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TRIBOLOGY/CORROSION/DIAMOND-LIKE CARBON/FILTERED CATHODIC

VACUUM ARC/TITANIUM-DOPED DLC FILM

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 (i1) 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 Vpis. The Raman spectroscopy results showed the lowest
Ip/IG ratio at the Vs of 1.0 kV which was consistent with the highest sp’/sp? 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/cm’. The film growth rate was
measured to be 3.5, 4.8, and 3.3 nm/min at the Vyias 0 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 V. 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



v

density of the DLC films which could be explained using a subplantation model. The
correlation Between the Ip/lc ratio and the refractive index was established here which
was an effective method to infer the sp*/sp® ratio and hardness of the film by the simple
and non-destructive technique of Raman and spectroscopic ellipsometry. The best
deposition condition could be achieved at the Vbias 0f 1.0 kV which provided the DLC
films with excellent hardness and density close to high-quality DLC film, especially
the tetrahedral amorphous carbon (fa-C) films. As to (ii): Ti-doped DLC films were
fabricated on AISI 304 stainless steel under the deposition condition acquired from the
preliminary study. The microstructural dependent thermal annealing, adhesion, nano-
mechanical and tribological properties, and corrosion resistance were investigated with
respect to the effects of the Ti content. As for the results, the increase in the Ip//G ratio
accompanied by the reduction in the internal stress was observed as the Ti increased.
Thermal stability was significantly enhanced due to the formation of the TiC phase. A
slight decrease in hardness and the sp® content was due to the introduction of the Ti
atoms. The adhesion was obviously improved through the atomic intermixing bond at
the Ti-doped DLC/Ti layer interface. The average mean coefficient of friction of the
bare substrate was greatly decreased by applying the DLC films. The passivating TiO;
films formed on the Ti-doped DLC films could hinder the diffusion of the corrosive
solution into the underlying substrate, thus leading to better corrosion protection
performance. In conclusion, the Ti-doped DLC films exhibited excellent tribological

and corrosion protection performance suitable for industrial applications.
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CHAPTER 1

INTRODUCTION

1.1 Background and motivation

Diamond-like carbon (DLC) is an amorphous carbon film which consists of a
mixture of the sp? and sp® 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



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 (i1) 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



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



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-sp* 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
sp’/sp? hybridized carbons, it is very important to emphasize the acquisition of the
sp’/sp? ratio to comprehend their properties. To estimate the sp*/sp? 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-



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 (Vpias) Was performed to obtain the
appropriate deposition conditions for the DLC deposition. It was found that the
optimum Vpis of 1.0 kV provided the highest sp/sp® 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.



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.

1.3

1.2.1

1.2.2

1.2.3

1.2.4

To explore the appropriate condition for DLC deposition by the pulsed
two FCVA technique.

To study the effect of the Vyias on the microstructure and mechanical and
optical properties of the DLC films.

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.

To comprehend the mechanisms in the improvement of the adhesion
strength, tribological properties, and corrosion performance of the Ti-

doped DLC films.

The scope of the study

1.3.1

1.3.2

1.3.3

1.3.4

The Si (100) wafer and AISI 304 austenitic stainless steel were used as
the substrate for the DLC deposition.

The Ti was used as the doping element and served as an adhesive layer.
The developed pulsed two-FCVA deposition with a separate cathodic
arc source was used to synthesize the DLC and Ti-doped DLC films.

The important deposition parameters were given by:



e Base vacuum pressure,
o Substrate negative direct current bias voltage,
e Deposition time,
e Arc voltage,
e Pulse repetition rate,
e Duty cycle.
1.3.5 Analytical techniques for identifying the DLC films were:
(a) Microstructure, bonding configuration, and chemical composition
by:
e Raman spectroscopy,
e Near edge X-ray absorption fine structure (NEXAFS)
spectroscopy,
o Xray photoelectron spectroscopy (XPS).
(b) Surface morphological information by:
e Scanning electron microscopy (SEM) equipped with energy-
dispersive X-ray spectroscopy (EDS).
(c) Physical and optical properties by:
o X-ray reflectometry (XRR),
e Spectroscopic ellipsometry (SE).
(d) Mechanical properties by:
e Pico- and nano-indentation test.
(e) Tribological properties by:
e Nano-scratch test.

(f) Electrochemical properties by:



1.4

1.5

o Potentiostat analyzer using potentiodynamic polarization,
e Inductively coupled plasma mass spectrometry (ICP-MS).
(g) Thermal stability by:
e X-ray photoemission electron microscopy (X-PEEM) in

conjunction with the NEXAFS technique.

The locations of the research

1.4.1

1.4.2

143

1.4.4

1.4.5

The Center for Scientific and Technological Equipment, Suranaree
University of Technology (SUT), Nakhon Ratchasima, Thailand.
Beamline 3.2Ub: PEEM, Research Facility Department, Synchrotron
Light Research Institute (SLRI), Nakhon Ratchasima, Thailand.
Building and Utilities Division, Mechanical System Development and
Utilities Department, Synchrotron Light Research Institute (SLRI),
Nakhon Ratchasima, Thailand.

Electrical and Electronic Division, Technical and Engineering
Department, Synchrotron Light Research Institute (SLRI), Nakhon
Ratchasima, Thailand.

Opto-electronic Ceramics Laboratory, Department of Chemistry,

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

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.



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 Vyias 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 11
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 111, 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 11

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 (sp?
hybridizations), diamond (sp® hybridizations) and amorphous carbon, such as DLC
(Lifshitz, 1999). In the sp*-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 ¢ bonds in a plane. The fourth valence electron is formed in the
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n orbital electron, normal to planar geometry. This 7 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 sp-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 C—C bond with strong ¢ 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 (¢) 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 sp* and sp? hybridized
carbons. The DLC films with highly sp? hybridized carbons are typically named as the
tetrahedral amorphous carbon (za-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 sp*/sp? ratio, most of the research was performed ina way to enhance the sp® fraction.
DLC films can be classified into 4 main types (Reinke et al., 1993; Jacop and Méller,
1993; Weiler et al., 1994; Ronkainen et al., 2008; Zeng et al., 2014) depending on the
sp? and sp® hybridizations and the H contents, as seen in Figure 2.2. These 4 types
contain the a-C, a-C:H, ta-C, and fa-C:H, respectively.

Many deposition methods were used to deposit a-C and za-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) orradio 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.
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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-sp? cluster, and the C-sp* 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 sp* 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 sp* (%) H (%) Density (g/lcm®)  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 3040 1.6-2.2 1.1-1.7 1020
a-C:H soft 60 40-50 1.2-1.6 1.7-4 <10
ta-C:H 70 30 24 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 (C;H») 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 sp* 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
Moller, 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 sp? 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 sp? hybridizations. Figure 2.3 demonstrates the ternary phase diagram of the
amorphous carbon films which was first established by Jacob, and Méller, 1993. This
diagram gives the relationship of the sp? bonding, sp* 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 sp? 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 sp® 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 sp* hybridized carbons. The a-C film with the higher sp* 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.
Diamond
C-sp?
« FCVA
+ Pulsed laser ablation + ECR-CVD
+ MSIBD = Electron cyclotron wave resonance
N » Inductively couples plasma (ICP)

« PE-CVD
= IBD in hydrocarbon gas
= Sputtering in reactive gas

Sputtering

C-sp? ) H
Graphite
Figure 2.3 A ternary phase diagram of amorphous carbon film containing a mixture of
the sp? and sp? 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 sp? content designed as the 7a-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: (1) a-C hydrogen-free amorphous carbon, (ii) za-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) fa-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 sp* 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 (T1),
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 sp? 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 fa-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 ef al. (2011)
also reported the deposition of Ti/Ti-doped DLC and Ti/AITiN/Ti-doped DLC films on
a WI18Cr4V 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 inthe 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.
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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.
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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).



24

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 sp* hybridized carbons
(Donnet and Erdemir, 2008). Figure 2.6 shows the correlation of the ion energy on the
density and sp* 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 sp® 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.
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Figure 2.6 A variation of the sp? 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 ofthe
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 10" W/cn? 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 (Jiittner,
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 witha very low oxygen
contamination, the base pressure of this method should be approximately 1078 Torr
(~107° Pa). The working pressure is, however, increased to 10 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



26

technique to produce fa-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.
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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 7a-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, canbe fed during the deposition
process to form the a-C:H, a-C:N films or metallic oxide films, such as TiO; and ZnO,
and the process is well-known as reactive magnetron sputtering.
2.3.6 Ion assisted deposition (IAD)
In the TAD 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 sp* 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
etal., 1996).

2.3.7 Mass selectedion 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°-107!° 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 Angstronvs (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/cm? (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 (CHy4) and acetylene (C,;H) 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



30

the potential performance and durability of biomedical components (McHargue ef al.,

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

(a)

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 zpifoo (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 MoS, 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.

Diamond H-free DLC  hydrogenated DLC doped DLC
a-C:Me
Structure CVD diamond ;Z_CC ;Z_%I}l{ a-C:H:Me
' a-C:H:X
Atomic structure  sp3 sp? and sp? sp? and sp3 sp? and sp?
H content - > 1% 10-50%
COF in vacuum 0.02—-1 0.3-0.8 0.007-0.05 0.03
COF in dry N» 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 (x10° mm3/Nm) and Me = W, Ti.

.. while X=Si, O,N, F,B...



33

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 (MAQO) 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 contactconditions

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

(Viscosity)(Sliding speed)
(Load)

conditions: 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 WS, or MoS; 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 sp® bonding to graphite-like sp? 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 sp® 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
etal.,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 sp® hybridized bonds exhibit lower friction and
wear rate, especially for the za-C films compared to the a-C films with a dominant sp?
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



41

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 za-C films.
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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 C—H 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 sp® configurations in hydrogenated
DLC films. Since the presence of the H in the hydrogenated DLC films sustains the sp?
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 600°C 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 ef 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.

