a fused SiO2 standard was first conducted to ensure 
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that the pico-indentation system was calibrated. An applied ultra load of 0.1mN at the 

maximum indentation depth of less than 10% of the total film thickness was performed 

to reduce the Si substrate effects. A diamond Vickers indenter was constantly moved at 

a speed of 0.1 m/s with the loading and unloading rates of 0.001 mN/s. At the maximum 

load, the indenter was paused and held for 10 s. The measured values from the loading 

and indentation depth curve are calculated based on the Oliver and Pharr method 

[Oliver and Pharr, 1992, 2003, 2004).  

 In the study of the Ti-doped DLC films, the mechanical properties were 

measured by nano-indentation measurement through the NanoTest (Micro Materials, 

UK) located at the Center for Scientific and Technological Equipment, SUT, Thailand. 

The nano-indentation technique is a modular system which is designed for nano-

indentation, nano-scratch, and nano-impact tests. Since it is based on the pendulum-

based depth-sensing method, the most reliable information about the nano-mechanical 

behavior of an amorphous carbon thin film can be obtained (Beake et al., 2006; Hassan 

et al., 2015). In this experiment, the sample was vertically placed on the platform while 

the normal load was electromagnetically applied with respect to the sample surface 

normal. Meanwhile, the flowing current in the conductive coil drives the pendulum to 

rotate and induces a diamond tip to penetrate the sample. A simultaneous measurement 

of the displacement was performed through a parallel capacitor plate, which gives the 

resolution in the nanometer scale. Six indentations were also conducted for each sample 

with a Berkovich-type diamond indenter to attain the statistical reliability value. A 

fused SiO2 standard was also used to calibrate the system before the measurement. The 

maximum penetration depth of an indenter into a sample surface was maintained to be 

less than 20 nm to avoid the effect from the underlying substrate (Modabberasl et al., 
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2015; Ishpal et al., 2012; Liu et al., 2003; Trava-Airoldi et al., 2007) which is 

approximately 15% of the total film thickness from a previous study of the literature 

(Konkhunthot et al., 2018). The nano-indentation load versus indentation displacement 

curve was carried out with a loading rate of 0.1 mN/s and a holding time of 10 s at a 

maximum load before unloading. The nano-mechanical properties of the Ti-doped DLC 

films in comparison with the pure DLC films can be obtained using the Oliver-Pharr 

method (Oliver and Pharr, 1992, 2003, 2004) effective for determining mechanical 

values, for instance, the contact hardness (Zhang et al., 2005). 

 
 

Figure 3.28 Photographs of (a) pico-indentation and (b) nano-indentation apparatus  

                     used for mechanical property measurement. 

3.4.2 Nano-scratch tests 

 Adhesion strength is one of the major properties for the films used in 

tribological applications which can be directly evaluated by the nano-scratch method, 

especially DLC films on steels, and can be obtained through nano-scratch testing. In 

the nano-scratch experiment, the applied load and sliding distance of the indenter on a 
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sample’s surface can be precisely controlled, as the samples mounted on the platform 

or stage are vertically moved against the indenter and the friction force and acoustic 

emission are continuously monitored.  

 

Figure 3.29 A schematic illustration of (a) nano-scratch procedures with three  

                       sequential stages and (b) SEM micrograph of residual scratched track of  

                       the pure DLC film. 

 For typical nano-scratch measurements, 3 scratch tracks were conducted 

for an individual sample using a 90° conospherical diamond tip with a 5 μm nominal 

radius, as given in Figure 3.29. A pre-scratching procedure was regularly performed to 

remove any surface roughness, topography, slope, and instrument bending effects 
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(Beake et al., 2006; Hassan et al., 2015). The nano-scratch procedures in a multipass 

wear test mode involved 3 sequential scans at a velocity of 50 μm/s over a scan length 

of 5000 μm by the following stages: (1) a preliminary topography scan at a constant 

load of 2.0 mN, (2) a scratch scan where the constant load was conducted over the first 

50 μm and then ramped at 3.0 mN/s to a maximum load of 500 mN, and (3) a final 

topography scan at a 2.00 mN constant load over the scratched track. Three scratches 

were carried out at a new location and along a 5000 μm straight line, as can be seen in 

Figure 3.29(a). A very low speed of 50 μm/s was maintained during the scratch tests to 

reduce the graphitization of the DLC films due to the thermal effect. The SEM and a 

digital capture system were employed to observe the residual scratched tracks and 

define the scratch parameters, such as the critical load (Lc), as can be seen in Figure 

3.29(b). The COF of the films as a function of scratch distance is calculated by the ratio 

of the lateral friction force (F) to the applied normal load (L) which provides the failure 

mechanisms and tribological properties of the films. The nano-indentation and scratch 

tests in this thesis were performed under humidity and temperature conditions of 

approximately 50% and 27  0.5°C, respectively.



 

 

CHAPTER IV 

RESULTS AND DISCUSSION 

Chapter IV is associated with the results and discussion of this thesis which is 

divided into 2 main parts. The first part or a preliminary study entitled “The optical and 

mechanical properties of DLC films: Correlation between microstructures and 

deposition conditions” was performed to search for the appropriate deposition 

conditions for depositing the DLC films. This part dealt with the deposition of the DLC 

films by the pulsed two-FCVA technique at different Vbias. A variation of the Vbias in a 

range of 0.0–1.5 kV was conducted to manipulate the energy of the ions in the plasma 

before arriving at the substrate. These energetic ions directly affected the microstructure 

and properties of the DLC films. In these experiments, a film’s microstructure and 

compressive internal stress were measured using the Raman spectroscopy. The 

chemical bonding structure in terms of the sp3/sp2 ratio and the physical properties, e.g., 

density (ρ), thickness (t), and roughness, were accurately determined through the XPS 

and XRR techniques. The mechanical properties, for example, hardness and elastic 

modulus of the DLC films were evaluated by means of the pico-indentation test. A 

film’s optical properties, such as the refractive index and extinction coefficient were 

measured with the SE method. The influences of the Vbias during a film’s growth on the 

microstructure and the properties of the DLC films were analyzed and discussed in the 

first part. 



117 

 

Another part with the title “Enhancement of thermal stability, adhesion strength, 

tribological property, and corrosion protection performance of DLC films on stainless 

steels by Ti incorporation” is mainly concerned with the incorporation or doping of the 

Ti atoms into the DLC films, typically called the Ti-doped DLC films, and the 

characterization of the deposited films. The best deposition condition acquired from a 

preliminary study was selected for depositing the undoped (pure) DLC and Ti-doped 

DLC films in this part. The microstructures and a variety of properties including 

thermal stability, adhesion strength, mechanical and tribological properties, and 

corrosion protection performance of the Ti-doped DLC films were thoroughly 

investigated relative to the pure DLC films. The conversion of the sp3/sp2 ratio due to 

thermal annealing in the aspect of thermal stability of the films was investigated by the 

NEXAFS technique. The internal stress of the pure DLC and Ti-doped DLC films was 

studied using the Raman spectroscopy. The mechanical properties and adhesion 

strength were assessed through the nano-indentation and nano-scratch tests. The 

corrosion protection performance of the deposited films was measured by means of the 

potentiodynamic polarization technique. The surface morphologies after the 

electrochemical corrosion tests and the corrosion-induced structural transformation 

were interpreted via the SEM and NEXAFS equipped with the X-PEEM methods. The 

roles of the Ti concentration levels in the DLC films on the microstructure, the sp3/sp2 

ratio, thermal stability, adhesion strength, mechanical and tribological properties, and 

corrosion behavior were investigated and described in detail. 
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4.1  The optical and mechanical properties of DLC films: Correlation 

between microstructures and deposition conditions 

4.1.1  Microstructure analysis 

 In a preliminary study, the microstructure of the DLC films was 

investigated by Raman spectroscopy over a range of 900–1900 cm–1.  To obtain the 

qualitative results, i.e., the Raman parameters, the Raman spectrum of the DLC films 

was deconvoluted into 2 typical Gaussian functions, the D band located at 

approximately 1350 cm–1 and the G band located at approximately 1540 cm–1. The 

position of these 2 bands showed a good consistency with the results reported by others 

(Lung et al., 2001). The breathing mode of the graphitic sp2 sites due to the disordered 

structure within the sixfold aromatic rings was known as the D band and the stretching 

mode in both the rings and chains of the sp2 sites was associated with the G band 

(Ferrari and Robertson, 2000; Casiraghi et al., 2005). Figure 4.1 demonstrates the 

Raman spectra of all the deposited films prepared at the different Vbias of 0.0, 0.5, 1.0, 

and 1.5 kV, respectively. The black and red lines illustrated the experimental and fitted 

curves. The deconvolution of the D and G bands is shown in the bright green lines. The 

standard materials of glassy carbon and highly ordered pyrolytic graphite (HOPG) were 

also plotted here for comparison. In these experimental details, the DLC films deposited 

at the Vbias of 0.0, 0.5, 1.0, and 1.5 kV were frequently denoted as the DLC-0, DLC-1, 

DLC-2, and DLC-3, respectively. 
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Figure 4.1 The Raman spectra of the DLC films deposited at Vbias against the standard  

                      materials of glassy carbon and HOPG modified from Konkhunthot et al. (2018). 

 As can be seen in Figure 4.1, the peak located at approximately 950 cm–

1 was attributed to a second-order phonon scattering of the underlying Si substrates 

(Prawer et al., 1996). The peak intensity of this spectrum was suggestive of the optical 

transparency of the films depending on the sp3 hybridizations in the DLC structure. The 

Raman parameters, such as the D and G band positions, FWHM(D) and (G), intensity 

ration of the D and G bands (ID/IG ratio), cluster size of the sp2 sites (La), and internal 

stress (σ) are listed in Table 4.1. 
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Table 4.1 The detailed Raman parameters of the DLC films deposited at different Vbias. 

Sample  Vbias D band G band ID/IG ratio La σ 

 (kV) Position FWHM Position FWHM  (nm) (GPa) 

  (cm–1) (cm–1) (cm–1) (cm–1)    

DLC-0 0.0 1347.4 239.3 1531.4 207.6 0.33 7.7 0 

DLC-1 0.5 1331.1 214.2 1543.2 235.5 0.23 6.5 2.0 

DLC-2 1.0 1321.1 209.6 1545.7 238.5 0.21 6.1 2.4 

DLC-3 1.5 1321.2 226.3 1540.4 232.2 0.25 6.7 1.5 

 The alteration in the ID/IG ratio and σ were calculated and plotted as 

shown in Figure 4.2. The inset in Figure 4.2 shows the correlation between the position 

of the G band and the FWHM(G). As can be seen in Figure 4.2, the ID/IG ratio abruptly 

decreased from 0.33 to 0.21 as the Vbias increased from 0.0 to 1.0 kV and slightly 

increased from 0.21 to 0.25 with the further increase to 1.5 kV of Vbias. The variation in 

the ID/IG ratio due to the Vbias was associated with the change in the carbon network 

structure in the DLC film. Based on a three-stage model proposed by Ferrari and 

Robertson (2004) it was found that the decrease in the ID/IG ratio and the increase in the 

G band position were related to the conversion of the ordered graphitic C-sp2 (graphite-

like carbon) to C-sp3 (diamond-like carbon) bonds and the changes in the sp2 

hybridizations from rings to chains. The minimum ID/IG ratio at the Vbias of 1.0 kV, 

therefore, was accompanied by the maximum sp3 content which was consistent with 

the mechanical values.  
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Figure 4.2 The relationship of the ID/IG ratio and the 𝛔 as a function of the Vbias. The  

                   inset shows the G band position versus the FWHM(G) at different Vbias  

                   modified from Konkhunthot et al. (2018). 

 The positions of the G band were 1531.42, 154.19, 1545.64, and 1540.34 

cm–1 for DLC-0, DLC-1, DLC-2, and DLC-3, respectively, as also listed in Table 4.1. 