10

0.1 —_—

0.01

0.001 22 &
0.0001 j - -
0.00001 '
29 29 100 150

Annealing temperature (°C)

Wear rate (x10-6 mm3/Nm)

200 250

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 Si—O and Si—C 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 SiO, 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 sp* 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 sp? to sp* hybridized carbon up to
727°C. This was attributed to a tiny amount of the H content and high sp® hybridized
carbon of the ta-C films. Similar effects were found by Ronkainen ef al. (1996). They
reported that za-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 ef 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 Ip//g 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 CO,. 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).



46

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 corrosionprocess 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 corrosionprocess 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 ef 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 (d)) is called the
inner Helmholtz layer. The adsorbed species moving away from the interface with the
distance (d») 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
corrosionrate (CR), corrosion potential (Ecorr), corrosion current density (icor), porosity
(P), and protective efficiency (P;) 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 - M** + xe™, (2.1)
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where M is the pure metal or alloy, M*™ 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:

20H™ - 10, + H,0 + 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:

M,(OH), +ye™ —» xM* +yOH". (2.3)

The water reduction can also be present when the negative potential is

high enough, as addressed by:

H,0+ 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 reactionis dominant. This reaction depends strongly
on the pH solution and the concentration of dissolved oxygen. Atthe 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 - Fe?* + 2e™, (2.5)
3Fe +4H,0 — Fe;0,+ 8H* + 8e™, (2.6)
2Fe;0, + H,0 — 3Fe, 05 + 2H* + 2e-, 2.7)
or
2Fe?*3H,0 - Fe,05; + 6HT + 2e™, (2.8)

(2 —x)Fe,05 + 3xH,0 — 2Fe,?+Fe?2+_2x) [1, 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.

Fe,05 +5H,0 - 2Fe0}™ + 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 (icit). 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 inthe corrosionrate is observed inthe 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:). 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 polarizationcurve of ironin an aqueous solutionof pH = 7.

2.10.3 Interpretation of electrochemical data
The corrosion current density (icor) 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:

_— ICOTT (2'1 1)

lCOTT - 4 °

where i, is the corrosion current density (A/cm?), I, is the total anodic current
(A), and A is the exposed surface area (cm?). In the case of alloys or metals with

multiple valences, the equivalent weight (EW) is given by:
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EW = (2 fi—’fi)_l, (2.12)

Wi

where f; is the mass fraction, n; is the valence, and W; 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 = Ki“;—”EW, (2.12)

where CR is the corrosionrate in units of mm/year, K is the constant value (3.27x107),

and p 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.

+E (mV)

+20 mV+

i (cathodic) / i (anodic)

Slope = R,
=20 mV—+-

-E (mV)

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 ( A E) to the measured current ( A 7). The icor that relates to such a ratio can be
obtained via the following equation:

AE BabBc
o A _ 2.13
p Ai 2.303icorr(.8a+.8C)7 ( )

where 8, and S, are the anodic and cathodic Tafel slopes acquired from the Tafel plot

(V/decade), respectively.

Rearrangement of Equation 2.13 gives:

. ;=1 Mds P
beorr = 3 303(8, +8c) AE” (2.14)

The CR, therefore, can be calculated by the relationship of the icon
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.
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Figure 2.18 Tafel slope extrapolation modified from Enos and Scribner (1997).

The icor can be achieved through a relationship of the overpotential (77)

as follows:
n= BIOgi, (2.15)

where [ is the Tafel slope, i is the current density, and i, 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 icor and the potential is referred to the Econ, as shown in

Figure 2.18. The CR can be obtained by replacing the icor 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:

(1) Austenitic stainless steel with the austenitic matrix,
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(i1) Ferritic stainless steel with the ferritic matrix,

(i11) 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 inthe 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.

Ni-Cr-Fe
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machinability stainless
347 \ 309, 310, 314, 330 steels
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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.

Chemical composition (wt.%)

AIST 304

C Cr Ni Mn Si S P
Min. - 17.50 8.00 o - - -
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.

Tensile strength Proofstress  Elongation  Reduction ofarea  Hardness
(MPa) (MPa) (%) (%) (HRB)
AIST 304 520-720 210 min 45 min 70 81

Type




Table 2.5 Physical properties of AISI 304 austenitic stainless steel.
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Density (kg/m?) 8000
Modulus of elasticity (GPa) 193
Specific heat capacity (J/Kg K) 500
Thermal conductivity at 100°C (W m/K) 16.2
Mean coefficient of thermal expansion (1076/°C) at 0—100 °C 17.2
100-315°C 17.8
315-538°C 18.4
Electrical resistivity (nQm) 0.072
Melting point (°C) 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 (Vpias). 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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Observation
~ window

Magnetic filter

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 x 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.
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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.

Main arc current

The 2™ arc current

Figure 3.3 The measured arc current by oscilloscope (vertical scale: 100 A/div,
horizontal scale: 100 ps/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 X
1073 Pa by a turbomolecular pump backed up by a diaphragm pump. The Vs 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 x 1072 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 Vpias 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 %1073
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




70

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 (4v), 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



71

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.
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Figure 3.4 A schematic diagram of energy transitions in Rayleigh and Raman

scattering edited from Moura ez 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 sp? hybridization is located
at 1332 cm™! while that of highly oriented pyrolytic graphite (HOPG) with the E>, C—C
stretching mode is located at 1582 cm ™' and assigned as the G band. The G band is
attributed to the stretching mode in all sp? 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 cmi! with the 41, C—C breathing mode. This is associated
with the D band which represents the bond-angle disorders of the breathing mode of
the sp? 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™! or 1000 and 2000 cm ™! (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™!' and the D band is located
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at approximately 1350 ¢m'. The Raman parameters, such as the G and D bands
positions, the intensity ratio of the D and G bands (/p/IG ratio), the full width at half-
maximum of the G band (FWHM(G)), and cluster size of the sp? sites (L,) 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 sp? sites due to the excitation resonances with 7 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 sp® content in the DLC films, it is used in a limited range to obtain
the relative sp’/sp? 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 sp* 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 um with the
wavelength resolution of 1 cm™!' and the Raman spectra were performed ina 1000—2000
cm ! 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



75

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 pm? and the spectral resolution of 3 cm™!. The Raman
spectra of the films were carried out in a range of 800-2000 cm!. The Raman
parameters, such as the Ip//g ratio, the position of the D and G bands, FWHM, residual
stress, and L, 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.
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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

etal. (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 sp*/sp? ratio in the DLC films
(Hahner, 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 reachup 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



78

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 (Hahner, 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) (Hdahner, 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 (Stohr, 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 Stoéhr (1992); Penner-

Hahn (2003).

There are 2 modes of measurement of an X-ray absorption spectrum
carried out: (1) transmitted X-ray flux (transmission mode) and (ii) the incident (electron
yield mode). These modes involve the measurement of an absorption coefficient (1)
behind and in front of the sample based on Beer’s law (Hahner, 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 p: (a)
transmission and (b) electron yield modes modified from Stohr (1992);

Héhner (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
inthe soft X-ray regions over the fluorescent photon (Stoéhr, 1992; Hahner, 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 Héahner (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 (¢) 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 isthe Auger electronyield (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.
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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

Hahner (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 ©* or o* orbitals in which most of them are found above the
vacuum level. The 1s— m* resonance occurs with the m-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 o* 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 m*-resonance and the ionization potential which can be
described as a mixing of the Rydberg orbitals with hydrogen-derived antibonding
orbitals, particularly in the C—H 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 sp*/sp? 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»-edge,
Fe Ls;»-edge, and Cr L3r-edge NEXAFS spectra were carried out in the photon energy
range of 275—335, 525555, 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 (Euvaruksakul ef 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 (Stohr, 1992; Hiahner, 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.
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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 um 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.
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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 x 1071° 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 s, 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 sp?
bonding was employed as the reference for energy calibration and quantitatively
estimating the absolute sp?/(sp? + sp?) fraction of the pure DLC and Ti-doped DLC
films. The C K-edge, O K-edge, and Ti L3»-edge NEXAFS spectra were investigated
in the photon energy range of 270-350 eV, 525-555 eV, and 450475 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 ina 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.
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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 = hv — BE — ed, 3.1

where hv is the photon energy of the monochromatic X-ray source, BE is the binding

energy of the materials, and e¢ 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 sp¥sp® ratio of the pure DLC films in the
preliminary study. A monochromatic Mg K, 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 1sand O 1s XPS spectra were carried out under
a UHV condition of approximately 10-° Pa. The bombardment with Ar* ions at akinetic
energy of 1 kV was performed for 1 min before the measurements to remove any native
oxide surface. Another system was the XPS: PHIS000 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 um, a depth of 10 nm, a pass energy
0f'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)
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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~ 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 (Ey).

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 <50eV 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, itis widelyused
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.
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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 profileis 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 hatnia (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 HfO, film of 8.72 g/cm® and
11.5 nm. In this case, the four-layer model that had the SiO, 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 (6:) 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 (MO3XHFMXP3, MacScience), as shown
in Figure 3.22. A rotating anode Cu K, radiation operated at 40 kV and 15 mA with a
wavelength of 1.54 A in the 6/26 configuration was employed. The XRR spectrum was
scanned in a range of 0.2—2.5° with a step size of 0.004°. 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).

T T T

i Critical angle (6,) = true density 1

Period of interference fringe
= total thickness

Reflectivity (a. u.)

Slop = roughness

1

0.2 0.6 1:0 14 138 2:2 2.6 3:0 3.4
Incident angle 264 (deg.)

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.

1. X-ray source
2. Slits (to tune resolution)

B 4. Slit (to tune resolution)
6. Slit (to tune resolution)

8. Analyzer and Detector

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 ()
and phase difference (4). 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-
233010101) (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 pm?. 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).

(a) (b)
Standard Model

Fitting Model

DLC + Voids

Si substrate Si substrate

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).

(a)

Xe-arc lamp

Rotating
compensator

Wi

Polarizer

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
(HCI) 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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I
Capillary a Potentiostat analyzer
tube il =0

NaICI Sample WE Copper
solution porter plate
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 (KCI) as a reference electrode (RE),
2 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 ¢cm?. 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 (icor) 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 = KX%%EW’ (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 = —, (3.3)

where Ngg = 2 (%:‘), fi1s the mole fraction of the alloying elements, #; is the number
of electrons transferred during the corrosion, and W; is the atomic weight of the alloying
elements. The p in Equation 3.2 can be precisely evaluated to be 2.79, 2.68, and 2.49
g/em?® 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):

R
P ="Px 1O_|AEcorr/Ba| (34)
Rp ’

where R) and R, are the polarization resistance of the substrate and the film,

respectively. AE.,. is the corrosion potential difference between the substrate and the
film. 3, is the anodic Tafel slope of the substrate. In addition, the protective efficiency

(Pj) is one of the crucial parameters and can be estimated by this equation (Yu et al.,

2003):

P =100 (1 — o), (3.5)

lcorr

where i), and i.,.. 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 collisionmode, 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.

(a) Orifice  lon lenses Octapole
ICP torch & Skimmer & mass  reaction
Ar [Iows & RF caoil cones analyzer  system

Auto-sampler
& peristaltic

&) Quadrupole
_pump _~mass
(liquids) analyzer
Nebulizer H — lon detector
& Peltier-
cooled —— Turbo pump
spray
chamber
(liquids)

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 A canbe calculated by the ratio of the Ppmax
and the contact area (A4) under load which is given by:

Pmax
H = Zmax (3.6)

where 4 is the ki, in which k is the proportionality constant depending on the bluntness
of the indenter; k = 24.5 for the Berkovich or Vickers indenter, and 4. is the contact

depth which is defined as:

he = hmax — hs. (3.7)

The elastic deflection (4s) is the €(Pmay/S), in which € is the constant relating to the
geometry of the indenter. The reduced elastic modulus (E;) can be estimated by the

following equation:
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where E; and E; are the Young’s moduli for the sample and indenter, respectively, and

vs and v; are the Poisson ratio for the sample and indenter, respectively.
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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 (/) and Young’s modulus (£) 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 Vyis 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 SiO, 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
etal.,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 SiO; standard was alsoused 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).
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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.

(a) Normal load
Diamond tip
50 pm Scratch direction

)
r-.l 5000 pm
!
1
I
i

B

Constant load at 2.0 mN

Constant load at 2.0 mN Ramp load: maximum load at 500 mN

Constant load at 2.0 mN

pure DLC film

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 pm 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 ef al., 2015). The nano-scratch procedures in a multipass
wear test mode involved 3 sequential scans at a velocity of 50 pm/s over a scan length
of 5000 um 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 um 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 pm straight line, as can be seen in
Figure 3.29(a). A very low speed of 50 um/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 (L), 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 1V

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 “7he 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 Vpis. A variation of the Vpis 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 sp*/sp? ratio and the physical properties, e.g.,
density (p), thickness (¢), 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 Vyias during a film’s growth on the
microstructure and the properties of the DLC films were analyzed and discussed in the

first part.
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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 sp*/sp? 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 sp’/sp?
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 cmi™!.  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' and the G band located at approximately 1540 cm!. 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 sp? 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 sp® 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 Vpis 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 Vs 0f 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 Vi 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™
! 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 sp* 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 (/p//G ratio), cluster size of the sp? sites (L,), and internal

stress (o) are listed in Table 4.1.
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Table 4.1 The detailed Raman parameters of the DLC films deposited at different Vyias.

Sample  Vbias D band G band In/lgratio  La c
kV) Positon FWHM Position FWHM (nm) (GPa)
(cm')  (em)  (em)  (em™)
DLC-0 0.0 1347.4 2393 1531.4  207.6 0.33 7.7 0
DLC-1 0.5 1331.1  214.2 1543.2 2355 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 Ip/lg ratio and ¢ 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 Ip/Ig ratio abruptly
decreased from 0.33 to 0.21 as the Vpias 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 Vyiss. The variationin
the Ip/lg ratio due to the Vs 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 Ip//; ratio and the increase in the
G band position were related to the conversion of the ordered graphitic C-sp? (graphite-
like carbon) to C-sp® (diamond-like carbon) bonds and the changes in the sp?
hybridizations from rings to chains. The minimum /p//g ratio at the Viis of 1.0 kV,
therefore, was accompanied by the maximum sp? content which was consistent with

the mechanical values.
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Figure 4.2 The relationship of the /p/lG ratio and the o as a function of the Vyias. The
inset shows the G band position versus the FWHM(G) at different Vpias

modified from Konkhunthot ef al. (2018).

The positions of the G band were 1531.42, 154.19, 1545.64, and 1540.34
cm! 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):

o =26 ][], (4.1)
where G is the shear modulus (Lifshitz et al., 1989) (G = 70 GPa), v is the Poison’s
ratio of approximately 0.3 (Lifshitz er al., 1989), Aw is the shift in the Raman

wavenumber of the G band, and w; 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 o in the DLC films at
the different Vi 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
o in the DLC films. Figure 4.2 shows the relationship of the /p/lG ratio and the o as a
function of the Vyias along with the G band position and FWHM(G) in the inset. As seen
in Figure 4.2, the opposite trend between the /n//g ratio and the o was observed as the
Vbias increased from 0.0 to 1.0 kV. This indicated the formation of the sp® content with
the increase in the 0. The existence of the o wasrelated 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 o and the density of the DLC structure, as confirmed by the XRR
analysis. The occurrence of the compressive o 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-sp? sites in the DLC structure. However, as the Vyis 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 Vyjas.

The inset in Figure 4.2 reveals the similar feature of the G band position
and the FHWM(G) as a function of the Fis. The variations in the FWHM(G)
corresponded to the disordered structure and the L, of the sp? sites in the DLC films. In
this work, the L, of the sp? sites in the DLC films was estimated by the following

equation:

b-cmi, (4.2)

Ig

where C'(514 nm) is the constant value (~ 0.0055) (Ferrari and Robertson, 2000).

The L, 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 Vpias on the L, of the
sp® sites. The decrease in the L, of the sp’ sites was correlated to the decrease in the
I/l 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 sp? content provided a lower value of L.
The XPS was employed to measure the elemental chemical composition
and the sp’/sp? ratio of the DLC films. Figure 4.3(a) and (b) illustrated the C 1s and O
Ls XPS spectra of the DLC films deposited at the different Vyis, 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 sp*/sp? 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 C=C bonds

(C-sp? hybridizations) and the C—C bonds (C-sp* hybridizations), respectively. The

other higher binding energy range of 286.0-287.0 eV corresponded to the C—OH

bonds and C—O and/or O—C=0 bonds which were attributed to the atmosphere or

gas exposure of the dangling bonds (Chen et al.,2001; Ahmed et al.,2013; Riidiger 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 C—O and C—OH bonds which was

the nature of the oxides on the DLC surface (Chen et al., 2001; Ahmed et al., 2013;

Riidiger et al.,2012; Phase and Sathe, 2004; Milosev et al., 2000).

() C1s (b) O 1s
32 ot
sp=/sp* ratio O content (at%)
0.34 DLC-3 5.33 DLC-3
\ T
> \ >,
£ P C—O0 and C—OH
w046 S o, DLC-2] ‘@ 5.40 - % bLo-2
c C-s 3 C LSy T — e 2
o i C-sp o
£ C—0 and C—OH £
/ and/or O—C=—=0 3.52 / DLC-1
0.39 DLC-1 \
11.36 TN DLC-0
030 _/ N DLC-0
280 282 284 286 288 290 292 540 536 532 528 524

Binding energy (eV)

Binding energy (eV)

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 ez al. (2018).
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The sp?/sp? ratio of all the DLC films could be acquired by dividing the
area of each peak to the total area. The estimated sp*/sp* 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 Vs 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 Viis Which was consistent with the results as reported
elsewhere in the literature (Damasceno and Camargo, 2008). As there was a further
increase in the Vyias 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 Vuias. The results of the XPS analysis, however, confirmed the enhancement of
the sp* 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 sp*/sp?
ratio in the DLC films was observed to be effectively controlled by adjusting the Viias.
The mechanism used for describing the formation of the C-sp® 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-sp? graphite-like phase. As the Vs 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-sp
diamond-like phase. However, as the Vyias 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-sp*® diamond-like character, as demonstrated by the increase in the

Ip/Ig ratio at the Vyias of 1.5 kV (Robertson, 1993, 2002; Ferrari et al., 2002).

Table 4.2 The p, ¢, roughness, sp*/sp® ratio, and O content of the DLC films acquired

from XRR and XPS.
Sample  Vbias p t roughness  sp’/sp?ratio O content
(kV) (gem’)  (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 V4is 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 (p), thickness (¢), 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 Vyis of 0.0, 0.5,

1.0, and 1.5 kV, respectively, adopted from Konkhunthot et al. (2018).

The p of the deposited films could be obtained by simulating the critical
angle ata 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):

[ m6¢ Xc(Mc —My) +My
PQ [NAre)lz] [ Xc(Ze—Zy)+Zy ]’ (4.3)

where 6, is the critical angle in radian, 7, is the classical electron radius, N, is
Avogadro’s number, A is the wavelength used by the instrument, X and Xy are the
relative atomic fraction of C and H (in this case the atomic fraction of Xy is a form of
1-X¢), respectively, Z¢ and Zy are the atomic numbers of C and H, respectively, and

M and My 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):

_ Zpiti
t;

(4.4)

where p; and t; 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 p, ¢, 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 Viias
(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 p 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 Vpis. 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 p of the films was increased as the Vyias increased. The
maximum value of the p was measured for DLC-2 (2.79 g/cm®) associated with the Vpias
of 1.0 kV. The XRR profile of DLC-3 revealed a different feature which corresponded
to the reduction in the p and ¢ as demonstrated by a smaller number and larger period

compared to the other films. The p of DLC-3 (2.51 g/cm’) decreased and showed a
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lower value than that of DLC-1 (2.73 g/cm®) which indicated that a longer development
of the p did not occur as the Vyiss increased further to 1.5 kV. The reduction in the p of
the deposited films at a higher Vs 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 Vs resulted in the increase in the
substrate temperature which led to the transition of the sp* diamond-like to sp* graphite-
like carbon known as the graphitization process (Sugimoto efal.,2013). The correlation
of the p and the sp*/sp? ratio of the DLC films had a similar effect to the variation in
the Vpias. In addition, it was noticed that the DLC films with a lower Ip//g ratio exhibited
a higher p and the sp*/sp? ratio as confirmed by the XPS and Raman results.