It is well-known that the shift in the position of the G band was related to the stress 

condition in the DLC film which could be calculated using the following equation 

(Narayan, 2005; Lubwama et al., 2013; Miki et al., 2015; Nakamatsu et al., 2005): 

σ = 2𝐺 [
1+𝜈

1−𝜈
] [

Δ𝑤

𝑤0
], (4.1) 

where 𝐺 is the shear modulus (Lifshitz et al., 1989) (𝐺 = 70 GPa), 𝜈 is the Poison’s 

ratio of  approximately 0.3 (Lifshitz et al., 1989), Δ𝑤  is the shift in the Raman 

wavenumber of the G band, and 𝑤0 is the Raman wavenumber of reference.  
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 By choosing the position of the G band of the DLC-0  as the reference 

Raman wavenumber in Equation 4.1, the relative compressive σ in the DLC films at 

the different Vbias could be calculated to be 1.99  0.10, 2.41  0.12, and 1.33  0.08 

GPa for DLC-1, DLC-2, and DLC-3, respectively. The shift of the G band position 

upward to a higher Raman wavenumber was due to the changes in the carbon network 

structure during the film’s growth (Miki et al., 2015) which was indicative of the larger 

σ in the DLC films. Figure 4.2 shows the relationship of the ID/IG ratio and the σ as a 

function of the Vbias along with the G band position and FWHM(G) in the inset. As seen 

in Figure 4.2, the opposite trend between the ID/IG ratio and the σ was observed as the 

Vbias increased from 0.0 to 1.0 kV. This indicated the formation of the sp3 content with 

the increase in the σ. The existence of the σ was related to the interatomic force constant 

and interatomic separation which could be explained through the atomic vibrational 

frequency (Narayan, 2005; Lubwama et al., 2013). As the DLC films were subjected to 

mechanical compression, the bond lengths within the DLC structure decreased, and the 

force constants and the vibrational frequencies increased (Narayan, 2005; Lubwama et 

al., 2013). Hence, the interatomic distance became shorter which led to the increase in 

the compressive σ and the density of the DLC structure, as confirmed by the XRR 

analysis. The occurrence of the compressive σ in the DLC films also involved the 

impingement of the ions during the film growth which could be describe this 

phenomenon using the subplantation model (Lifshitz et al., 1989; Lifshitz et al., 1990). 

Regarding this model, as the incident ion in the plasma impacted the substrates, the 

atomic packing density increased. The density of the atomic packing structure 

generated the intrinsic stress condition within the films which was the preferred 

formation of the C-sp3 sites in the DLC structure. However, as the Vbias further increased, 
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the compressive stress was likely to decrease due to the release of the residual stress 

and the bombardment with high energetic ions at a high Vbias.  

 The inset in Figure 4.2 reveals the similar feature of the G band position 

and the FHWM(G) as a function of the Vbias. The variations in the FWHM(G) 

corresponded to the disordered structure and the La of the sp2 sites in the DLC films. In 

this work, the La of the sp2 sites in the DLC films was estimated by the following 

equation: 

𝐼D

𝐼G
= 𝐶′(𝜆)𝐿a

2 , (4.2) 

where 𝐶′(514 nm) is the constant value (~ 0.0055) (Ferrari and Robertson, 2000).  

The La of the DLC-0, DLC-1, DLC-2, and DLC-3 was measured to be 7.8, 6.2, 

6.0, and 6.6 nm, respectively. This result elucidated the role of the Vbias on the La of the 

sp2 sites. The decrease in the La of the sp2 sites was correlated to the decrease in the 

ID/IG ratio and the increase in the FWHM(G) which was consistent with the other 

reports in the literature (Ferrari et al., 2003). It, therefore, should be noticed that the 

DLC films with the higher sp3 content provided a lower value of La.  

 The XPS was employed to measure the elemental chemical composition 

and the sp3/sp2 ratio of the DLC films. Figure 4.3(a) and (b) illustrated the C 1s and O 

1s XPS spectra of the DLC films deposited at the different Vbias, such as the DLC-0, 

DLC-1, DLC-2, and DLC-3, respectively. The C 1s XPS spectra showed the multiple 

bonding states of the carbon atoms as can be observed in Figure 4.3(a). The C 1s XPS 

spectra were deconvoluted into 3 Gaussian peaks to estimate the sp3/sp2 ratio in the 

DLC films through the XPS technique. The first peak located at approximately 284.3 
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eV and the second peak located at around 285.3 eV were assigned to the CC bonds 

(C-sp2 hybridizations) and the CC bonds (C-sp3 hybridizations), respectively. The 

other higher binding energy range of 286.0–287.0 eV corresponded to the COH 

bonds and CO and/or OCO bonds which were attributed to the atmosphere or 

gas exposure of the dangling bonds (Chen et al., 2001; Ahmed et al., 2013; Rüdiger et 

al., 2012; Phase and Sathe, 2004). In addition to the C 1s XPS spectra, the O 1s XPS 

spectra of the DLC films were concerned as shown in Figure 4.3(b). A broad peak 

located between 531.3 and 532.9 eV was due to the CO and COH bonds which was 

the nature of the oxides on the DLC surface (Chen et al., 2001; Ahmed et al., 2013; 

Rüdiger et al., 2012; Phase and Sathe, 2004; Milošev et al., 2000).  

  

Figure 4.3 (a) The C 1s (a) and (b) the O 1s XPS spectra of DLC-0, DLC-1, DLC-2,  

                   and DLC-3, respectively, modified from Konkhunthot et al. (2018). 
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 The sp3/sp2 ratio of all the DLC films could be acquired by dividing the 

area of each peak to the total area. The estimated sp3/sp2 ratio and the O atomic 

percentage of the DLC films are listed in Table 4.2. As can be seen in Table 4.2, the 

amount of the O content greatly decreased from 11.36 to 3.52 as the Vbias increased from 

0.0 to 0.5 kV. This was indicative of a large decrease in the O percentage in the DLC 

films during the increasing Vbias which was consistent with the results as reported 

elsewhere in the literature (Damasceno and Camargo, 2008). As there was a further 

increase in the Vbias from 0.5 to 1.5 kV, the amount of the O percentage revealed a slight 

change between 3.52 and 5.40 at.% which was not significant in the O content at the 

higher Vbias. The results of the XPS analysis, however, confirmed the enhancement of 

the sp3 content in the DLC films under biasing conditions and the decrease in the O 

content.  

 According to the Raman and XPS analysis, it was found that the sp3/sp2 

ratio in the DLC films was observed to be effectively controlled by adjusting the Vbias. 

The mechanism used for describing the formation of the C-sp3 bonding in the DLC 

films was based on the subplantation process depending on the energy of the incident 

ions. In the DLC deposition without the biasing condition, the incident ions with not 

enough energy cannot penetrate into a surface and are thus just stuck on a sample’s 

surface in the form of the C-sp2 graphite-like phase. As the Vbias was higher, the incident 

ions of higher energy were capable of penetrating the surface into the subsurface 

interstitial site. This process generated the local density and local compressive internal 

stress within the DLC structure, which was a suitable condition to form the C-sp3 

diamond-like phase. However, as the Vbias further increased, the higher energy of the 

incident ions penetrated deeper into the sublayer and resulted in the displacement of the 
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atoms. This process led to an accumulation of the phonons or the energy in the form of 

heat. The generation of heat within the film structure, in turn, relaxed an excess of local 

density and the compressive stress in the DLC structure and was caused by the 

reduction in the C-sp3 diamond-like character, as demonstrated by the increase in the 

ID/IG ratio at the Vbias of 1.5 kV (Robertson, 1993, 2002; Ferrari et al., 2002).  

Table 4.2 The ρ, t, roughness, sp3/sp2 ratio, and O content of the DLC films acquired  

                 from XRR and XPS. 

Sample  Vbias ρ t roughness sp3/sp2 ratio O content 

 (kV) (g/cm3) (nm) (nm)  (at.%) 

DLC-0 0.0 – – – 0.30 11.36 

DLC-1 0.5 2.73 105.04 3.77 0.39 3.52 

DLC-2 1.0 2.79 143.66 4.17 0.46 5.40 

DLC-3 1.5 2.51 98.66 5.11 0.34 5.33 

4.1.2  Physical property analysis 

 The physical properties, such as density, thickness, and roughness of the 

DLC films could be obtained using the XRR technique, which was an appropriate and 

precise tool used for the multi-layer thin films. Figure 4.4 demonstrates the XRR 

profiles of the deposited DLC films at the different Vbias over an incident angle range of 

0.2–2.5°. The black and red lines represented the experimental and simulated XRR 

profiles. The accurate values of the density (ρ), thickness (t), and surface roughness of 

the deposited films could be acquired with a minimum reliability factor of 0.02–0.05 

which confirmed that the simulation was reasonable for a measured sample. The 

reflectivity profiles consisted of a critical angle and interference fringe, which provided 

information about the average electron density and the total thickness, respectively.  
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Figure 4.4 The XRR profiles of the DLC films deposited at different Vbias of 0.0, 0.5,  

                   1.0, and 1.5 kV, respectively, adopted from Konkhunthot et al. (2018). 

 The ρ of the deposited films could be obtained by simulating the critical 

angle at a low angle with the following equation (Ferrari et al., 2000; Chu and Li, 2006; 

Zhang et al., 1998; Liu et al., 2016; Kishimoto et al., 2008): 

𝜌 = [
𝜋𝜃c

2

𝑁A𝑟e𝜆2] [
𝑋C(𝑀C −𝑀H)+𝑀H

𝑋C(𝑍C −𝑍H)+𝑍H
], (4.3) 

where 𝜃c  is the critical angle in radian, 𝑟e  is the classical electron radius, 𝑁A  is 

Avogadro’s number, 𝜆  is the wavelength used by the instrument, 𝑋C  and 𝑋H  are the 

relative atomic fraction of C and H (in this case the atomic fraction of 𝑋H is a form of 

1–𝑋C), respectively, 𝑍C and 𝑍H are the atomic numbers of C and H, respectively, and 

𝑀C and 𝑀H are the molar mass of C and H, respectively. In addition, the correlation 
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between the density and thickness of the films was estimated as follows (Kishimoto et 

al., 2018): 

𝜌 =
Σ𝜌i𝑡i

Σ𝑡i
, (4.4) 

where 𝜌i and 𝑡i are the density and thickness of each layer, respectively. The thickness 

of the DLC films could be obtained by replacing the density from Equation 4.3 into 

Equation 4.4. 

 To obtain the exact values of the ρ, t, and roughness of the films from 

the XRR method, the deposited film should have a smooth surface without any film 

delamination. However, it was found that the DLC film deposited without the Vbias 

(DLC-0) had some spalling. The DLC-0, therefore, was not in a good condition for 

measurement by the XRR method and the values of this sample are not shown in Figure 

4.4. The simulated data acquired from the XRR profile are also listed in Table 4.2. As 

seen in this table, the ρ of the films was 2.73, 2.79, and 2.51 for DLC-1, DLC-2, and 

DLC-3, respectively, which showed a significant change by adjusting the Vbias. The 

interference fringes could be observed for all the reflectivity profiles which confirmed 

that the deposited films by the pulsed two-FCVA deposition contained more than a 

single layer, the so-called multilayered films (Ferrari et al., 2000; Van der Lee et al., 

2001). It was noticed that the ρ of the films was increased as the Vbias increased. The 

maximum value of the ρ was measured for DLC-2 (2.79 g/cm3) associated with the Vbias 

of 1.0 kV. The XRR profile of DLC-3 revealed a different feature which corresponded 

to the reduction in the ρ and t as demonstrated by a smaller number and larger period 

compared to the other films. The ρ of DLC-3 (2.51 g/cm3) decreased and showed a 
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lower value than that of DLC-1 (2.73 g/cm3) which indicated that a longer development 

of the ρ did not occur as the Vbias increased further to 1.5 kV. The reduction in the ρ of 

the deposited films at a higher Vbias was caused by the relaxation of the excess internal 

compressive stress and local density within the amorphous carbon structure. The 

bombardment of the high energetic ions at a high Vbias resulted in the increase in the 

substrate temperature which led to the transition of the sp3 diamond-like to sp2 graphite-

like carbon known as the graphitization process (Sugimoto et al., 2013). The correlation 

of the ρ and the sp3/sp2 ratio of the DLC films had a similar effect to the variation in 

the Vbias. In addition, it was noticed that the DLC films with a lower ID/IG ratio exhibited 

a higher ρ and the sp3/sp2 ratio as confirmed by the XPS and Raman results. 

 The t of the deposited films was simulated to be 105.0, 143.6, and 98.7 

nm for DLC-1, DLC-2, and DLC-3, respectively. The t of the films was initially 

increased with the increase in Vbias from 0.0 to 1.0 kV, but decreased with the further 

increase in the Vbias up to 1.5 kV. A lesser predominance of the deposition process than 

the self-sputtering process of the substrate materials under higher energetic ions 

resulted in the reduction in the t of the deposited films. The effect of the sputtering 

yields, therefore, must be less than the deposition process to obtain the film growth 

(Lifshitz, et al., 1989). The diffusion layer between the DLC film and an adhesive layer 

of Ti was also estimated to be approximately 2.70  0.9 nm in thickness. The diffusion 

layer was almost unchanged during film growth with a density of 4.37  0.8 g/cm3. The 

diffusion layer was a mixture of the carbon ion impingements into the surface of a Ti 

intermediate layer. The impingement of a high energy of the ions generated at a high 

Vbias on a Ti intermediate layer was the main reason for the monotonic increase in the 
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surface roughness of 3.77, 4.17, and 5.11 nm for DLC-1, DLC-2, and DLC-3, 

respectively. 

4.1.3  Mechanical property analysis 

 The hardness and elastic modulus could be acquired from the pico-

indentation load and indentation depth curves based on the Oliver and Pharr method 

(Oliver and Pharr, 1992, 2004). The pico-indentation load and indentation depth curves 

of the DLC films at the different Vbias of 0.0, 0.5, 1.0, and 1.5 kV, respectively, are 

illustrated in Figure 4.5.  

 

Figure 4.5 Pico-indentation load versus indentation depth of the DLC films deposited  

                   at different Vbias modified from Konkhunthot et al. (2018). 

 In pico-indentation experiments, the ultra-low applied load of 0.1 mN 

was employed to control the indentation depth in a range of 8–11 nm which was less 

than 10% of the total film thickness. The effect of the Si substrate, therefore, could be 
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reasonably neglected during a pico-indentation measurement (Fischer-Cripps, 2006; 

Andriollo et al., 2017; Liang et al., 2015; Mirkarimi et al., 1997; Guo et al., 2015). As 

can be observed in Figure 4.5, it was found that the indentation depth of the deposited 

films was first decreased from 10.8 to 8.0 nm as the Vbias increased from 0.0 to 1.0 kV 

and then slightly increased from 8.0 to 9.5 nm with the further increases up to 1.5 kV. 

The hardness of DLC-1 and the DLC-2 experienced a significant improvement 

compared to DLC-0 as demonstrated by the reduction in the indentation depth by 

applying the Vbias. This revealed that the Vbias was an effective method for adjusting the 

mechanical properties of the DLC films deposited by the FCVA deposition. 

 

Figure 4.6 The hardness and elastic modulus of the DLC films deposited at different  

                   Vbias along with the correlation between the ρ and the σ as a function of Vbias  

                   (see inset) modified from Konkhunthot et al. (2018). 
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 Figure 4.6 shows a typical plot between the hardness and elastic 

modulus of the DLC films prepared at the various Vbias. The inset in Figure 4.6 

illustrates the relationship of the ρ and internal stress in the DLC films as a function of  

the Vbias. The summarized results of the hardness and elastic modulus of the DLC films 

are also listed in Table 4.3.  

Table 4.3 The hardness and elastic modulus of the DLC films deposited at different Vbias.  

Sample  Vbias (kV) Hardness (GPa) Elastic modulus (GPa) 

DLC-0 0.0 12.93  0.95 113.64  7.66 

DLC-1 0.5 20.18  1.23  132.57  6.62 

DLC-2 1.0 24.83  2.10 148.66  9.20 

DLC-3 1.5 15.94  1.41 118.68  8.22 

 As seen in Figure 4.6, the hardness and elastic modulus of the deposited 

films showed the maximum value of 24.83 and 148.66 GPa as the Vbias increased to 1.0 

kV. The hardness and elastic modulus decreased as the Vbias was less than or more than 

1.0 kV which was indicative of a significant change in the carbon network structure 

during the increasing Vbias in this range. An ion subplantation model was employed to 

describe this phenomenon (Robertson, 2002; Lifshitz et al., 1989; Robertson, 1993; 

Ferrari et al., 2002) which was contained in the following 3 stages: (i) the energetic 

ions collision at the surface, (ii) the thermalization, and (iii) the relaxation of the excess 

local density and loss of the sp3 phase. According to a subplantation model, the 

enhancement of the mechanical properties was associated with the increase in the ρ and 

internal compressive σ in the DLC films which was between the collision of the ions 

and the thermalization process. This enhancement was consistent with the other 
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researchers (Guo et al., 2015; Lin et al., 2017; Tai et al., 2006; Guo et al., 2017; 

Robertson, 1992; Zhang, Lau, Sheeja, and Tay, 2005; Gou et al., 2007; Chowdhury et 

al., 2004; Singh et al., 2009).  

 It was observed from the pico-indentation result that the hardness of the 

DLC films had a relatively low value compared to the other DLC films deposited by 

FCVA deposition which was in a range of 20–80 GPa (Guo et al., 2015; Robertson, 

2003; Kamiya et al., 2008; Zou et al., 2011). This result was related to the presence of 

oxygen in the DLC films. The XPS analysis showed that a relatively high oxygen 

content in the DLC films during the films’ growth at high base pressure was a result of 

a lower value of the hardness. The roles of the base pressure or residual gas pressure 

during the films’ growth were related to the observed reduction in the mechanical 

properties which had also been investigated in the other literature (Wu et al., 2007; 

Dwivedi et al., 2013). They reported that as the residual gas pressure was increased, the 

energy of the ions decreased. This was due to the collisional phenomenon between the 

atoms and molecules and/or ions in the gas background and the plasma. With a low 

energy of the ions, the highly graphitic phase was formed and thus led to the reduction 

in the hardness of the deposited films. The other investigations showed that large 

oxygen-incorporated DLC films might be trapped on the interfacial regions which 

resulted further in breaking the bonding between the deposited films and the substrate 

and had a comparatively lower hardness. It could, however, be noticed that the best 

conditions for the film deposition with the highest hardness of approximately 25 GPa 

associated with a density of 2.79 g/cm3 were nearly comparable for the ta-C films with 

a hardness of more than 20 GPa and density close to 3 g/cm3 (Robertson, 2002; Luo et 

al., 2007; Grill, 1997). From the above-mentioned results, the deposition of the DLC 
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films at the Vbias of 1.0 kV would be the best condition in a preliminary study which 

provided high-quality ta-C films. For a detailed understanding, the mechanical 

properties of the DLC films, a fine step of the Vbias should be applied during the film 

deposition. 

4.1.4  Optical property analysis 

 The optical properties, such as the reflective index and extinction 

coefficient of the DLC films deposited at various Vbias of 0.0, 0.5, 1.0, and 1.5 kV, 

respectively, were investigated by the SE technique. Figure 4.7(a) and (b) illustrates the 

plot between the reflective index and extinction coefficient against the wavelength of 

the DLC films at the different Vbias. It can be observed from Figure 4.7 that the reflective 

index of the DLC films deposited under the bias condition increased with the rise in the 

wavelength and started to become saturated when the wavelength increased up to 750 

nm. The DLC-0, on the other hand, displayed different features with the decrease in the 

reflective index as the wavelength increased from 300 to 1000 nm. The extinction 

coefficient of the DLC films deposited under the biasing showed a small change and 

was found to decrease gradually with the increase in the wavelength. This indicated that 

the biased DLC films became transparent at higher wavelengths, typically beyond 800 

nm, while the DLC film deposited without the biasing showed different features with a 

slight rise as the wavelength increased to more than 500 nm. The reflective index and 

extinction coefficient of the DLC films measured at the wavelength of 550 nm are also 

listed in Table 4.4.  
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Figure 4.7 The optical constants, such as reflective index (a) and extinction coefficient  

                  (b) of the DLC films deposited at different Vbias over a range of 300–1000  

                  nm wavelength modified from Konkhunthot et al. (2018). 
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Table 4.4 The summarized reflective index and extinction coefficient of the films  

                 deposited at different Vbias. 

Sample Vbias Reflective index Extinction coefficient 

 (kV) (wavelength,  = 550 nm) 

DLC-0 0.0 2.10 0.43 

DLC-1 0.5 2.64 0.61 

DLC-2 1.0 2.68 0.53 

DLC-3 1.5 2.58 0.49 

 As can be seen in Table 4.4, the reflective index and the extinction 

coefficient of the DLC films were observed to be in the range of 2.10–2.68 and 0.43–

0.61, respectively. Previous research groups have reported that the increase in the 

reflective index and the decrease in the extinction coefficient of the DLC films were 

correlated with the increase in the film transparency and the sp3 content, respectively 

(Lee, Collins et al., 1998; Hiratsuka et al., 2013). From the results, it was obvious that 

the extinction coefficient of all the DLC films had almost no change from applying the 

Vbias. It remained at an approximately constant value at 0.52  0.09 which was indicative 

of the minor impact of the Vbias on the film transparency. The relatively constant value 

of the extinction coefficient might be caused by a Ti intermediate layer effect which 

was a naturally non-transparent material (Axelevitch et al,, 2012). Only the relationship 

between the refractive index and the DLC properties, therefore, was considered. In this 

work, the reflective index was directly related to the sp3 content in the DLC films as 

confirmed by the XPS analysis. It was seen that a lower value of the reflective index 

was measured as the Vbias increased above or decreased below 1.0 kV.  
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 As previously described, the reflective index and the ID/IG ratio were the 

important parameters related to the sp3 content and the mechanical properties of the 

DLC films. However, the relationship of the reflective index and ID/IG ratio has not 

been systematically investigated. This relationship, therefore, would be further studied 

and discussed as shown in Figure 4.8. 

 

Figure 4.8 The established correlation between the reflective index and the ID/IG ratio  

                  of the DLC films deposited at various Vbias modified from Konkhunthot et  

                  al. (2018). 

As seen in Figure 4.8, the opposite trend between the reflective index and ID/IG 

ratio was observed. The reflective index increased as the ID/IG ratio decreased depending 

on the Vbias. The maximum value of the reflective index (= 2.68) and the minimum value 

of the ID/IG ratio (= 0.21) were measured at the same condition, the Vbias of 1.0 kV. The 

further increase of the Vbias up to 1.5 kV resulted in the decrease in the reflective index 
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and the increase in the ID/IG ratio. It was found that the reflective index and the ID/IG 

ratio were well correlated with the microstructural, physical, and mechanical properties 

of the DLC films depending on the deposition parameters, especially the Vbias. For this 

case, the established correlation between the reflective index and the ID/IG ratio should 

be emphasized since it could be used for inferring the microstructure in terms of the 

sp3/sp2 ratio, ρ, and hardness of the DLC films which was the most important 

parameters in determining the properties of the DLC films. To acquire these important 

values through the established correlation, the method used was either the reflective 

index or the ID/IG ratio acquired from a comparatively simple and non-destructive 

analytical technique from the SE and Raman techniques (Ferrari and Robertson, 2004). 

Using the established correlation, the number of samples for the experiment could be 

reduced which is a cost-effective method for industrial applications. 
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4.2  Enhancement of thermal stability, adhesion strength, tribological 

property, and corrosion protection performance of DLC films 

deposited on stainless steels by Ti incorporation 

4.2.1   Surface morphology and chemical composition analysis 

 By coupling the SEM/EDS and XPS techniques, the surface 

morphologies and chemical compositions of the pure DLC and Ti-doped DLC films 

were explored. In these experiments, 2 concentration levels of Ti in the DLC films were 

controlled by adjusting the applied arc voltages of 0.65 and 0.80 kV connected to a Ti 

cathode as revealed in Table 4.5. These samples were subsequently designed as Ti-

DLC1 and Ti-DLC2. Figure 4.9 demonstrates the surface morphologies and the peak 

intensity acquired from the SEM and EDS of the pure DLC, Ti-DLC1, and Ti-DLC2, 

respectively. From the SEM micrographs, a very smooth surface and uniform density 

were observed for all the films. There was no film delamination found which indicated 

that an adhesive layer of Ti was beneficial to considerably improve the film adhesion 

strength to the substrate. The columnar structures and grains were not observed over 

the film surface which was due to an amorphous carbon structure of the DLC films. 

Although the magnetic filtering had been employed, some macro-particles were 

captured over the film surface which was a typical characteristic of cathodic arc 

deposition. 
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Figure 4.9 SEM micrographs of (a) pure DLC, (c) Ti-DLC1, and (e) Ti-DLC2, and the   

                       EDS spectra of (b) pure DLC, (d) Ti-DLC1, (f) Ti-DLC2, respectively. The macro- 

                       particles are indicated by an arrow modified form Konkhunthot et al. (2019). 

 The existence of the small amount of microparticles had been considered 

as a minor point in certain mechanical and tribological applications. It might, however, 

be the major problem in corrosive environments when it acts as an initial point for the 

localized corrosion. SEM equipped with the EDS technique was used to provide 

information about the chemical characterization in terms of the elemental composition 

analysis of the deposited films, particularly the Ti atoms in the Ti-doped DLC films. A 
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spot size of the incident beam of around 3 mm × 3 mm on the sample covered the 

distribution of Ti over the sample surface. The EDS spectra of the pure DLC film 

mainly demonstrated the Si and C peaks which originated from an underlying Si 

substrate and the DLC film, respectively. The O and Ti peaks were also observed, and 

they had a rather weak intensity due to the limitation of this technique. It was, however, 

confirmation of the incorporation of the Ti atoms into the DLC films. In addition to the 

EDS, the elemental concentration of the DLC films was accurately analyzed by the XPS 

technique. Table 4.5 illustrates a variation in the chemical elemental composition of all 

the deposited films. From the XPS analysis, the concentration levels of the C atoms 

decreased from 97.8 to 92.6 at.% with the increase in the concentration levels of the Ti 

atoms from 0.0 to 2.1 at.%. The O percentage also increased together with the 

increasing Ti percentage which was attributed to the formation of the oxide film once 

the Ti-doped DLC surface was exposed to oxygen in the air. This was represented as 

an absorbed O atom on the Ti-doped DLC surface (Francz et al., 1999). The oxide layer 

formed on the Ti-doped DLC surface was, however, believed to prevent the diffusion 

of the active species or water molecules into the underlying substrate. It, hence, 

inhibited the damages from the active species which will be described later in the 

Electrochemical corrosion behavior analysis section. 