The ¢ 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 ¢ of the films was initially
increased with the increase in Vpis from 0.0 to 1.0 kV, but decreased with the further
increase in the Vyias 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 ¢ 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/cm’®. 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 o0 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 Vs of 0.0, 0.5, 1.0, and 1.5 kV, respectively, are

illustrated in Figure 4.5.
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Figure 4.5 Pico-indentation load versus indentation depth of the DLC films deposited

at different Vpias modified from Konkhunthot ez 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 Vpiss 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 Viias. This revealed that the Vyis was an effective method for adjusting the

mechanical properties of the DLC films deposited by the FCVA deposition.
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Figure 4.6 The hardness and elastic modulus of the DLC films deposited at different

Vvias along with the correlation between the p and the o as a function of Vyias

(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 FVpis. The inset in Figure 4.6
illustrates the relationship of the p 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 V.

Sample Voias (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 1594 +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 Vs increased to 1.0
kV. The hardness and elastic modulus decreased as the Vyias was less than or more than
1.0 kV which was indicative of a significant change in the carbon network structure
during the increasing Vyias in this range. An ion subplantation model was employed to
describe this phenomenon (Robertson, 2002; Lifshitz ef al., 1989; Robertson, 1993;
Ferrari et al., 2002) which was contained in the following 3 stages: (i) the energetic
ions collisionat the surface, (i1) the thermalization, and (ii1) the relaxation of the excess
local density and loss of the sp® phase. According to a subplantation model, the
enhancement of the mechanical properties was associated with the increase in the p and
internal compressive o 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;
Dwivediet 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/cm® were nearly comparable for the fa-C films with
a hardness of more than 20 GPa and density close to 3 g/cm® (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 Viias of 1.0 kV would be the best condition in a preliminary study which
provided high-quality fa-C films. For a detailed understanding, the mechanical
properties of the DLC films, a fine step of the Vpias 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 Vpias 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 Vyis. 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 inthe
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 Vyias 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 Vyias.

Sample Vbias Reflective index Extinction coefficient
(kV) (wavelength, A = 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 sp® 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
Voias. It remained at an approximately constant value at0.52 + (.09 which was indicative
of the minor impact of the Vi, 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 sp® 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 Vyias increased above or decreased below 1.0 kV.
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As previously described, the reflective index and the /p// ratio were the
important parameters related to the sp* content and the mechanical properties of the
DLC films. However, the relationship of the reflective index and Ip/IG ratio has not
been systematically investigated. This relationship, therefore, would be further studied

and discussed as shown in Figure 4.8.

2.8 0.34
y 1 0.32
O 26F \i .
s 0.30 o
[ i —
P 0.28 7
g 241 10.26 o
ke -— 10.24 B
L 22} — q0.22
10.20
2.0 b—2t ' 1018

0.0 . 0.5 . 170 . 1.5
V, . (KV)

ias (

Figure 4.8 The established correlation between the reflective index and the /p//g ratio
of the DLC films deposited at various Vyis modified from Konkhunthot et

al. (2018).

As seen in Figure 4.8, the opposite trend between the reflective index and /p//g
ratio was observed. The reflective index increased as the /p//gratiodecreased depending
on the Vpias. The maximum value of the reflective index (=2.68) and the minimum value
of'the Ip/lgratio (=0.21) were measured at the same condition, the Vyias of 1.0 kV. The

further increase of the Vyias up to 1.5 kV resulted in the decrease in the reflective index
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and the increase in the I/l ratio. It was found that the reflective index and the In/Ig
ratio were well correlated with the microstructural, physical, and mechanical properties
of the DLC films depending on the deposition parameters, especially the Vyis. For this
case, the established correlation between the reflective index and the Ip/IG ratio should
be emphasized since it could be used for inferring the microstructure in terms of the
sp’/sp? ratio, p, 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 Ip/lg ratio acquired from a comparatively simple and non-destructive
analytical technique from the SE and Raman techniques (Ferrariand 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 Enhancementofthermalstability, 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 Tiin 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-
DLCI1 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-DLCI, 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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mpure DLC

Figure 4.9 SEM micrographs of (a) pure DLC, (c) Ti-DLCI, 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 x 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 corrosionbehavior 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 53 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 ' 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.

D bar?d

Ipllg = 0.27

Si peak

Intensity (arb. units)

Ipllg =0.23

800 1000 1200 1400 1600 1800 2000
Raman shift (cm™)

Figure 4.10 Raman spectra of the pure DLC, Ti-DLCI1, and Ti-DLC2, respectively,

adopted from Konkhunthot ez 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™!, respectively. The
first band, G, was for the zone center phonons due to the symmetric E», stretching mode
of all the sp? 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
Ay breathing mode of the sp? 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 c¢m™' 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
Ip/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™!) FWHM(G) Ip/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 Vs 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 sp?® content in the DLC films were observed to increase.

In a comparison to the results from Konkhunthot ef 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 sp? 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 sp
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 sp’® 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 Ip// ratio of the Ti-doped DLC films
could be indicative of the increase in the sp? 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.



145

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-DLCI1, 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 m* symmetry orbitals mainly generated from the sp?
(C=C) and the sp (C=C) sites if presented. The broad region from approximately 288
to 335 eV was attributable to the overlapping C 1s to the unoccupied o* transition at
the sp, sp?, and sp* 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 sp? into sp?
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-DLCI1, 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 ofthe
Ti Lsp-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 Ls-edge core level from the Ti 2ps3/; to the unoccupied Ti 3ds); electronic states.
The other peaks located at approximately 464 and 465 eV corresponded to the L,-edge
core level from the Ti 2pi/» to empty Ti 3d3, 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 Ti—C bonds and/or the amorphous TiC
phases which was consistent with other research groups (Pandiyaraj ef 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 sp* 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 sp*/sp® ratio using the NEXAFS measurement. The oxidation of the Ti as the TiO,
surface could thermodynamically have taken place on the Ti-doped DLC surface when
it was exposed to the atmosphere. The presence of the TiO, 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 L,-
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 CO,. 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»-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).
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Figure 4.12 The Ti L3>-edge NEXAFS spectra of (a) pure DLC, (b) Ti-DLCI, 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-DLCI, 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 — 7* (C=O0) 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 — n* (C—0O—C), and the O 1s — o* (—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 ty; and e, 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.
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Figure 4.13 The O K-edge NEXAFS spectra of (a) pure DLC, (b) Ti-DLCI, 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 TiO, (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 sp?/sp® ratio obtained through the NEXAFS technique is one of the
most important parameters in determining the properties of DLC films. Evaluation of
the relative sp? 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

n* transitions at the sp? sites with the area under the broad region over the range of

288-335 eV which was attributed to the C 1s — the unoccupied o* transition at the sp,
sp?, and sp? 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 sp? 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

1onization 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 ez 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 o* (C—H), n* (C=0) and/or n* (C=C), and ¢* (C—C) 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 6* (C=C) and ¢* (C=C)
(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 o* (C—H) states was considered as the surface carbon
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dangling bonds from the hydrogen saturation (Soin ef al., 2012) and as the residual C
oxides for the n* (C=0) 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 sp*(sp? + sp°) ratio, the C K-edge NEXAFS spectra of
the films were compared to those of HOPG standard material by the following equation:

fop = m lret (AF) (4.5)

b
IrTEaf Isam (AE)

where IT,,,, and Ife*f are the areas of the *(C=C) resonance of'the films and the HOPG
standard material, respectively. I, (AE) and I.o¢ (AE) are the areas of the remaining
resonances between 288 and 335 eV of the films and the HOPG standard material,

respectively (Lenardi ef al., 1999; Outka and Stohr, 1988; Mangolini et al., 2014).

Figure 4.15 demonstrates the sp*(sp? + sp°) ratio of the pure DLC, Ti-
DLCI1, and Ti-DLC2, respectively, as a function of thermal annealing in the range of
RT-500°C. It was obvious that the sp?/(sp* + sp?) ratio of all the deposited films
increased continuously as the annealing temperature increased. However, the sp*/(sp?
+ sp?) 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
sp?/(sp? + sp?) ratio than the Ti-doped DLC films. The sp*(sp? + sp?) 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 sp*(sp*+ sp?) ratio of the pure DLC film increased

dramatically from 0.35 to 0.58. A sharp increase in such a ratio implied the degradation
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of the properties of the films, especially the mechanical properties. In contrast, the
sp?/(sp* + sp®) 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 sp? hybridized carbon (Er and So, 2010; Ma et al., 2012).
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Figure 4.15 Thermal annealing versus the sp*(sp® + sp’) ratio of the pure DLC, Ti-

DLCI1, and Ti-DLC2, respectively, adopted from Konkhunthot et al.

(2019).



154

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 ef 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 reliefof 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 sp’/sp? ratio. In this case, the Ti-doped
DLC films with a lower sp* 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-DLCI1, 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 / 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 sp* 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).