Table 4.5 The elementary composition of the pure DLC, Ti-DLC1, and Ti-DLC2,  

                 respectively, acquired from the XPS analysis. 

Sample 
 Arc voltage (–V) Concentration level (at.%) 

C cathode Ti cathode C O Ti 

pure DLC 800 – 97.8 2.2 0.0 

Ti-DLC1 800 650 95.8 3.4 0.8 

Ti-DLC2 800 800 92.6 5.3 2.1 
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4.2.2  Raman spectroscopy analysis 

 Raman spectroscopy was routinely performed to obtain microstructural 

information on the pure DLC and Ti-doped DLC films. In this experiment, the Raman 

spectra of the pure DLC, Ti-DLC1, and Ti-DLC2, respectively, in a range of 800–2000 

cm–1 were recorded as shown in Figure 4.10. The black and red lines represent the 

experimental and fitted curves. The deconvolution of the D and G bands is presented in 

the bright green lines. 

 

Figure 4.10 Raman spectra of the pure DLC, Ti-DLC1, and Ti-DLC2, respectively,  

                     adopted from Konkhunthot et al. (2019).  
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 The DLC films were deconvoluted in their Raman spectra region into 2 

Gaussian functions located at approximately 1545 and 1355 cm–1, respectively. The 

first band, G, was for the zone center phonons due to the symmetric E2g stretching mode 

of all the sp2 sites in both rings and chains (Ferrari and Robertson, 2000; Chu and Li, 

2006). Another band, D, was for the zone-edge K-point phonons due to the symmetric 

A1g breathing mode of the sp2 sites in aromatic rings as a result of the bond angle’s 

disordered structure (Ferrari and Robertson, 2000; Chu and Li, 2006). The square 

feature observed at approximately 950 cm–1 was attributable to the second-order 

spectral region of the underlying Si substrate. This feature indicated the optical 

transparency of the measured films (Zhang et al., 2005). The Raman parameters, such 

as the G band position, full width at half maximum of the G band (FWHM(G)), and 

ID/IG ratio of the pure DLC and Ti-doped DLC films acquired by the fitting the Raman 

spectra are listed in Table 4.6. 

Table 4.6 The summarized Raman parameters of the pure DLC and Ti-doped DLC  

                 films acquired from the Raman analysis. 

Sample G band position (cm–1) FWHM(G) ID/IG ratio 

Pure DLC 1546.5 220.9 0.23 

Ti-DLC1 1545.4 218.5 0.27 

Ti-DLC2 1540.7 194.8 0.32 

 From the Raman spectra, the position of the G band shifted toward the 

lower wavenumber with the increasing amount of the Ti atoms. The shift of the G band 

position involved the fluctuation in the cluster size of the graphite and the cumulative 

stress in the deposited films (Ferrari, and Robertson, 2001). This observation was also 
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found as a function of the Vbias as shown in the previous description (Konkhunthot et 

al., 2018). The investigation showed that the shift of the G band position toward the 

lower wavenumber was caused by a large amount of the cumulative stress developed 

by the subplantation process. In addition to the increased internal stress, the density and 

the sp3 content in the DLC films were observed to increase.  

 In a comparison to the results from Konkhunthot et al. (2018) shift of 

the G band toward the lower wavenumber with the increasing Ti doping level led to the 

reduction in the internal stress of the Ti-doped DLC films. There were 3 factors used to 

describe this situation: (i) the addition of the Ti atoms into the DLC structure led to the 

decrease in the sp3 content and resulted in the reduction in the internal stress; (ii) The 

existence of the adatom mobility due to the bombardment with the Ti+ ions generated 

a new degree of freedom causing the relaxation in the local density and intense sp3 

hybridized bonds and thus, the reduction in the internal stress; (iii) the introduction of 

the Ti atoms was as a result of the distortion of the atomic bond-angle disorder within 

the DLC structure and led to the reduction in the internal stress (Qiang et al., 2013; 

Lifshitz et al., 1989). Although the density and sp3 content were lower with the 

reduction in the internal stress, the adhesion of the films was in turn better. This 

advantage will be further described later in the Adhesion analysis section. Furthermore, 

the low and high values of the FWHM(G) and ID/IG ratio of the Ti-doped DLC films 

could be indicative of the increase in the sp2 hybridized bonds in both numbers and 

sizes (Ferrari and Robertson, 2001) which was consistent with the NEXAFS results and 

mechanical properties as further described in detail here. 
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4.2.3  Local bonding structure and thermal stability analysis 

 NEXAFS spectroscopy was carried out to elucidate local bonding 

information of the pure DLC and Ti-doped DLC films as a function of thermal 

annealing over the range from RT to 500°C. Figure 4.11(a)–(c) demonstrates the C K-

edge NEXAFS spectra of the pure DLC, Ti-DLC1, and Ti-DLC2, respectively, 

annealed within the UHV at various annealing temperature ranges from RT to 500°C, 

respectively. As seen in Figure 4.11, these spectra showed different features in the local 

bonding configuration as a function of thermal annealing. The pre-edge peak at the 

photon energy of approximately 285.4 eV was due to the transition of the C 1s core-

level electrons to the unoccupied π* symmetry orbitals mainly generated from the sp2 

(CC) and the sp (CC) sites if presented. The broad region from approximately 288 

to 335 eV was attributable to the overlapping C 1s to the unoccupied σ* transition at 

the sp, sp2, and sp3 sites. 

 It was noticed that the Ti-doped DLC films showed a small area of the 

broad region of the C K-edge NEXAFS spectra compared to the pure DLC film. The 

intensity ratio of the pre-edge peak and broad region of the pure DLC films tended to 

increase with the Ti doping level which inferred the transformation of the sp3 into sp2 

hybridized carbon the so-called graphitization process. The spectral features of the Ti-

doped DLC films were not much different to those of the pure DLC films which 

indicated that the carbon network structure almost did not change with a small doping 

concentration level of the Ti atoms. Additionally, the observed results confirmed that 

the intensity ratio of the annealed films was larger with the increased annealing 

temperature. This indicated the occurrence of the graphitization process of the films 

under thermal annealing. 
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Figure 4.11 The C K-edge NEXAFS spectra of (a) pure DLC, (b) Ti-DLC1, and (c) Ti- 

                    DLC2 as a function of thermal annealing in the range from RT to 500°C   

                    modified from Konkhunthot et al. (2019).  

 The Ti L-edge NEXAFS spectra of the pure DLC, Ti-DLC1, and Ti-

DLC2, respectively, as a function of the thermal annealing are shown in Figure 4.12(a)–

(c). It can be seen that the Ti atoms were effectively introduced into the DLC structure 

by the pulsed two-FCVA system as demonstrated by the presence of the intensity of the 

Ti L3,2-edge NEXAFS spectra in both Ti-DLC1 and Ti-DLC2 compared to that of the 

pure DLC film without the Ti peak intensity. The spectral features of the Ti-doped DLC 

films showed 4 dominant peaks when the annealing temperature increased to 400°C. 

The first 2 peaks located at approximately 458 and 460 eV were due to the excitations 

of the L3-edge core level from the Ti 2p3/2 to the unoccupied Ti 3d5/2 electronic states. 

The other peaks located at approximately 464 and 465 eV corresponded to the L2-edge 

core level from the Ti 2p1/2 to empty Ti 3d3/2 electronic states. These spectral features 

and positions showed similarity to the TiC power (Kanda et al., 2014). The results 

indicated that the Ti incorporated into an amorphous structure in the range of 0.62–2.80 
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at.% Ti doping could exist in a form of the TiC bonds and/or the amorphous TiC 

phases which was consistent with other research groups (Pandiyaraj et al., 2012; Wang 

et al., 2012; Bharathy et al., 2010; Jo et al., 2018). The Ti atoms, on the other hand, 

were likely to form as a solid solution (Wang et al., 2012) within the DLC matrix when 

the concentration level was less than 0.42 at.% Ti (Qiang et al., 2013). This was because 

the Ti atoms cannot bond with the C atoms. In the present work, it was found that the 

decrease in the metal-stable sp3 hybridized carbon contributed to the formation of the 

TiC phases in the DLC films. This occurrence could be explained in terms of the 

replacement of the C–C bonds by the Ti–C bonds as demonstrated by the decrease in 

the sp3/sp2 ratio using the NEXAFS measurement. The oxidation of the Ti as the TiO2 

surface could thermodynamically have taken place on the Ti-doped DLC surface when 

it was exposed to the atmosphere. The presence of the TiO2 was detected as 

demonstrated in the O K-edge spectra in Figure 4.13. Therefore, it was realized that the 

removal of the residual O contamination on the Ti-doped DLC surface was not probable 

because it could be immediately formed after expose to the air. However, the results 

confirmed that the TiC was a dominant phase in the DLC structure when the Ti 

concentration was maintained in the range of 0.8–2.1 at.%.   

 Considering the effects of thermal annealing on the local bonding 

structure, it was noticed that the spectral features of the Ti-doped DLC films exhibited 

a difference at the annealing temperature beyond 300°C. The change in the spectral 

features was observed by the disappearance of the double-peak structure, L3 and L2-

edge. This was by reason of the reduction in the carbonate surface contamination 

(Martinez et al., 2009; Lippitz et al., 1996) which was attributable to the chemisorbed 

O process at the Ti-doped DLC surface as CO and/or CO2. The loss of the surface 
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carbonation could be observed by the formation of the Ti oxide behind, specifically the 

monoxide (TiO) phase without the L3,2-edge doubled-structures (Stoyanov et al., 2007). 

It was, however, reported that the occurrence of the TiO phase led to the reduction in 

oxidation resistance (Martinez et al., 2009). 

   

Figure 4.12 The Ti L3,2-edge NEXAFS spectra of (a) pure DLC, (b) Ti-DLC1, and (c)  

                    Ti-DLC2 as a function of thermal annealing in the range from RT to 500°C  

                    modified from Konkhunthot et al. (2019). 

 Figure 4.13(a)–(c) shows the O K-edge NEXAFS spectra of the pure 

DLC, Ti-DLC1, and Ti-DLC2, respectively, as a function of the annealing temperature 

in the range of RT–500°C. The observed spectral features of the pure DLC films 

exhibited natural oxidation on the film surface which was assigned to the O surface 

contamination from the environment. The O K-edge NEXAFS spectra of the pure DLC 

films could be divided into 2 regions: the first region located at approximately 528 eV 

corresponded to the O 1s → * (CO) transitions principally originated from the 

carbonyl and carboxyl groups. The other region between 533 and 550 eV was due to 
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the O 1s → * (COC), and the O 1s → σ* (OH) transitions. In the case of the 

Ti-doped DLC films, there was a noticeable difference in the O K-edge NEXAFS 

spectra. The first spectral region between 531 and 534 eV was due to the transitions 

from the O 2p states with the empty Ti 3d states split into t2g and eg electron orbitals 

(Hiratoko et al., 2013). The second spectral region between 537 and 550 eV was 

attributed to the O 2p states coupled to the Ti 4s and 4p states. 

   

Figure 4.13 The O K-edge NEXAFS spectra of (a) pure DLC, (b) Ti-DLC1, and (c)  

                     Ti-DLC2 as a function of thermal annealing in the range from RT to  

                     500°C modified from Konkhunthot et al. (2019). 

 From the NEXAFS analysis, it was found that the spectral features of 

the Ti-doped DLC films were similar to those of the residual TiO2 (Velasco-Velez et 

al., 2016). However, no significant difference was observed between the spectral 

features of the pure DLC and Ti-doped DLC films which indicated that the local 

bonding structure of the Ti-doped DLC films did not change much due to the addition 

of the Ti atoms in this study range. In addition, it was seen that the O K-edge NEXAFS 

spectra of the Ti-doped DLC films annealed at an elevated temperature had transformed 
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to the former ones as demonstrated by the drop of the first and second spectral region. 

This phenomenon confirmed the disappearance of the carbonate surface contamination 

at a higher temperature. 

 The sp2/sp3 ratio obtained through the NEXAFS technique is one of the 

most important parameters in determining the properties of DLC films. Evaluation of 

the relative sp2 fraction in the DLC films was performed by normalizing the area under 

the pre-edge peak located at ~285.4 eV which contributed to the C 1s  unoccupied 

* transitions at the sp2 sites with the area under the broad region over the range of 

288–335 eV which was attributed to the C 1s  the unoccupied σ* transition at the sp, 

sp2, and sp3 sites. All the C K-edge spectra were deconvoluted to obtain the area of each 

peak with the IGOR Pro 6.3 software. Figure 4.14 shows an example of the evaluation 

of the sp2 ratio of the pure DLC film before thermal annealing. The application of the 

error function step as demonstrated in the blue line was to fit an edge jumping at the 

ionization potential. 
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Figure 4.14 (a) The C K-edge NEXAFS spectrum of the pure DLC films before and  

                     after subtraction by the error function step. (b) The deconvoluted the C K- 

                     edge NEXAFS spectrum into the multiple-Gaussian peaks with the IGOR  

                     Pro 6.3 Software adopted from Konkhunthot et al. (2019). 

 According to Figure 4.14, the multiple-peaks between the pre-edge peak 

and the broad region were fitted at approximately 286.7, 288.0, and 289.4 eV which 

were attributed to the σ* (CH), π* (CO) and/or π* (CC), and σ* (CC) states, 

respectively. The high photon energy range of the spectra was dominated at 

approximately 296.2 and 302.3 eV which was due to the σ* (CC) and σ* (CC) 

(Jimenez et al., 2001; Ray et al., 2004), respectively. Since the pulsed two-FCVA 

system in this work did not require any reactive or background gas during the film 

deposition, the presence of the σ* (CH) states was considered as the surface carbon 
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dangling bonds from the hydrogen saturation (Soin et al., 2012) and as the residual C 

oxides for the π* (CO) states which could spontaneously occur on the DLC surface 

surrounded by the water molecules or O functional group (Jimenez et al., 2001). To 

obtain the absolute value of the sp2/(sp2 + sp3) ratio, the C K-edge NEXAFS spectra of 

the films were compared to those of HOPG standard material by the following equation: 

𝑓𝑠𝑝2 =
𝐼sam

𝜋∗
 𝐼ref  (∆𝐸)

𝐼ref
𝜋∗

 𝐼sam (∆𝐸)
, (4.5) 

where 𝐼sam
𝜋∗

 and 𝐼ref
𝜋∗

 are the areas of the 𝜋∗(CC) resonance of the films and the HOPG 

standard material, respectively. 𝐼sam (∆𝐸) and 𝐼ref (∆𝐸) are the areas of the remaining 

resonances between 288 and 335 eV of the films and the HOPG standard material, 

respectively (Lenardi et al., 1999; Outka and Stöhr, 1988; Mangolini et al., 2014).  

 Figure 4.15 demonstrates the sp2/(sp2 + sp3) ratio of the pure DLC, Ti-

DLC1, and Ti-DLC2, respectively, as a function of thermal annealing in the range of 

RT–500°C. It was obvious that the sp2/(sp2 + sp3) ratio of all the deposited films 

increased continuously as the annealing temperature increased. However, the sp2/(sp2 

+ sp3) ratio observed between the pure DLC and Ti-doped DLC films was a significant 

difference. Before thermal annealing, it was found that the pure DLC film had a lower 

sp2/(sp2 + sp3) ratio than the Ti-doped DLC films. The sp2/(sp2 + sp3) ratio of the pure 

DLC films started to increase steadily from 0.33 to 0.35 with the increase in the 

annealing temperature from RT to 200°C. With the further increase in the annealing 

temperature from 200 to 500°C, the sp2/(sp2 + sp3) ratio of the pure DLC film increased 

dramatically from 0.35 to 0.58. A sharp increase in such a ratio implied the degradation 

https://www.sciencedirect.com/science/article/pii/S0040609011021419#!
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of the properties of the films, especially the mechanical properties. In contrast, the 

sp2/(sp2 + sp3) ratio of the Ti-doped DLC films increased gradually as the annealing 

temperature rose from RT to 500°C. These results indicated that the graphitization 

process in the Ti-doped DLC films had taken place at a slower rate and with a higher 

annealing temperature compared to the pure DLC film. The enhanced thermal stability 

of the Ti-doped DLC films might be attributed to the formation of the TiC phases as 

confirmed by the NEXAFS analysis. It was recognized that the TiC phase exhibited 

natural stability at high temperature up to 600°C (Lin et al., 2009). Therefore, the 

formation of the TiC phases in the Ti-doped DLC films could impede the graphitization 

process and maintain the sp3 hybridized carbon (Er and So, 2010; Ma et al., 2012). 

 

Figure 4.15 Thermal annealing versus the sp2/(sp2 + sp3) ratio of the pure DLC, Ti- 

                     DLC1, and Ti-DLC2, respectively, adopted from Konkhunthot et al.  

                     (2019). 
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4.2.5  Mechanical property analysis 

 The nano-indentation measurement was regularly performed to obtain 

the nano-mechanical properties, such as hardness (H), reduced Young’s modulus (E), 

plastic index parameter (H/E), and elastic recovery (%ER) of the pure DLC and Ti-

doped DLC films based on the standard Oliver and Pharr method (Oliver and Pharr, 

1992). The nano-indentation load and indentation displacement curves acquired from 

the nano-indentation test were plotted as shown in Figure 4.16. The estimated nano-

mechanical parameters are also summarized in Table 4.7. It was apparent from Figure 

4.16 that the bare substrate with a larger area under a curve than those that of the 

deposited films exhibited a high plastic deformation which is a typical characteristic of 

most metals (Mirkarimi et al., 1997). The degree of the plastic deformation could be 

observed from the displacement difference between the maximum and residual 

displacement after load removal which was clearly seen in the bare substrate. On the 

other hand, a notable elastic recovery could be observed in all the deposited films. The 

high elastic recovery was caused by the relief of the elastic strain within the amorphous 

carbon-network structure which referred to a typical character of the hard and adherent 

coatings (Ankit et al., 2017; Coll and Chhowalla, 1996). It was found that a film’s 

elastic recovery depends on the number of the sp3/sp2 ratio. In this case, the Ti-doped 

DLC films with a lower sp3 content would exhibit a lower elastic recovery. To attain 

the same depth, a higher applied load, therefore, was needed as demonstrated by the 

maximum applied load and minimum residual displacement of the pure DLC film. 
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Figure 4.16 Nano-indentation load versus indentation displacement curves of bare SS  

                     substrate, pure DLC, Ti-DLC1, and Ti-DLC2, respectively modified from  

                     Konkhunthot et al. (2019). 

 As can be observed in Table 4.7, it was obvious that the mechanical 

properties of the bare AISI 304 stainless steel substrate sustained a great improvement 

by applying either the pure DLC or Ti-doped DLC films. For example, the H value of 

the bare substrate increased more than 5 times from 5.6 GPa to 32.8 GPa by applying 

the pure DLC film. In the results, the maximum H and E values of the deposited films 

can be acquired from the pure DLC film and with slightly decreased values but still at 

an acceptable level with the Ti doping. The nano-mechanical properties of the deposited 

films showed a consistent result with the sp3 content in the DLC films as confirmed by 

the NEXAFS results. It was, however, seen that the H values of the deposited films 

were in the range comparable to those of the ta-C films (Grill, 1997; Robertson, 2002; 

Luo et al., 2007) and hence there could be a wide variety of hard scratch- and wear-

resistant coatings (Ankit et al., 2017). 
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 The H/E was a vital parameter in the mechanical properties which could 

be obtained by estimation from the nano-mechanical results. This parameter was used 

to explain the elastic-plastic behavior and wear resistance of the deposited films (Ishpal 

et al., 2012). Thus, high wear resistance could be expected when the films had a high 

H/E.  As seen in Table 4.7, the bare substrate had the highest H/E value compared to 

the deposited films which was indicative of the lowest wear resistance. The bare 

substrate would be mainly damaged with a large strain in the plastic deformation. The 

H/E was observed to be the maximum value for the pure DLC film and slightly 

decreased with the increase in the Ti doping. However, the H/E values were not much 

different and remained an almost constant value at 0.135  0.004 which indicated a 

slight change in the wear resistance as long as the Ti doping was kept between 0.8 and 

2.1 at.%. 

 The elastic recovery (%ER) was calculated here due to its being 

beneficial for assessing the film’s tribological performance. The %ER could be 

obtained by the following equation: 

%𝐸𝑅 = (
𝑑max−𝑑res

𝑑max
) × 100, (4.2.6) 

where 𝑑max  and 𝑑res  are the displacements at the maximum load and residual 

displacement after the load removal, respectively.  

The variation in the %ER of all the samples are also listed in Table 4.7. It was 

seen that the %ER exhibited the same tendency as the H, E, and H/E values. The pure 

DLC film had the highest value and flow by the Ti-DLC1, Ti-DLC2, and bare substrate, 

respectively. The %ER of the bare substrate was actually a low value compared to that 
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of the deposited films which indicated that the tribological performance of the bare 

substrate had been considerably improved by applying the DLC films. The other 

important parameters to be further investigated to evaluate the films’ tribological 

properties were the adhesion strength and corrosion resistance which will be described 

in the next section. 

Table 4.7 Mechanical parameters obtained from the nano-indentation test of all the  

                 samples. 

Sample H, (GPa) E, (GPa) H/E ER, (%) 

bare substrate 5.6  1.60 254.0  5.41 0.022 17 

pure DLC 32.8  2.19 234.7  7.08 0.139 60 

Ti-DLC1 28.8  1.01 215.0  6.54 0.134 54 

Ti-DLC2 27.6  1.48 213.0  5.84 0.130 46 

4.2.6  Nano-tribological behaviors 

(i.) Adhesion strength analysis 

 The nano-tribological behaviors in terms of the adhesion strength 

and friction mechanisms were studied with a nano-scratching experiment in correlation 

to the surface morphologies. Extreme adhesion strength was required for high-quality 

DLC film used in engineering and tribological applications. Obviously the adhesion did 

not depend on the mechanical properties (Ding et al., 2002); therefore, the relevance of 

the adhesion strength with respect to the effects of Ti incorporation were analyzed by 

comparing the surface morphologies and their microstructure. The main problem that 

was found when a hard DLC film was subjected under the external normal or shear 

force was premature delamination. This was due to poor adhesion of the films to the 
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underlying substrate, particularly on a steel substrate. Therefore, it was very important 

to study the adhesion of the films for long-term performance. The Lc was well-known 

as the major parameter correlated to the tribological performance (Oliver and Pharr, 

2004; Donnet, 1998) and could be obtained from a point at which the friction force 

sharply increased and/or the adhesion coating failure had taken place.  

  

 

Figure 4.17 Typical scratch curves of (a) pure DLC, (b) Ti-DLC1, and (c) Ti-DLC2,  

                     respectively. Inset demonstrates the SEM micrographs of the  

                     corresponding scratch tracks at a point of the Lc1 and Lc2, respectively,  

                     obtained from Konkhunthot et al. (2019). 
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 Figure 4.17(a)–(c) illustrated the typical scratch curves of the pure 

DLC, Ti-DLC1, and Ti-DLC2, respectively. The acoustic emission curves of each film 

were also plotted to compare to the scratch curves and to determine the adhesion failure 

at the interface consistent with the Lc. The scratch curves were plotted in correlation to 

SEM micrographs to inspect the Lc which were comprised of the Lc1 and Lc2, 

respectively as demonstrated in the inset in Figure 4.17. The Lc1 occurred when the 

friction force started to fluctuate and the first cohesive failure occurred. This included 

the plastic deformation, parallel cracks, and fine cracks along the scratch edge. The Lc2 

appeared when the friction force rose rapidly and the coating adhesion failed which 

comprised external transverse cracks and delamination. The Lc1 and Lc2 values were 

measured at 164, 178, and 181 mN, and at 203, 220, and 224 mN for the pure DLC, Ti-

DLC1 and Ti-DLC2, respectively. It was obvious that the Lc1 and Lc2 of the pure DLC 

film had been significantly improved by the Ti addition. The improvement in the 

adhesion strength of the deposited films was influenced from the reduction in the 

compressive internal stress and the formation of the atomic intermixing interface rather 

than from mechanical properties. These behaviors were correlated to the elastic stored 

energy within the DLC structure during the film growth. In the case where the film 

adhesive energy was less than the elastic stored energy, film delamination would occur 

(Hassan et al., 2015; Zhang et al., 2007). The reason that the Ti-doped DLC films had 

a lower internal stress than the pure DLC film contributed to the increase in the sp2 

(CC) sites. Since the bond length of the sp2 (CC) sites was shorter than those of the 

sp3 (CC) sites, the increase in the sp2 (CC) sites could lead to a reduction in the 

strain within the film and thus increased the Lc (Bootkul et al., 2014). Another reason 

might be due to the atomic intermixing interface which occurred during the 
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impingement of the high energy of the C ions on an adhesive Ti layer. Because the Ti 

atoms could react easily with the C atoms to form the TiC phase, it was reasonable that 

a mixing compound generated between the Ti-doped DLC film and a Ti layer had a 

stronger bond than that between the pure DLC film and a Ti layer. For this reason, the 

film adhesion in terms of the Lc of the Ti-doped DLC films was higher compared to the 

pure DLC film.  

 The inset in Figure 4.17(a)–(c) shows the SEM micrographs of the 

Lc1 and Lc2 regions of the pure DLC, Ti-DLC1, and Ti-DLC2, respectively, and the 

corresponding nano-scratch tracks. It was apparent that the initial strain failures which 

consisted of edge and fine cracks at the Lc1 region were observed for the pure DLC film. 