156

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 = (M) x 100, (4.2.6)

max

where d.x and d..s 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 %FER 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-DLCI 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 filmused 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 L. 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.
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Figure 4.17 Typical scratch curves of (a) pure DLC, (b) Ti-DLCI1, and (c) Ti-DLC2,
respectively. Inset demonstrates the SEM micrographs of the
corresponding scratch tracks at a point of the L. and L., respectively,

obtained from Konkhunthot ef al. (2019).
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Figure 4.17(a)—(c) illustrated the typical scratch curves of the pure
DLC, Ti-DLCI, 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 L.. The scratch curves were plotted in correlation to
SEM micrographs to inspect the L. which were comprised of the L. and Lco,
respectively as demonstrated in the inset in Figure 4.17. The L¢; 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 L.»
appeared when the friction force rose rapidly and the coating adhesion failed which
comprised external transverse cracks and delamination. The L. and L., 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 L and L, 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 sp?
(C=C0) sites. Since the bond length of the sp* (C=C) sites was shorter than those of the
sp? (C—C) sites, the increase in the sp? (C=C) sites could lead to a reduction in the
strain within the film and thus increased the L. (Bootkul ef al., 2014). Another reason

might be due to the atomic intermixing interface which occurred during the



160

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 L. 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
L¢) and L, regions of the pure DLC, Ti-DLCI, 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 atthe L. 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 L., 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-DLCI1. 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.
(i1.) 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-DLCI, 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 L. 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.
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Figure 4.18 The COF of (a) the bare substrate, (b) pure DLC, (¢) 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-DLCI, 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-DLCI1, 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, especiallythe H. On this point,
the films with lower / exhibited a decrease in load carrying capacity which resulted in

the increased COF.
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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 Ecor, icorr, Sa,

Pe, Ry, and CR, respectively, as listed in Table 4.8.
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Figure 4.20 The potentiodynamic polarization curves of bare SS substrate, pure DLC,
Ti-DLCI1, 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 etz 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 Ecor toward a
more positive region and the orders of the magnitude decreasedin the icor. Comparing
between the pure DLC and Ti-doped DLC films, it was found that the Ecorr and icor of
the pure DLC film were —146.02 mV and 14.15 nA/cm?, respectively, and those of the
Ti-DLC1 and Ti-DLC2 were —70.70 mV and 3.25 nA/cm?, and —138.95 mV and 5.20
nA/cm?, respectively. From the results, the Ti-doped DLC films had higher Ecor and
lower icor 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 E.or increased 2 times and the icor 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 TiO; 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 Ecor, icorr, Ba, fe, Rp, and CR,
respectively, of all the samples obtained from the potentiodynamic

polarization measurement.

ECDIT iCOl’T ﬁa ﬂC Rp CR
Samples

(- mV) (nA/cm?)  (V/decade) (V/decade) (x10°Q cm?) (X102 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-DLCI1, 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 corrosiontests. 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-DLCI, 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 1820, 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 (i1) 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, Fe*", Cr**, Ni?, and Mn?*, except for Ti, which
could probably be formed as the TiO; 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-DLCI1 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.

Concentration level of the released metallic ions (mg/L)

Sample Fe Cr Ni Mn Ti

Pure DLC 0.5559 0.0805 0.0323 0.0093 0.0029
Ti-DLCI 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-DLCI1, 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 (CI~). 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 inthe pure DLC films led to the formation
of a large number and size of the corroded traces. In addition, it was found that the sp?
content ratio in the DLC films could have an effect on the corrosion resistance. As the
sp? 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 sp?
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, (¢) 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 e al. (2019).



171

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 n* (C=C), n* (C=0) and/or *

(C=0), o* (C—C), 6* (C=C), and c* (C=C) states as demonstrated in Figure 4.14.
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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

um 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 o* transitions at the sp* and sp? sites.

For an in-depth understanding of corrosion-induced structural
transformation in terms of the sp*/sp® 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 n* (C=C) peak together with a great decrease in the
broad section (the sp, sp?, and sp* sites) was visibly found in the pure DLC film. The

sp?/(sp? + sp?) ratio after the corrosion tests was calculated to be 0.89 and 0.88 for the
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corroded and uncorroded areas, respectively, by Equation 4.5. This confirmed a major
conversion from the sp* to sp>-bonded carbon atoms in the DLC structure. There was
no main difference observed in both spectra which indicated that most of the metastable
C-sp? bonding was completely transformed to the C-sp? 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 sp* content, the rate of the dissolution of the metal was higher which was
in good agreement with the corrosion results. Consequently, the increased sp? 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 TiO, 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
corrosionresistance in acidic solution as noticed from a slight increase and decrease in
the pre-edge n* (C=C) 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 ¢ (C—H) and the n* (C=O0) sites that might probably be the
corrosionproducts and/or surface oxide on the Ti-doped films. The sp?/(sp* + sp?) ratios
of the Ti-DLCI1 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 sp*/sp? ratio of the deposited films in this work.
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Figure 4.24 The corresponding C K-edge spectra acquired from the C K-edge X-PEEM
images of (a) pure DLC, (b) Ti-DLCI1, and (c) Ti-DLC2, respectively,

adopted from Konkhunthot ez 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»-edge NEXAFS spectra obtained from the Ti L3»-edge X-PEEM

images were implemented as shown in Figure 4.25.
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Figure 4.25 The corresponding Ti L3»-edge spectra acquired from the Ti Ls3»-

edge X-PEEM images of (a) pure DLC, (b) Ti-DLCI, 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 ofthe 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 TiO; 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-DLCI 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 Lr-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 TiO, 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 sp* bonding to the sp? bonding. Although the formation of the TiO,
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 Ecor and
icorr. In addition to the effect of the TiO, surface film on the corrosionresistance, another

effect involved the sp*/sp? ratio in the DLC films. As the Ti atoms further increased,
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the sp? 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 corrosionas shown in Figure 4.22, even if the passive
TiO; films still remained.

In an attempt to further assessthe corrosion behaviors and the corrosion
products of the DLC films, the corresponding Fe Ls»-edge NEXAFS spectra obtained
from the Fe Ls;,-edge X-PEEM images of the pure DLC, Ti-DLCI, 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 Fe,Os 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-DLCI 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.
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Figure 4.26 The corresponding Fe L3,-edge spectra acquired from the Fe L3»-edge X-

PEEM images of (a) pure DLC, (b) Ti-DLCI, and (c) Ti-DLC2,

respectively, adopted from Konkhunthot ez al. (2019).

The Cr Ls»-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 -

edge NEXAFS spectra showed the same trend as the Fe L;>-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 Cr,Os oxides (Soriano et al., 1993) which was the most stable

form of the Cr oxide on the stainless steel and was difficult to eliminate.
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Figure 4.27 The corresponding Cr L3»>-edge spectra acquired from the Cr L3»-edge X-

PEEM images of (a) pure DLC, (b) Ti-DLCI, and (c) Ti-DLC2,

respectively, adopted from Konkhunthot ez 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 Vyis 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 Vpias 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/m* 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 Vypias 0f 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 Vyias. A low surface roughness could be obtained during the film growth
under the optimum bias condition. The Raman analysis showed the lowest Ip//g ratio
at Vpias 0f 1.0 KV which corresponded to the highest sp*/sp? ratio acquired from the XPS

analysis.
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In addition to the sp*/sp? 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 Vi 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 /p//g ratio showed a good consistency with the mechanical and
physical properties. This correlation could be applied to infer the sp*/sp? ratio, hardness,
and density of the films using either the refractive index or the /n/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/cm’, respectively, close to the fa-C
films was achieved at the Vpias of 1.0 kV. The mechanical and optical properties of the
DLC films could be effectively tailored by regulating the Vs 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
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in correlation with the pure DLC film. The microstructure in terms of the sp*/sp?® 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. Priorto 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 /p//G 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 ofa 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 TiO» 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 E.o. shifting toward a positive region and the
orders of magnitude decreasing in the icorm, as seen in the potentiodynamic polarization
curves. It was, however, noticed that the DLC films with a higher sp® content exhibited
better corrosion resistance than those with a dominant sp? hybridized carbon, even if
the TiO; film was included. This behavior could be attributed to the dense atomic
packing and chemical inertness of the sp? hybridized carbons. In addition to the effect
of the sp*/sp? 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 ina 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.

(i1i.) 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 ef 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.

Al. 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 Arc burning voltage (V) Boiling  point
(eV/atom) (°O)

Ti 4.85 21.3 3287

C 7.37 29.6 4027

W 8.99 31.9 5555

As seenin 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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ARTICLE INFO ABSTRACT

Tiamond-like carban (D1.C) films were deposited by pulsed filtered cathodic vacuum arc (FCVA) deposition. The

Keywords:
DIC ilm microstructure, mechanical and optical propertics of DIC films have heen investigated as functions of the var-
Pulsed-FCVA

iation in the substrate negative direct current bias voltage (V) from 0.0 to 1.5 kV. Raman and X-ray photo-
electron spectroscopy results show a correlation between the Ip/I; ratio and the microstructure in terms of the
sp”/sp” ratio 10 Vi This fact shows that a significant change in the sp® content, which is atiributed to the
wransformation from graphite-like (o diamond-like, is accompanied by a decreasing I;,/I ratio. The relatively
high mass density of the [ilms in the range of 2.51 (o 2.79 g/cmn can be obtained with biasing. The mechanical
properties, i.e., the hardness and elastic modulus, were 13-25 and 114-145 GPa, respectively. The improvement
of the mechanical properties is due to the formation of the compressive residual stress and the local density
depending on Vi,e The relationship between the refractive index and the I/T; ratio agree well with the mi-
crostructure and mechanical properties of DLC films. All of these results indicate a vital role of ¥, in de-
termining the DLC properties.

In/Ig rado
Refractive index

1. Introduction compared with thase of the hydrogenated ta-C:H films [14,15], which is

useful for optical and mechanical applications. The fact is that the ion

Diamond-like carbon (DLC) films have been receiving much atten-
tion in recent years due to their unique properties, such as high hard-
ness, high wear resistance, low friction coefficient, thermal con-
ductivity, optical transparency, chemical inertness, and biological
compatibility [1-6]. These properties of DLC films are suitable for
various applications, such as protective coatings for magnetic storage,
cutting tools, optical components, automotive parts, and antireflective
coatings [7-10]. A large number of depasition techniques, such as radio
frequency plasma enhanced chemical vapor deposition, electron cy-
clotron resonance chemical vapor deposition, magnetron sputtering
deposition, and filtered cathodie vacuum are (FCVA), have been suc-
cessfully used to synthesize DLC films [1,10-13]. FCVA deposition of-
fers outstanding advantages by producing the hydrogen-free tetrahedral
amorphous (ta-C) films with a high fraction of sp® content. The ta-C
films yield a wide range of desirable properties, such as superior me-
chanical hardness, low friction coefficient, optical transparency
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energy determines optical and mechanical properties and micro-
structure of DLC films, and the FCVA deposition, as an energetic and
plasma-based method, generates a highly ionized plasma [16]; the en-
ergetic ions generated by the FCVA can be precisely controlled by ad-
justing Vi, Additionally, the FCVA is appropriate for reducing the
number of macro-particles; so that high-quality DLC films can be pro-
duced [17,18].

The mechanical and optical properties of DLC films strongly depend
on their microstructure, especially the sp>/sp” ratio. Currently, the
microstructure of DLC has been characterized using '*C nuclear mag-
netic resonance, Raman speetroscopy, electron energy-loss spectro-
scopy, and X-ray absorption spectroscopy. In particular, Raman spec-
troscopy, a nondestructive and comparatively simple technique, has
been shown (o be an excellent tool for assessing the intensity ratio of
the D and G bands (I,/1;;) and the residual stress (). Formation of the
I/I ratio and o in the films is related to the variation in the carbon
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network structure in terms of the sp?/sp? ratio and also corresponds to
their mechanical and optical properties. X-ray photoelectron spectro-
scopy (XPS) is a surface-sensitive quantitative spectroscopic technique
for analyzing the carbon bonding configuration and the sp*/sp® ratio of
DLC films. The exploration of a new approach to determine the mass
density (p), thickness (¢), and roughness of DLC films is essential.
Currently, X-ray reflectivity (XRR) is extensively employed for mea-
suring multi-layer thin films [19,20]. Additionally, the optical proper-
tes, such as the refractive index (r1) and the extinction coefficient (k),
can be accurately measured using spectroscopic ellipsometry (SE)
[21-23]. Recent investigations show the correlation between optical
propertics and microstructure of DLC films deposited by microwave
plasma assisted chemical vapor and FCVA [21,23,24]; however, there
has not yet been an extensive study of how optical and mechanical
properties correlate to o and p as well as the sp>/sp” ratio of DLC films,
which can be beneficial in optimizing optical and mechanical proper-
ties. Therefore, the study is comprehensively investigated and system-
atically conducted here.

In this study, we investigate optical, mechanical and physical
properties of DLC films deposited by pulsed FCVA at various Viae. The
main objective is to examine the microstructure and mechanical prop-
erties of DLC films and to elucidate the relationship of the o and the p to
Vpins- Additionally, the correlation between the n and the I, /I ratio on
the H and the sp* content was discussed and established.

2. Experimental details

First, the p-type (100) oriented silicon ($1) was prepared into size
10 % 10mm? substrates, The substrates were ultrasonically cleaned
with ethanol and acetone for 15min before being introduced into the
deposition chamber. The chamber was evacuated to a base pressure of
3 x 10 “Pa using a roughing pump and turbomalecular pump, se-
quentially, The photograph and schematic diagram of the pulsed-FCVA
system are shown in Fig. 1(a) and (b). The pulsed-FCVA system has two
vacuum arc plasma sources. Each of them has its own macro-particle
filter and can be independently controlled by using the arc power
supply controller that is capable of operating two sources simulta-
neously, ie., doping and multi-layered depositions. Extracrdinary
conditions achieved in this system have several potential advantages,
cnabling to incorporate an element into DLC structure and to produce
the multi-layered depositions. High purity graphite (99.99%) and tita-
nium (99.50%) rods were installed individually on the cathodic arc
sources. To trigger the initial arc, the deposition of the conductive path
from cathode materials between the cathode and insulator was needed
to allow the current to initiate the plasma. The are current was driven at
a voltage of —0.8kV with pulse repetition rates of 1.0 and 1.25Hz for
the graphite and titanium cathodes, respectively, under a duty cycle of
50% Lo maintain the balance between the cathode consumplion and arc
stability during depositien. The macro-particles and neutral atoms were
filtered out using an open architecture, namely a 90° bends magnetic
filter, which was electrically connected in series with the arc discharge.
The bend filter coil was made of a copper tube with a 45mm inner
diameter. The distance between the outlet of the coil and the substrate
was 25 mm. Prior to deposition, a bombardment with titanium (Ti) ions
was carried out for 5 min at Vi, of 1.5kV to remove any surface oxides
and create an active surface for DLC films. A Ti intermediate layer of
~20nm prepared at Vy,;,, of 1.0kV was subsequently deposited on the
Si substrate to serve as a bond-coat between the film and the substrate;
this is represented as @ Ti/81 substrate. This strategy not only allows Ti
ions to be deposited on the Si substrate as magneton sputtering, but also
allows the Ti ions to be implanted into the Si sublayer, which leads ta
excellent adhesion of a Ti intermediate layer for DLC films. Finally, the
DLC films were deposited on the Ti/Si substrate by the pulsed-FCVA
deposition with the various V. of 0.0, 0.5, 1.0, and 1.5kV at room
temperature. During deposition, the working pressure was 3 x 10~ ?Pa
due to the outgassing from the cathode materials. The deposition time
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was 30 min for each condition. With the thickness results determined by
XRR, the DLC film growth rates at the three different Vi, of 0.5, 1.0,
and 1.5 kV were estimated to be 3.5, 4.8, and 3.3 nm/min, respectively.

A laser Raman microscope spectroscopic device (HORIBA, Jobin-
Yvon, LabRAM Infinity) was used to study the microstructure of the
amorphaous carbon films. The Raman spectra of the films were obtained
in the backscattering mode using an Ar~ laser with the wavelength of
514.5nm at a power of 5mW. The Raman spectra were acquired over
the range of 1000-2000cm ™" at a 1em™ ' resolution. The Raman
parameters consisting of the D and G bands, the I,,/I; ratio, and the full
width at half maximum (FWHM) of the films were investigated and
obtained by fitting the Raman spectra with two Gaussians functions.
Taking into account the Raman parameters, the o and clustering size of
the sp2 sites (L,) of the films were also evaluated. By using the I,/Ig;
ratio, the L, of the films can be determined using the empirical equa-
tion:

Iz
e CAIL;, o)

where €(514nm) ~0.0055 [25]. The methodology for calculating o
will be described in the Microstructure analysis section.

The XPS apparatus (JEOL, JPS-9010TR) was utilized to obtain the
surface chemical composition and the sp®/sp? bonding ratio of the DLC
films with a Mg K, X-ray source. The emitted photoelectron was re-
corded using a hemispherical electron energy analyzer at the pass en-
ergy of 20 eV with a step size of 0.1 eV and a dwell time of 10s. The
operation was performed in the ultrahigh vacuum condition of
--10 ®Ppa. Before the measurements, the native oxide layers were re-
moved by bombardment with Ar™ ions with a kinetic energy of 1 kV for
1 min.

The p, t, and roughness were measured by XRR with a Cu K, ra-
diation source al the wavelength of 1.54 A. The XRR measurements
were carried out by varying the incident angle in the range of 0.2-2.5°
with a scanning step of 0.004°. The reflection intensity was achieved
using an X-ray diffraction apparatus (MO3XHFMXP3, MacScience). The
XRR profiles were simulated using a GXRR software, which is a com-
mercial package for analysis that is based on Parratt's theory | 26].

The hardness (H) and elastic modulus (E) of the DLC films were
investigated by a pico-indentation measurement using a FISCHER H-
100 system with a diamond Vickers tip. Six indentations were con-
ducted to obtain satisfactory statistical reliability and average values
for each sample. A fused SiO; standard was performed to ensure that
the pico-indentation system remained calibrated. An ultra-low applied
load of 0.1 mN with the maximum indentation depth of < 10% of the
film thickness was consistently used to avoid the influence of the Si
substrate. The measurements of the parameters were carried out at the
loading and unloading rates of 0.01 mN/s. The indenter was moved
constantly with a speed of 0.1 nm/s and paused at the maximum load
for a holding time of 10 5. The measured values of H and E are obtained
based on the Oliver and Pharr method [27,28].

The n and k of the DLC films were measured by an SE apparatus
(HORIBA, Johin-Yvon, UVISEL-233010101) [29]. A Xenon arc lamp
that was operated at a power of 75 W was applied to generate the light
beam with a spot size of 500 pm?, The measurement is performed using
two independent monochromators at the light reflection angle of 707
and the temperature of —20°C with an appropriate fitting model in the
wavelength from 300 to 1000 nm. The standard and fitting models were
used to simulate the optical constants, as presented in Fig. 2. The
standard model included a DLC layer and a Ti layer deposited on the Si
substrate, and the fitting model consisted of a DLC layer + voids, a DLC
layer, and a Ti layer deposited on the Si substrate. With a minimal mean
square error, the measured data will be reliable. The n and k can be
determined by defining the void volume o be 50% using the Brug-
geman effective medium approximation (B-EMA) [29,30].
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Fig. 1. The photograph (a) and schematic diagram (b) of an in-house developed pulsed-FOVA system used for film depesition in this work.

3. Results and discussion
3.1. Microstructure analysis

I'ig. 3 shows the Raman spectra of the DLC films that were deposited
at various Vyias. The spectra of glassy carbon and highly ordered pyr-
olytic graphitic (HOPG) are also plotted here for comparison. DLC-0,
DLC-1, DLC-2, and DLC-3 were used to denote the films that were
prepared with Ve of 0.0, 0.5, 1.0, and 1.5kV, respectively. For
quantitative analysis, all the Raman spectra were fitted into two main
Raman bands in the wavenumber range of 900-1900 cm ™! for visible
excitations. The Raman spectra can be deconvoluted into two typical
Gaussian functions, represented as the D band (~1350 em™") and the G
band (~1540 em™*), which are consistent with the values reported by
others [21]. The D band is attributed to the breathing mode of the sp2
sites due to the disordered structure in the sixfold aromatic rings, and
the G band is related to the stretching of all of the sp® sites in both the
rings and chains [25,33,34]. A peak at approximately 950 cm ! is at-
tributed to the second-order phonon scattering of the underlying Si
substrate [32]. The intensity of the spectrum is indicative of the optical
transparency of the films, depending on the sp®-bonded carbon atoms.
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In this study, the obtained Raman parameters consist of the position of
D and G bands, the Ij,/T;; ratio, the FWHM(D), the FWHM(G), o, and L,,,
as presented in Table 1.