The failures were, however, found to decrease and the scratch track seemed to be 

smoother with a slight edge and fine cracks for the Ti-DLC1 and Ti-DLC2, respectively. 

The Ti-DLC2 especially showed a shallower scratch track without the edge and fine 

cracks. At the Lc2 region, the first adhesion coating failure had occurred accompanied 

by the deformation cracks and exfoliations. In addition, the films were severely 

damaged deep into the underlying substrate. The delamination of the films could be 

observed at the localized scratch track with the explosion of an underlying substrate. It 

was evident that the pure DLC film exhibited brittle fractures as shown by the segment 

cracks and splits along both sides of the scratch track, while these features seemed to 

be lower for the Ti-DLC1.  Only splits and exfoliations at the upper edge of the scratch 

track without the brittle fractures could be observed for the Ti-DLC2 with the inference 

that the adhesion strength of the DLC films had been significantly enhanced through Ti 

incorporation. The enhancement of the film adhesion might be attributed to the residual 

stress and mechanical parameter, such as the %ER as previously described. It was 
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noticed that the pure DLC films with high residual stress and %ER were likely to be 

fractured in a brittle behavior, while the films with the lower stress and %ER, such as 

the Ti-DLC1 and Ti-DLC2 tended to be damaged without the brittle fracture, but rather 

had ductile deformation. In the nano-scratching experiments, it was confirmed that the 

adhesion strength and/or toughness of the DLC films were effectively improved by Ti 

doping without much sacrifice to the mechanical properties. 

(ii.) Coefficient of friction analysis 

 The nano-scratching experiment was also used to assess the 

quantitative analysis in terms of the failure mechanisms, such as elastic/plastic 

deformation, surface crack formation, delamination, and nano-tribological 

characteristics, especially the coefficient of friction (COF) of the pure DLC and Ti-

doped DLC films. Figure 4.18(a)–(d) shows the COF of the bare substrate, pure DLC, 

Ti-DLC1, and Ti-DLC2, respectively, as a function of the scratching distance over 5 

mm. It was apparent that the COF of the bare substrate had an abrupt increase from 

0.17 to 0.50 and maintained a constant value of 0.50 which was attributed to the average 

mean COF for the bare substrate. The COF of the deposited films was different. A 

lower COF at the initial ramping load might be attributed to the COF of the oxide 

surface formed on the bare substrate. The COF of the deposited films could be divided 

into 3 stages as illustrated in Figure 4.19. The first stage referred to the fully elastic 

recovery with high elasticity. This stage contained a smooth, shallow scratch trace, and 

almost no obvious scratch was observed. The second stage where the first crack had 

occurred referred to the elasto-plastic behavior with the elasticity of approximately 

60%. This included the tiny cracks and edge cracks along the trace known as a fishbone-

like scratch. The final stage was where the COF had suddenly increased. This stage 
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exhibited plastic deformation and delamination of the films which was associated with 

the Lc2. The portion of the fracture occurred due to plowing which was followed by a 

large number of brittle fractures as demonstrated by the inset in Figure 4.17. All the 

stages of the failure mechanisms are given in Figure 4.19 by ①, ②, and ③, 

respectively, which corresponded to the COF curves in Figure 4.18.  

 

Figure 4.18 The COF of (a) the bare substrate, (b) pure DLC, (c) Ti-DLC1, and (d) Ti- 

                    DLC2, respectively. 
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 As seen in Figure 4.18(b)–(d), the COFs of all the films increased 

gradually from 0.07 to 0.50 at the scratching distance range of 2.03, 2.20, and 2.24 mm 

for the pure DLC, Ti-DLC1, and Ti-DLC2, respectively. The constant value of the COF 

at 0.50 corresponded to the COF of the bare substrate. An abrupt change in the COF 

implied the delamination of the films and the penetration of the indenter into the bare 

substrate. The COF of the deposited films was determined by taking the mean values 

in the sliding distance before the film’s delamination. The average mean COF of 0.17, 

0.19, and 0.20 were obtained for the pure DLC, Ti-DLC1, and Ti-DLC2, respectively. 

It could be concluded from the results that the COF of the DLC films in correlation to 

the effect of Ti incorporation was not much changed as long as the Ti concentration 

level was low. Additionally, the COF showed an inverse relationship to the film 

adhesion, but it was the dominant mechanical property, especially the H. On this point, 

the films with lower H exhibited a decrease in load carrying capacity which resulted in 

the increased COF. 

 

Figure 4. 19 SEM micrograph of scratch trace over the entire sliding distance of the  

                      pure DLC film. 
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4.2.8  Electrochemical corrosion analysis 

 The corrosion protection performance of the bare substrate and DLC 

films was investigated using the potentiodynamic polarization test. Figure 4.20 

demonstrates the polarization curves of the bare substrate, pure DLC, Ti-DLC1, and Ti-

DLC2, respectively, tested in an aerated 3.5 wt.% NaCl solution of pH 2. The corrosion 

parameters achieved from the Tafel extrapolation method consisted of the Ecorr, icorr, βa, 

βc, Rp, and CR, respectively, as listed in Table 4.8. 

 

Figure 4.20 The potentiodynamic polarization curves of bare SS substrate, pure DLC,  

                    Ti-DLC1, and Ti-DLC2, respectively, in an aerated 3.5 wt.% NaCl  

                    solution of pH 2.0 operated at 27  2°C. The example of the Tafel  

                    extrapolation method of the bare substrate used to acquire the simulated  

                    parameters (see inset) modified from Konkhunthot et al. (2019). 
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 It was clear that the corrosion resistance of the bare substrate had greatly 

improved by applying the DLC films as demonstrated by the shift of the Ecorr toward a 

more positive region and the orders of the magnitude decreased in the icorr. Comparing 

between the pure DLC and Ti-doped DLC films, it was found that the Ecorr and icorr of 

the pure DLC film were –146.02 mV and 14.15 nA/cm2, respectively, and those of the 

Ti-DLC1 and Ti-DLC2 were –70.70 mV and 3.25 nA/cm2, and –138.95 mV and 5.20 

nA/cm2, respectively. From the results, the Ti-doped DLC films had higher Ecorr and 

lower icorr than that of the pure DLC film. It should be pointed out that the corrosion 

resistance of the DLC film could be effectively improved by Ti doping, particularly the 

Ti-DLC1 in which the Ecorr increased 2 times and the icorr decreased fivefold compared 

to the pure DLC film. The improvement of the corrosion resistance of the Ti-doped 

DLC films was due to the formation of the TiO2 and/or the TiC enriched on the Ti-

doped DLC surface which acted as the primary diffusion barrier against the attacks of 

the active ions, water molecules, and oxygen into the underlying substrate. 

Consequently, it improved the corrosion resistance of the Ti-doped DLC films. 

Table 4.8 The corrosion parameters consisting of the Ecorr, icorr, βa, βc, Rp, and CR,  

                 respectively, of all the samples obtained from the potentiodynamic  

                 polarization measurement. 

Samples 
Ecorr icorr βa βc Rp CR 

(– mV) (nA/cm2) (V/decade) (V/decade) (×103 Ω cm2) (×10–2 mm/y) 

bare SS 163.400 507.870 119.960 259.430 19.412 1.886 

pure DLC 146.020 14.150 15.046 9.208 175.336 0.021 

Ti-DLC1 70.695 3.252 25.507 11.988 1089.300 0.005 

Ti-DLC2 138.950 5.203 7.882 7.988 331.212 0.010 
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 The porosity and protective efficiency of the pure DLC, Ti-DLC1, and 

Ti-DLC2, respectively, were qualitatively analyzed as shown in Figure 4.21. It was 

noticed that a large amount of the porosity was accompanied with a low value of the 

polarization resistance (Rp), and it had a strong impact on the film’s resistivity and 

durability. The fact is that the porosity acted as the diffusion path which was caused by 

the penetration of active ions and water into the underlying substrate. Therefore, it was 

easy for the aggressive ions to penetrate the path toward the steel substrate which led 

to localized corrosion and the eventual release of the metallic ions. The released 

metallic ions had been inspected by the ICP-MS method which will be described later 

in the Metallic ion analysis section. In Figure 4.21, the porosity in the pure DLC film 

was found to have the maximum value and was followed by the Ti-DLC2 and Ti-DLC1, 

respectively. These results were consistent with the electrochemical parameters and the 

SEM surface morphology (Figure 4.22). Accordingly, the DLC films with less porosity 

would have a better corrosion protection performance. On the other hand, the protective 

efficiency showed the opposite trend to the porosity. In this work, the Ti-DLC1 had the 

lowest porosity and highest protective efficiency and, therefore, it was a potential 

candidate for corrosion protection from acidic and saline solutions. 
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Figure 4.21 The porosity and protective efficiency of the pure DLC, Ti-DLC1, and Ti-DLC2,  

                        respectively, obtained from the potentiodynamic polarization tests. 

4.2.9  Metallic ion analysis 

 The ICP-MS method was performed to obtain the concentration of the 

released metallic ions in the solution after the electrochemical corrosion tests. However, 

since the results of the electrochemical corrosion analysis revealed a massive 

improvement in the corrosion resistance of the bare substrate by the application of the 

DLC films, it was not necessary to investigate the released metallic ions of the bare 

substrate; only those of the deposited films would be analyzed with the ICP-MS. For 

the qualitative analysis of the ICP-MS, a solution of 8 mL of each sample was collected 

before being put onto a tray. The results demonstrated that the pure DLC film had 

released the highest amount of metallic ions with Fe: 0.5559 mg/L, Cr: 0.0805 mg/L, 

Ni: 0.0323 mg/L, Mn: 0.0093 mg/L, and Ti: 0.0029 mg/L, respectively, and was 

followed by the Ti-DLC2 and Ti-DLC1, respectively, as listed in Table 4.9. The 

concentration of the released metallic ions was proportional to a number of elements in 
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an AISI 304 stainless steel substrate which consisted of Fe balanced, Cr 18–20, Ni 8–

10, and Mn 2 wt.%, respectively.  

 Two crucial parameters were used to describe the mechanisms of the 

released metallic ions: (i) an electrochemical potential (E) and (ii) the pH of the solution. 

In electrochemistry, a Pourbaix diagram known as the E-pH diagram illustrates the 

regions of possibility and the stability of the forms and/or phases and even the chemical 

species of an aqueous electrochemical system. Regarding the available thermodynamic 

data of the Pourbaix diagram at pH 2 in a potential range of 0–300 mV of the main 

elements, such as Fe (Beverskog, and Puigdomenech, 1996), Cr (Beverskog and 

Puigdomenech, 1997), Ni (Beverskog and Puigdomenech, 1997), Mn (Najafpou et al., 

2017), and Ti (Oliveira et al., 2017), it was found that most of the elements were in a 

form of aqueous species, for example, Fe2+, Cr3+, Ni2+, and Mn2+, except for Ti, which 

could probably be formed as the TiO2 film in the passivity region. This would be the 

reason why the Ti-doped DLC films had better corrosion resistance than the pure DLC 

film.  

 Observation of the SEM surface morphologies in Figure 4.22 might be 

used to clarify these behaviors. It was noticeable from Figure 4.22 that the pure DLC 

film had more and larger localized corrosion than those of the Ti-doped DLC films. The 

Ti-DLC1 especially showed a smoother surface with few signs of the localized 

corrosion. According to the above-mentioned results, the Ti incorporation into the DLC 

films was considered to be a potential method for improving the corrosion protection 

performance. 
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Table 4.9 The concentration level of the released metallic ions obtained after the  

                 potentiodynamic polarization tests. 

Sample 
Concentration level of the released metallic ions (mg/L) 

Fe Cr Ni Mn Ti 

Pure DLC 0.5559 0.0805 0.0323 0.0093 0.0029 

Ti-DLC1 0.1350 0.0160 0.0048 0.0029 0.0021 

Ti-DLC2 0.4897 0.0587 0.0168 0.0084 0.0026 

4.2.10  Surface morphology analysis after electrochemical corrosion tests 

 Figure 4.22(a)–(d) illustrates the SEM surface morphologies of the bare 

substrate, pure DLC, Ti-DLC1, and Ti-DLC2, respectively, after the potentiodynamic 

polarization test. It was evident that the bare substrate showed severe corrosion as 

demonstrated by the distribution of localized corrosion, such as pitting corrosion over 

a sample surface. Pitting corrosion often takes place in stainless steels immersed in 

acidic solutions with active species, for example, chlorine ions (Cl–). The morphologies 

of the pits a included pit mouth as a center hole surrounded by flask shapes and lacy 

metal covers. The rate of the pitting corrosion could be very high and, therefore, serious 

damages could be observed for the bare substrate as confirmed by the potentiodynamic 

polarization test. The surface morphologies of the pure DLC and Ti-doped DLC films 

exhibited different features. There was no pitting corrosion as found in the bare 

substrate, but localized corrosion could be found which might have mainly originated 

from the film defects, such as porosities or pinholes during the films’ growth. The 

aggressive species, such as Cl–, H+, and OH– dissolved in an aqueous solution would 

be the main factors that penetrated and damaged the films’ surfaces. It was also found 

that the number and size of the corroded traces were directly correlated with the 
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porosity of the films. A high level of porosity in the pure DLC films led to the formation 

of a large number and size of the corroded traces. In addition, it was found that the sp2 

content ratio in the DLC films could have an effect on the corrosion resistance. As the 

sp2 content increased, the transfers or exchanges of electrons or charged ions at the 

solution/film interface could occur easily which was followed by a high rate of metal 

dissolution. Therefore, the Ti-DLC1 with a small amount of porosity and low sp2 

content would be the best anti-corrosion coating in terms of the chemical inertness in 

this work. 

 

Figure 4.22 SEM surface morphologies of (a) the bare substrate, (b) pure DLC, (c) Ti- 

                        DLC1, and (d) Ti-DLC2, respectively. The inset in Figure 4.22(a) shows high  

                        magnification of SEM micrograph of the bare substrate obtained from  

                        Konkhunthot et al. (2019). 
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4.2.11  Local bonding configuration analysis after electrochemical tests 

 The local bonding structural-dependent corrosion resistance of the 

deposited DLC films after the potentiodynamic polarization tests was investigated by 

X-PEEM connected with the NEXAFS technique. The combined imaging and 

spectroscopic techniques of X-PEEM and NEXAFS provided much surface sensibility 

and there were particular advantages in a non-destructive probe of nanoscale materials. 

Figure 4.23(a)–(c) reveals the stacks of the C K-edge X-PEEM images of the pure DLC, 

Ti-DLC1, Ti-DLC2 taken at photon energies of 285.4, 288.0, 289.4, 296.2, and 302.3 

eV, respectively. The photon energies were taken on the strong C 1s absorption peaks 

which corresponded to the deconvoluted peaks of the π* (CC), π* (CO) and/or π* 

(CC), σ* (CC), σ* (CC), and σ* (CC) states as demonstrated in Figure 4.14. 

 

Figure 4.23 A stack of the C K-edge X-PEEM image of (a) pure DLC, (b) Ti-DLC1,  

                     and (c) Ti-DLC2 at different photon energies of 285.4, 288.0, 289.4,  

                     294.6, and 302.5 eV, respectively. The field of view of each image = 75  

                     μm adopted from Konkhunthot et al. (2019). 
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 As seen in Figure 4.23, the dark and bright regions were determined by 

the image contrast mechanisms which consisted of topography, work function, and 

elemental and chemical contrasts. The elemental and chemical contrasts were the most 

important mechanisms in distinguishing each region related to the electric band 

structure, such as bonds and molecular orbitals. The area with the predominant elements 

or bonds, therefore, appeared as a bright region. By scanning the photon energy, the C 

K-edge X-PEEM images would vary which corresponded to the changes in the C 

absorption peak intensity as demonstrated by the different regions. The results indicated 

that the corroded areas appeared darker which was consistent with the area with a slight 

absorption of the C species, while the uncorroded areas appeared brighter which 

corresponded to the area with a strong absorption of the C species. The bright regions 

were due to the overlapping C 1s → the σ* transitions at the sp2 and sp3 sites. 

 For an in-depth understanding of corrosion-induced structural 

transformation in terms of the sp3/sp2 ratio, the NEXAFS equipped with the X-PEEM 

technique was performed. Figure 4.24(a)–(c) illustrates the corresponding C K-edge 

NEXAFS spectra obtained from the C K-edge X-PEEM images of the pure DLC, Ti-

DLC1, and Ti-DLC2, respectively. It was seen that the C K-edge X-PEEM images of 

the pure DLC film sustained dramatic corrosion until the steel substrate was exposed 

as shown by the dark region due to the low C absorption signal. This was very consistent 

with the SEM results. The corresponding C K-edge NEXAFS spectra had different 

features compared to those before the electrochemical corrosion tests (Figure 4.11). A 

sharp increase in the pre-edge π* (CC) peak together with a great decrease in the 

broad section (the sp, sp2, and sp3 sites) was visibly found in the pure DLC film. The 

sp2/(sp2 + sp3) ratio after the corrosion tests was calculated to be 0.89 and 0.88 for the 



173 

 

corroded and uncorroded areas, respectively, by Equation 4.5. This confirmed a major 

conversion from the sp3 to sp2-bonded carbon atoms in the DLC structure. There was 

no main difference observed in both spectra which indicated that most of the metastable 

C-sp3 bonding was completely transformed to the C-sp2 bonding after being induced by 

the active species in the acidic solution (Robertson, 2008). In this work, it was seen that 

the observed spectra of the pure DLC films resembled that of the graphite oxide (De 

Jesus et al., 2013; Gandhiraman et al., 2014). As described above, in the DLC films 

with a larger sp2 content, the rate of the dissolution of the metal was higher which was 

in good agreement with the corrosion results. Consequently, the increased sp2 content 

during the electrochemical corrosion test was probably the key point in determining the 

corrosion resistance of the DLC films which could be explained through the combined 

X-PEEM and NEXAFS techniques.  

 In the case of the Ti-doped DLC films, the different behaviors were due 

to the formation of the TiO2 surface layer or passive film. No significant difference in 

the spectra before and after the corrosion tests were observed. This indicated that the 

addition of Ti atoms in the DLC films was an effective method for improving the 

corrosion resistance in acidic solution as noticed from a slight increase and decrease in 

the pre-edge π* (CC) peak and the broad section, respectively. The other peaks could 

be observed in the spectra located at between 288 and 290 eV. These peaks 

corresponded to the σ (CH) and the π* (CO) sites that might probably be the 

corrosion products and/or surface oxide on the Ti-doped films. The sp2/(sp2 + sp3) ratios 

of the Ti-DLC1 and Ti-DLC2 were also calculated to be 0.73 and 0.60 and 0.77 and 

0.72 in the corroded and uncorroded areas, respectively, although the Ti-doped DLC 

films had an excellent corrosion resistance compared to the pure DLC film. However, 
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since there had been the active ions, such as Cl–, H+, and OH– added into the solution 

at pH 2, the aggressive attacks of those ions might be the main reason for the significant 

change in the sp3/sp2 ratio of the deposited films in this work. 

 

 

-  

Figure 4.24 The corresponding C K-edge spectra acquired from the C K-edge X-PEEM  

                    images of (a) pure DLC, (b) Ti-DLC1, and (c) Ti-DLC2, respectively,  

                    adopted from Konkhunthot et al. (2019). 
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 To further investigate the corrosion-induced microstructural 

transformation of the pure DLC and Ti-doped DLC films after the corrosion tests, the 

corresponding Ti L3,2-edge NEXAFS spectra obtained from the Ti L3,2-edge X-PEEM 

images were implemented as shown in Figure 4.25.  

 

 

 

Figure 4.25 The corresponding Ti L3,2-edge spectra acquired from the Ti L3,2- 

                     edge X-PEEM images of (a) pure DLC, (b) Ti-DLC1, and (c) Ti- 

                     DLC2, respectively, adopted from Konkhunthot et al. (2019). 
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 It was obvious that the pure DLC film showed different spectral features 

in 2 areas. The corroded area as demonstrated by the dark region revealed a sign of the 

Ti 2p peak intensity which indicated the delamination of the top of the DLC film until 

the Ti intermediate layer was exposed. In contrast, there was no intensity of the Ti 2p 

peak observed in the uncorroded area as illustrated by the bright region which 

confirmed that the top of the DLC film did not peel off, but the complete transformation 

in the carbon network structure had occurred as previously described. In the case of the 

Ti-doped DLC films, the Ti 2p peak intensity was detected. These spectra would 

probably be the interactions of Ti–O bonds, particularly the TiO2 film based on the 

Pourbaix diagram which naturally occurred on the Ti-doped DLC surface (Velasco-

Velez et al., 2016). A different intensity was observed for the Ti-doped DLC films due 

to the amount of the Ti content in the Ti-DLC1 and Ti-DLC2. Due to higher Ti content 

(2.1 at.%) in the Ti-DLC2, the Ti peaks appeared at a stronger intensity in the double-

peak structure L3 and L2-edge than that of the Ti-DLC1 with a lower Ti content (0.8 

at.%). The improvement in the corrosion resistance of the Ti-doped DLC films was 

found be to due to the stable form of the TiO2 passive films as demonstrated in the 

Pourbaix diagram (Oliveira et al., 2017). In this case, the passivation would act as a 

diffusion barrier that hindered the damage from the active ions, water molecules, and 

other species in the substrate (Viswanathan et al., 2017), and thus retarded the 

conversion from the sp3 bonding to the sp2 bonding. Although the formation of the TiO2 

film resulted in better corrosion resistance of the Ti-doped DLC films, the Ti-DLC2 

had almost the same corrosion behavior as the pure DLC film in terms of the Ecorr and 

icorr. In addition to the effect of the TiO2 surface film on the corrosion resistance, another 

effect involved the sp3/sp2 ratio in the DLC films. As the Ti atoms further increased, 
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the sp2 content in the DLC films was found to increase together with an increase in the 

degree of discontinuity in the carbon network structure. This formation generated 

defects and/or vacancies within the DLC structure, for example, porosity or pinholes 

which eventually led to localized corrosion as shown in Figure 4.22, even if the passive 

TiO2 films still remained. 

 In an attempt to further assess the corrosion behaviors and the corrosion 

products of the DLC films, the corresponding Fe L3,2-edge NEXAFS spectra obtained 

from the Fe L3,2-edge X-PEEM images of the pure DLC, Ti-DLC1, and Ti-DLC2, 

respectively, were implemented as illustrated in Figure 4.26. It was obvious that the 

pure DLC film showed a big difference in the spectral features in both areas. The Fe 

peak intensity was found in the corroded area which indicated that the film in this area 

was severely damaged, while the uncorroded area showed no sign of the Fe peak. The 

spectral feature of the Fe in the corroded area was found to be similar to those of the 

AISI 304 stainless steel (Bastidas et al., 1998). This observation confirmed that the top 

DLC film and Ti intermediate layer deposited on the steel substrate had been fractured 

and peeled off during the corrosion tests. The same feature as in the pure DLC film 

could be seen for Ti-DLC2, but it showed some difference because the Fe spectral 

feature was found to resemble the Fe2O3 or Fe3O4 spectrum (Soriano et al., 1993) which 

principally originated from the corrosion products over the pit mouth. However, no 

such feature was observed in Ti-DLC1 in both areas which confirmed that it had an 

excellent corrosion protection performance without serious damages and exhibited 

much stability in an acidic chloride solution compared to the other films. 



178 

 

 

 

 

Figure 4.26 The corresponding Fe L3,2-edge spectra acquired from the Fe L3,2-edge X- 

                    PEEM images of (a) pure DLC, (b) Ti-DLC1, and (c) Ti-DLC2,  

                    respectively, adopted from Konkhunthot et al. (2019). 

 The Cr L3,2-edge NEXAFS spectra had also been implemented as shown 

in Figure 4.27, to analyze the oxide form on the film surface. The results of the Cr L3,2-

edge NEXAFS spectra showed the same trend as the Fe L3,2-edge NEXAFS spectra. 
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For this case, the spectral shape of the Cr peak intensity for the pure DLC and Ti-DLC2 

resembled those of the Cr oxides formed on an AISI 304 stainless steel (Bastidas et al., 

1998), particularly the Cr2O3 oxides (Soriano et al., 1993) which was the most stable 

form of the Cr oxide on the stainless steel and was difficult to eliminate.  

 

 

 

Figure 4.27 The corresponding Cr L3,2-edge spectra acquired from the Cr L3,2-edge X- 

                    PEEM images of (a) pure DLC, (b) Ti-DLC1, and (c) Ti-DLC2,  

                    respectively, adopted from Konkhunthot et al. (2019). 
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 From the above-mentioned descriptions, the X-PEEM and NEXAFS 

results provided good consistency with the SEM and electrochemical corrosion 

characterizations. Interestingly, the Ti-doped DLC films provided the combined 

exceptional properties not only by exhibiting excellent mechanical property, enhanced 

thermal stability, and good corrosion protection performance but also by offering 

improved adhesion strength and tribological characteristic when being incorporated 

with only 0.8 at.% Ti. These properties make the Ti-doped DLC films ideal as the 

protective coatings in many engineering and industrial applications. In addition to the 

valuable properties, the pulsed two-FCVA system used for the DLC deposition in this 

thesis was a comparatively eco-friendly and cost-effective methods useful in 

developing new DLC films in the future. 



 

 

CHAPTER V 

CONCLUSIONS 

The important conclusion in this PhD thesis has been divided into 2 main parts. 