The variation in the Ip/lg ratio and o as a functon of various Vigas
are shown in I'ig. 4. The inset shows (he correlation between the G band
position and the FWHM(G) depending on V. The I,/T; ratio reveals
qualitative information on the values of the sp>/sp? ratio and L, in the
films [35]. In Fig. 4, the In/l; ratio is slightly decreased by the appli-
cation of V.. It passed through the minimum value at Vi, of 1.0kV
and then increased with the further increase of Vy,,,. The evolution of
the Ip/I; ratio is due to the variation in the carbon network structure,
which depends on the energetic jons. According to the three-stage
model proposed by Ferrari and Robertson [35], the decrease in the §y/Tg
ratio is related to the transition from ordered graphite to sp® bonded ta-
C, accompanied with the change of the sp® configuration from rings to
chains. Based on the model, the conversion of C-sp® (graphite-like
phase) to C-:;p3 (diamond-like phase) in the carbon network structure
oceurs under variation of Vi, from 0.0 to 1.5 kV, and the maximum .cp3
content is thus expected to be achieved with the minimum I/l ratio,
as shown at Ve of 1.OKV in Fig. 4.

Furthermore, the variations in the G band position as a function of
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(b)
Fitting Model

o, *.DLC+Voids. o
DLC

Fig. 2. 'The standard () and fitting (b} models used for simulating the optical
constants (i and k) of the DLC films.

Vhias are studied. The G band positions for DLC-0, DLC-1, DLC-2, and
DLC-3 were 1531.42 = 0.77, 1543.19 = 0.77, 1545.64 = 0.77, and
1540.34 + 0.77 cm ™', respectively, as presented in Table 1. The shifts
of the G band are correlated with stress conditions within the DLC films,
such that the magnitude of the o can be calculated using the following
equation [36-39]:

U=26[1+v][mv],

T—vl] wy (2)
where G is the shear modulus [40] (G = 70 GPa), v is the Poison's ratio
[40] (~0.3), Aw is the shift in the Raman wavenumber of the G band,
and wy is the Raman wavenumber of reference. By choosing the G band
position of the DLC-0 as the reference Raman wavenumber in Eq. (2),
the relative compressive o of the DLC films at various Ve can be
calculated to be 1.99 = 0,10, 241 + 0.12, and 1.33 + 0.08 GPa for
DLC-1, DLC-2, and DLC-3, respectively. The G band position shifts
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Fig. 3. Raman spectra [or the DLC [ilns deposited at various Viiae in the range
of 0.0 ta 1.5kV, glassy carbon, and HOPG.

Table 1

Detalled parameters obtained [rom Raman analysis: D and G bands position,
FWHMI(D), FWHM(G), In/lc ratio, L, and o of the films deposited at various
Viias:

Sample Vi D band G hand I/l ratio I, Il
code (kV) Position FWHM Position FWHM (nm)  (GPa)
emy  emy em) el
DLC-0 0.0 1347.29  239.33 1531.42 207.59 0.33 7.7 o
DLGA 05 133106 21415 154319 23548 0.23 65 200
DLC-2 1.0 1321.13 20056 154564 23846 0.21 6.1 241
DLC3 15 133716 22630 154034 23218 0.25 67 151
0.40 — T
ERESH
5 1544
2 1540
0351 £ 1536
4 EREEE
=] N,
-} " R T R N 153
E Vhias (KV) =
0301 I
. <
O 420
025k
11
0 2(] Il Il 1 1 i 0
: 0.0 0.5 1.0 1.5
Viias (V)

Fig. 4. The f,/L; ratio and o as a function of the various ;.. The inset is the
relationship belween the G band positicns and the FWHM(G) as a funetion of
Vhias:
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upward to a higher wavenumber in the Raman spectra due to the for-
mation of clusters of the carbon networks in the films [38]. This is in-
dicative of the large amounts of the o compared to that of DLC-0.

Fig. 4 illustrates that the o is inversely proportional to the In/lg
ratio. Therefore, when the o exists in the films in this study, it is thought
that the sp® phase will appear. The o arises as a result of the relationship
between the interatomic force constant and interatomic separation.
This is associated with the atomic vibrational frequency [36,37]. In the
case of the materials subjected to mechanical compression, bond
lengths decrease, force constants increase, and vibrational frequencies
increase [36,37]. Thus, it is supposed that the interatomic distance
decrcases when the compressive o cxists in the film, which results in the
increase of the densily as presented in the XRR analysis. The existence
of the o {s thought to be due to the impinging ions during the deposition
of the film, as previously described in terms of the subplantation model
[40,41]. According to this model, the bombarding species in the plasma
cause an increase of the atomic packing density, resulting in the in-
crease of the intrinsic stress [36,37,391 and favering the formation of
the sp® phase in the films. As Vi, increases further, however, the stress
decreases; the stress relief occurs due to the bombarding of the en-
ergetic ions at a high Vi

A similar trend of the FWHM(G) and the G band position is observed
for variations of the disordered structure and L,. The L, of the films was
determined by Eq. (1) [25] to be 7.8, 6.2, 6.0, and 6.6 nm for DLC-0,
DLC-1, DLC-2, and DLC-3, respectively. These results elucidate that the
L, changes under the impact of V.. The decrease in the L, is con-
sidered to depend on the decrease in the I/Ig ratio and increase in the
TWHM(G). Similar results to ours were obtained elsewhere in the lit-
erature [42]. Therefore, it should be noted that films with a small value
of the L, are observed to have sp® bonding.

Fig. 5(a) and (b) show the C 1s and O 1s XPS spectra of the DLC films
at various Vs In Fig. 5(2), the C 1s XPS spectra reveal the existence of
the bonding states of the carbon atoms. To determine the sp®/sp? ratio
of the films, the C 15 XPS spectra were deconvoluted into three Gaussian
peaks. The peaks centered at approximately 284.3 eV and 285.3 eV
were defined to be the C=C bonds and C—C bonds. Another peak in the
binding energy range of 286.0-287.0 eV is due to the C—OH bonds and
C—0 and/or 0—C=0 bonds, which are associated with the air or gas
exposure of the dangling bonds [43-46]. The presence of the oxygen in
the film surface is shown in Lig. 5(b). The existence of the chemical
bonding species in the range of 531.3 to 532.9&V is attributed to the
C—0 and C—OH bonds [44-47]. The sp3/5p2 ratio of the earbon atoms
was estimated by the ratio of the peak area to the total peak area. The
ratios of the sp*/sp” and oxygen (0O) percentage in the films were ob-
tained from the fitting and are listed in Table 2. As shown in Table 2,
the O content sharply decreases from 11.36 to 3.52 at% as Vyjag in-
creases from 0.0 to 0.5kV indicating the effects of the increasing Vpas
on the relalive O percentage in the films as supported by others [48].
There is a slight change in the range of 3.52-5.40 at% as Vi, increases
further from 0.5 to 1.5kV. This means that there is no significant
change in the O content as higher Vi, are applied. The results show the
significant improvement of the sp® bonding along with the decrease in
the O content under the negative biasing condition, particularly at V..,
of 1.0kV.

As mentioned previously, it is interesting to further investigate the
change in the structure and property of the films with different V..
According to the Raman and XPS results, the sp® contents ean be con-
trolled by adjusting the ion energy via Vpio.. In the case of intermediate
cnergics, the positive ions arc accelerated toward the substrate with a
relatively high speed. Thus, the ions are capable of penetrating the
subsurface layer, invading the subsurface interstitial sites, and produ-
cing a higher local density. Ion implantation is associated with the
compressive stress under the deposition condition, which in wirn pro-
motes the stabilization of the sp* phase. As the ion energies further
increase the thermalization and relaxation stages allow the excess
density to relax, causing the loss of the o and sp® bonding [10,49,50], as
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Fig. 5. The C 1s (a) and O 1s (b) XPS spectra for the DLC films deposited at
Various Viis.

oeccurred at Vpi,s of L.5kV.

3.2, Density and thickness analysis

Fig. © shows the XRR results of the DLC films at various Vpj,s for the
incident angle range of 0.2-2.5". The black and red curves represent the
experimental and simulated XRR profiles. The accurate values of p and ¢
of the films can be achieved with the minimum reliability factor of
0.02-0.05, indicating that the simulation was adequate for the
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Table 2
Summarized results of p, 1, n, k, sp*/sp® ratio, and O content of the films de-
posited at various Vi, ohtained from XRR, SF, and XPS,

Sample code Vi p 3 n k sprsp? O content
kv) (gsem® (o) (A = 550 am) ratio (at)
DLC-0 0.0 - - 2.10 0.43 0.30 11.36
DLC-1 0.5 273 105.04 2.64 0.61 0.39 3.52
DLC-2 1.0 2.79 14366 2.68 0.53 0.46 5.40
DLC-3 1.5 251 98.66  2.58 0.49 0.34 5.33

Experimental data

— Simulated data

Intensity (arb. units)

_ Critical angle ()

1 1 L 1
.6 1.8 2.0 22 24

1 1 1 1 1 1
02 04 06 08 1.0 1.2 1.4 1
26 (deg)

Fig. 6. X-ray reflectivity for the DLC [ilms deposited at various Vpiss.

measured sample. The reflectivity profiles contain a critical angle (8.)
and interference fringe providing the information of the average elec-
tron density and total thickness, respectively, At a low angle, the 6. is
simulated, and thus p can be obtained, which is formulated by the
following expression [19,51-54]:

[XE(MC — M) + M,I]
XeZe =2+ 2y |

_ 8t
i ey

(3)

where 0. is the critical angle in radians, r, is the classical electron ra-
dius, N, {s Avogadro's number, % is the wavelength used by the in-
strument, X- and Xy are the relative atomic fraction of C and H (note
that the atomic fraction of Xy is a form of 1-Xg), Zg and Zy are the
atomnic numbers of C and H, and Mc- and My, are the molar mass of C and
H, respectively. Moreover, the relationship between p and ¢ is described
as follows [54]:

_Lat
=S
where p; and ; are the density and thickness of each layer. By placing p
from Eq. (3) into Eq. (4), we finally find the film thickness.