First an investigation was performed to explore the appropriate deposition conditions 

for DLC films. In the preliminary studies, DLC films were deposited on a Si (100) 

wafer substrate by pulsed two-FCVA deposition as a function of the Vbias in correlation 

with the microstructure and mechanical and optical properties. An intermediate layer 

of Ti was firstly deposited on the substrate to serve as an adhesive coating. A wide 

range of the Vbias from 0.0 to 1.5 kV was conducted to investigate the growth rate, 

microstructure, and several properties of the DLC films. The results of the XRR 

analysis revealed that the DLC films had a relatively high density between 2.51 and 

2.79 g/m3 which indicated the good quality of the DLC films. The growth rate of the 

DLC films was evaluated to be 3.5, 4.8, and 3.3 nm/min at the Vbias of 0.5, 1.0, and 1.5 

kV, respectively which depended strongly on the self-sputtering of the substrate 

material and the deposition process. The films’ surface roughness increased 

monotonically due to the impingement of the high energy of the ions during the 

increasing the Vbias. A low surface roughness could be obtained during the film growth 

under the optimum bias condition. The Raman analysis showed the lowest ID/IG ratio 

at Vbias of 1.0 kV which corresponded to the highest sp3/sp2 ratio acquired from the XPS 

analysis. 
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In addition to the sp3/sp2 ratio, the XPS results showed that the unbiased DLC 

film contained a large O content of 11.36 at.%. However, the O content of the deposited 

films decreased greatly in a range of 3.52–5.33 at.% as the Vbias increased from 0.5 to 

1.5 kV. The hardness and elastic modulus of the DLC films were in a range of 13–25 

GPa and 114–145 GPa, respectively. The mechanical properties were rather low 

compared to those of the ta-C films due to a high base pressure condition during the 

film deposition. A high value of the hardness and elastic modulus was associated with 

a large degree of internal stress during the film deposition which could be evidently 

elucidated through the subplantation model. The established correlation between the 

refractive index and the ID/IG ratio showed a good consistency with the mechanical and 

physical properties. This correlation could be applied to infer the sp3/sp2 ratio, hardness, 

and density of the films using either the refractive index or the ID/IG ratio acquired from 

the spectroscopic ellipsometry and Raman techniques, as simple, non-destructive, and 

reliable analytical methods. By using the established correlation, the number of samples 

was reduced. Therefore, it was an effective method for identifying the valuable 

properties of the DLC films which could be used for quality control and development 

in engineering and industrial applications. From the preliminary experiments, it could 

be concluded that the best deposition condition which provided high-quality DLC films 

with hardness and density of 25 GPa and 2.79 g/cm3, respectively, close to the ta-C 

films was achieved at the Vbias of 1.0 kV. The mechanical and optical properties of the 

DLC films could be effectively tailored by regulating the Vbias which was corresponded 

to the microstructural transformation. 

The further examination was associated with the deposition of the Ti-doped 

DLC films through the best deposition condition obtained from the preliminary study 



183 

 

in correlation with the pure DLC film. The microstructure in terms of the sp3/sp2 ratio 

and the several properties, such as thermal stability, adhesion strength, mechanical and 

tribological properties, and corrosion protection performance of the pure DLC and Ti-

doped DLC films were thoroughly investigated in respect to the effects of Ti 

incorporation. The samples, in this experiment, were divided into 2 sets. One set was 

the films that were deposited on an AISI 304 stainless steel substrate and those were 

prepared for nano-mechanical, nano-scratch, nano-tribological, and electrochemical 

corrosion tests. The other set was the films that were deposited on the Si wafer substrate 

and those were used for elementary composition, microstructure, bonding configuration,  

and thermal stability analysis. Prior to the DLC deposition, an adhesive layer of Ti was 

also prepared on both substrates representing a bond coat. From the results, the SEM 

micrographs showed that the surface morphologies of all the films were very smooth 

and dense without delamination. The XPS analysis confirmed the existence of Ti atoms 

in the DLC films deposited by the pulsed two-FCVA technique. The application of the 

arc voltage was a potential method to introduce Ti atoms into the DLC films with an 

exact concentration level. A notable reduction in the residual internal stress and the 

increase in the ID/IG ratio of the DLC films as the Ti content increased was analyzed by 

the Raman analysis which showed good consistency with the NEXAFS results. The 

thermal stability of the Ti-doped DLC films experienced an enhancement due to the 

presence of the TiC phase as confirmed by the NEXAFS spectra. The nano-mechanical 

properties of the Ti-doped DLC films did not decrease much with the addition of a 0.8% 

(at.) Ti, but the adhesion strength was notably enhanced due to the reduction in the 

internal stress and the formation of the strong atomic intermixing bond at the Ti-doped 

DLC/Ti layer interface. The nano-tribological performance in terms of the COF of AISI 
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304 stainless (~0.50) steel exhibited a large improvement with the application of the 

DLC films (~0.19). The COF was, however, found to increase slightly for the softer 

DLC films. The NEXAFS in conjunction with X-PEEM techniques confirmed the 

formation of the passivating TiO2 film on the Ti-doped DLC films. The passivation of 

the Ti-doped DLC surface led to a significant improvement in the corrosion protection 

performance as demonstrated by the Ecorr shifting toward a positive region and the 

orders of magnitude decreasing in the icorr, as seen in the potentiodynamic polarization 

curves. It was, however, noticed that the DLC films with a higher sp3 content exhibited 

better corrosion resistance than those with a dominant sp2 hybridized carbon, even if 

the TiO2 film was included. This behavior could be attributed to the dense atomic 

packing and chemical inertness of the sp3 hybridized carbons. In addition to the effect 

of the sp3/sp2 ratio in the film, the discontinuity of the cross-linked carbon network of 

the films, for example, the incoherent phases or porosities within the DLC films of high 

Ti content could have a negative effect on the corrosion performance. As described 

above, the DLC film with 0.8 at.% Ti doping provided high thermal stability, excellent 

mechanical property, good adhesion, enhanced tribological characteristics, and 

corrosion protection performance and was the potential candidate for mechanical and 

tribological applications.



 

 

CHAPTER VI 

SUGGESTIONS AND FURTHER STUDIES 

For the future prospects of carbon based-materials, especially DLC films, this 

PhD thesis has proposed a variety of investigations relating to DLC films which it is 

very much hoped will play an important part in increasing knowledge and providing a 

good foundation for further research and development in related areas. The 

incorporation of Ti in DLC has been proved to be a promising method in developing 

new materials with exceptional properties in engineering and industrial applications. A 

specific analytical technique is, however, essential to clearly explain certain phenomena. 

Furthermore, the improvement of the pulsed two-FCVA system is required to achieve 

a better performance. Further studies, therefore, should be conducted into the following 

items: 

(i.) Investigation of the nanostructure of the Ti-doped DLC films using cross-

sectional transmission electron microscopy (TEM) could be performed to ensure the 

existence of Ti in the DLC structure either in a form of nano-carbides or a solid solution 

of pure metals. 

(ii.) Measurement of tribological performance under dry and lubrication 

conditions at elevated temperatures is required to monitor the films in real service 

conditions. 

(iii.) The electrochemical impedance spectroscopy technique could be carried 

out to perfect the resistance of each layer.
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(iv.) A higher arc burning voltage and greater energy input of the arc plasma 

power supply are required for ionization of metals with a large cohesive energy and 

boiling point, e.g., tungsten. 

(v.) The application of a trigger electrode and trigger power supply are 

essential to stabilize the arc voltage and to maintain the cathode material consumption. 

(vi.) The gaseous reactive species, such as nitrogen, oxygen, etc., could be 

introduced into the system to produce oxides, nitrides, compounds (carbides and 

carbonitrides), and alloys in the reactive FCVA deposition process. 

(vii.) A pulsed bias voltage is required to yield high-quality DLC films without 

the electrical charge-up of any positively charged ions when the films are deposited on 

insulator substrates, such as polymers and glass. 
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APPENDIX A 

FABRICATION OF THE W-DOPED DLC FILM 

In this PhD thesis, the Ti incorporation into the DLC films has been carried out 

to obtain improved properties, such as internal stress, adhesion strength, tribological 

properties, and corrosion protection performance of the DLC films. In addition to the 

study of the Ti-doped DLC films, many research groups, however, have investigated 

the W incorporation into DLC films, the so-called the W-doped DLC film, and reported 

their outstanding mechanical properties and tribological performance. For example, 

Mutafov et al. (2014) fabricated W-doped DLC film by reactive magnetron sputtering 

from the graphite target and composite target between the W and the graphite. From 

the experiments, they found excellent wear resistance of the W-doped DLC films due 

to the formation of a very thin solid tribolayer formed on oil additives during the engine 

tests. One group revealed that the adhesion strength of the W-doped DLC film 

deposited on 316L stainless steel substrates was significantly improved when the W 

atoms were introduced at 3.08 at.%. The lowest value of the wear rates was obtained as 

the W-doped DLC films were tested under dry and lubrication conditions (Fu et al., 

2013). Another study associated the fabrication of Ti and W co-doped DLC film on Si 

substrates by co-sputtering the Ti and W targets in the mixed atmosphere of CH4 and 

Ar reactive gas. The results exhibited that the incorporation of the W atoms into the 

DLC film led to the reduction in the internal stress and enhanced the hardness to 12.7 

GPa when the W was increased to 2.6 at.%. The tribological performance in terms of
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friction and wear resistance was also significantly improved by the addition of the W 

atoms (Qiang et al., 2015). In addition to the above-mentioned investigations of 

research groups, there have been attempts to produce and study the microstructure and 

properties of the W-doped DLC film in correlation with the Ti-doped DLC films here.  

A1. EXPERIMENTAL PROCEDURES 

In the first step, the W rod used as the cathode material was bought from several 

suppliers including the Nilaco Corporation (99.50% purity W), ESPI Metals (99.95% 

purity W), and Goodfellow (99.95% purity W) and different sizes 6.35, 8.00, 9.53 mm 

in diameter to compare and search for the appropriate deposition conditions for the W-

doped DLC film. While the W rods were being shipped, the ceramic insulator was 

machined to fit the dimension of the W that had been ordered before being inserted into 

the cathodic arc source for generating the W plasma. The other cathodic arc source was 

the graphite rod for producing the C plasma. To trigger the arc plasma, the arc current 

which was electrically connected to the W cathode was driven at the arc voltage 

between 0.45 and 0.98 kV. This arc voltage was very close to the limitation of the arc 

plasma power supply at the maximum arc voltage of 1.0 kV. In order to avoid damage 

to the electronic components, for example, an insulated-gate bipolar transistor (IGBT) 

and a diode bridge which were inside the power supply, the arc voltage should be 

maintained at less than 1.0 kV. The duty cycle was varied in a wide range of 0.001–

60%. The pulse repetition rate was tuned from 1 to 6 Hz. The maximum and minimum 

points of this system were selected in the fabrication of the W-doped DLC films in this 

experiment. However, even though the above-mentioned deposition conditions were 

used, the phase transition from solid cathode material to vapor or plasma did not occur. 
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The arc only occurred on the conductive path, e.g., the graphite layer coated on an 

insulator surface to allow the current from the cathode cross over to generate the plasma, 

and it just stopped when the conductive path had gone. 

From the experiments, it is very essential to understand the mechanisms of the 

vacuum arcs generated at the cathode spots via the current-carrying plasma (Anders, 

2001, 2008; Anders et al., 2001) and consider the variables that determine the difficulty 

of generating vapor or plasma of the cathode materials. The cohesive energy of the 

cathode materials is one of the vital variables that determine the energy for the phase 

transition of the cathode materials from solid to plasma or for ionization. Therefore, 

cathode materials with a large cohesive energy require more energy input for ionization 

and acceleration of ions toward the substrate. Additionally, there is a correlation 

between the cohesive energy and the boiling (point) temperature. The boiling point of 

the cathode material is known and relates to the strength or energy of the atomic bonds 

of the cathode material. Another consideration is the arc burning voltage which refers 

to the potential difference between the cathode and anode. It also determines the energy 

dissipation in the arc plasma. All of the variables yield the same effect that makes the 

ionization of the cathode materials more difficult when they require more energy. Table 

A shows the cohesive energy, arc burning voltage, and boiling point of the cathode 

materials in this thesis (Anders, 2001, 2008 Anders et al., 2001). 
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Table A.1 The summarized data of the cohesive energy, arc burning voltage, and 

boiling point of the cathode materials. 

Element Cohesive energy 

(eV/atom) 

Arc burning voltage (V) Boiling point 

(°C) 

Ti 4.85 21.3 3287 

C 7.37 29.6 4027 

W 8.99 31.9 5555 

As seen in Table A.1, the W has the highest cohesive energy, arc burning voltage, 

and boiling point compared to other elements, followed by the C and Ti, respectively. 

This is the reason why the ionization of the W becomes more difficult than for the other 

cathode materials. Therefore, the synthesis of the W-doped DLC film requires more 

energy or power input than the pulsed two-FCVA system can provide. To overcome 

this problem, high energy input and arc burning voltage are required for the phase 

transition from solid to plasma. In addition to the energy input, the application of the 

trigger system can be helpful to stimulate the initial arc to plasma and is needed to 

encourage the stability of the further arc over the cathode surface. 
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