From the measurements, DLC-0 should not be used because film
delamination is observed. Hence, its p and t are not able to be measured
exactly by this method and are not shown here. The detailed fittings of
these XRR profiles are summarized in Table 2. The p of DLC-1, DLC-2,
and DLC-3 are 2.73 + 0.03, 279 + 0.03, and 2.51 + 0.03 g/em”,
respectively. The presence of the p has a significant influence from V;,,..
The interference fringes are observed for all samples, indicating that the
deposited films in this work arc more than a single layer, which are so-
called multilayer films [19,55]. The maximum p of 2.79 g/cm® can be
obtained at Wy, of 1.0kV for DLC-2. It is, however, seen that DLC-3
displays a slightly different XRR profile with larger periods than the
others. This is because of the decrease in p and ¢, as presented in
Table 2, The p of DLC-3 (2.51 g/em™ is lower than that of DLC-1
(2.73 g/em®), indicating that the density is no longer developed as Vi
increases beyond 1.0 kV. The reduction of p with the further increase of

’ “@
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Vhias 18 dute to the relaxation of the excess local density and compressive
stress within the carbon networks structure. This relaxation occurs due
to the increasing substrate temperature at high energies of the ions,
which is associated with the graphitization process [S6]. Furthermore,
the p depends on the sp” content, such that for an increase in the p, the
sp” content also increases. In contrast, the p decreases for the samples
that primarily have sp? bonding, corresponding to an increase in the I,/
I ratio. The t of the deposited films are 105.0, 143.6, and 98.7 nm for
DLC-1, DLC-2, and DLC-3, respectively. The t increases as Vi, increases
from 0.5 to 1.0 kV but then decreases as V.., increases further. This is
because the deposition process is less prominent than the self-sputtering
of substrate materials under the higher ion energy, and thus the sput-
tering yields must be less than the deposition process so that film
growth can oecur [40]. The diffusion layer between the DLC film and
the Ti layer is approximately 2.70 = 0.9 nm thick, is approximately
unchanged during the deposition, and has a density of 4.37 = 0.8g/
em®. The diffusion layer consists of the mixture of the carbon ion im-
pingements into the surface of the Ti layer. The impingement of the
relatively high energy icns that were generated at larger Vi, is the
main reason for the monotonic increases of the surface roughnesses of
3.77, 417, and 5,11 for DLC-1, DL.C-2, and DL.C-3, respectively,

3.3. Mechanical properties analysis

H and E as important factors, which in turn affect the sp>/sp? ratio of
the films, were investigated by pico-indentation tests. The loading
versus indentation depth curves of the DLC films at various Vpges arc
shown in Fig. 7. The indentation depth of each sample at the ultra-low
applied load of 0.1 mN is in the range of 8-11 nm and < 10% of the
film thickness. Thus, it is reasonable to neglect the substrate effect
during the pico-hardness test [S7-61]. In Fig. 7, the indentation depth
of the deposited film decreases and reaches its lowest value of ap-
proximately 8 nm as Vy,,,, increases from 0.0 to 1.0 kV and then slightly
increases by approximately 9.5 nm with the further increase of Vs to
1.5kV. The H of DLC-1 and DLC-2 have been improved significantly
compared to DLC-0 by reducing the indentation depth, indicating that
Vhias is powerful for changing the mechanical properties of DLC films.

Fig. 8 and its inset demonstrate the correlation between H and E,
and the correlation of the p and o of the DLC films and Viiae. The H and
E results are summarized in Table 3. In Fig. 8, H and E reach the
maximum value of 24.83 and 148.66 GPa, respectively, at Vi of
1.0 kV. These results suggest that the C—C network structure in the DLC
films transforms as Vi, s applied. Consistent with other reports
[61-68], the increasing p and o correlate well with H and E, as pre-
sented in the inset of Fig. 8. One can see that H and E profoundly in-
crease as Vi, increases from 0.5 to 1.0kV. However, they seem to

—— DLCO

0.10- . _prea 7 7
——DLC-2

0,08+ —=—DLC3 : 1

Load (mN)
=1
S

0.04F -
Unloadin
0.02f ) e
o
o5 . : ‘
0.000 0002 0,004 0006 0008 0010

Indentation depth (pm)

Fig. 7. Indentation depth curves for the DLC films deposited at various Vig,.
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Fig. 8. The H and £ for the DLC [ilms deposited at various Vy.s. The inset is the
correlation between p and o and Viia..

Table 3
The H and E of the films deposited at various Vpi. obtained from pico-in-
dentation.
Sample code Viias (kV) H (GPa) E {GPa)
DIC-O 0.0 12,93 £ 0.95 113.64 + 7.66
DLC-1 0.5 20.18 + 1.23 132.57 + 6.62
DLC2 1.0 24.83 + 2.10 148,66 = 9.20
DLC-3 1.5 1594 = 1.41 11868 *+ 822

decrease as Vi, increases further to 1.5kV. An ion sub-plantation
model is used to explain this property change [10,40,49,50]. It is re-
ported that at a high Ve the dissipation of excess heat generated by
the impinging of high energetic fons could relax the high local stress
and density, resulting in the reduction of H and E [69].

H shows a relatively low value compared to the other DLC films
deposited by FCVA, ranging between 20 and 80 GPa [61,70-72]. This
low value is caused by the relatively high oxygen content, which exists
during the film deposition at high base pressure condition, as was found
using XPS. The influence of base pressure and residual gas pressure
during the film deposition leading to the observed reduction in me-
chanical properties has also been evidenced in the literature [72,74]. Tt
should be noticed that the best condition that provided the highest H
(~25GPa) and density (2.793/(:1113) is nearly comparable for the ta-C
films with the H > 20 GPa and densily close lo 3 g/cm” [10,75,76]. All
of this indicates that films that are deposited at the appropriate Vi
will be ta-C films. Additionally, future experiments should censider
finer steps of ¥y, to investigate the mechanical properties of the films
in more details.

3.4, Optical properties analysis

Fig. 9(a) and (b) show the n and k versus wavelength of the DLC
films at various Vi, The n value tends to increase with the increasing
wavelength and seems to saturate even up to 750nm for the biased
samples. DLC-0 shows a different behavior: the n value decreases as the
wavelength increases. The k values gradually decrease with the in-
creasing wavelength for the films that were deposited under Vigas This
implies that the biased films become transparent at higher wavelengths,
typically beyond 800 nm; however, a slight change was observed in the
case of the k values for biased samples. The films that were prepared
without Vi, show some difference. With the further increase in wa-
velength, the k value also increases, The optical data of n and k col-
lected at the wavelength of 550 nm are depicted in Table 2. The n and k
of the films are found to be in the range of 2.10-2.68 and 0.43-0.61,
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Fig. 9. The optical constants a (a) and k (b) of the DLC films deposited at
various V.. as a funclion of the wavelengih in the range of 300-1000 nm.

respectively. It has been previously reported that the decrease in k and
the increase in n are associated with increased transparency and the sp®
bonding of the films [77,78]. From the measurements, the k value has
almost no change from the application of Vy,;,,. The k value remains
approximately constant at 0.52 + 0.09, which indicates that the film
transparency has small change as Vi, inereases. This might be the
influence of the pre-coated Ti layer, which is a practically non-trans-
parent material [79]. Therefore, in the present work, we only focus on
the relationship between the n value and the film properties. The value
of n becomes small with a lower sp* content, as found by XPS, while
Viias increases above or decreases below 1.0 kV, as shown in Table 2.

Taking into account the relationship between the n value and the I,/
I ratio has not been systematically investigated; an established re-
latienship as a function of Vi, was plotted, as shown in lig. 10. An
inverse proportion between the n value and the I/l ratio was ob-
served. The value of n first increases with the increasing Vi, and then
reaches the maximum value of 2.68 at Vi, of 1.0KV. As Vi, increases
further, it drops slightly. Meanwhile, with the same Vi, the I/l ratio
reaches the minimum value of 0.21. These observation results agree
well with the sp®/sp® ratio, p, H, and E.

Regarding these observations, the established correlation between
the n and the Ip/I;; ratio on the properties of the DLC films deposited by
pulsed FCVA with the function of W, should be emphasized. The
correlation can be used to infer the sp®/sp? ratio, H and p of the films
using either the n or the Jp/lg ratio obtained from comparatively simple
and non-destructive analytical methods, ie, SE and Raman
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Fig. 10. The correlation between Vi,,; and both the n and the I,/ ratio for the
DLC films.

spectroscopy [35]. The correlation can thus be used to reduce the
number of samples in experiments. Production of DIC films, which
have relatively high p. sp® carbon bonding, good mechanical properties,
and a high value of n, via the pulsed-FCVA technique is possible by
applying the proper Vs of 1.0kV.

4. Conclusions

DLC films were d 1 on Si (100) substrate by the pulsed-FCVA
deposition at various Vi, from 0.0 to 1.5 kV. The microstructures and
mechanical and optical properties of the films were investigated. The
XRR showed that the DLC films have a relatively high p in the range of
2.51-2.79 g/em” with ¢ in the range of 98.7-143.9 nm. The Raman and
XP$ analysis show the significant dependence of the I,/k; and sp®/sp®
ratios for the films deposited at V,;,, of 1.0 kV, The H and E of the films
increase with the cumulative o. The existence of the o with the al-
teration of Vi, can be explained using the sub-plantation model. The r2
values correlate well with the I,/ ratios, which are consistent with the
other physical and mechanical properties of the films, such as p, H, and
E. With its simple and reliable analytical method, this established cor-
relation between the n values and the I/l ratios is useful for signifying
the important quality of DLC films, which can be applied for efficient
quality control and development in industrial applications. The op-
timum condition for DLC deposition can be obtained with Vi, of
1.0kV. Consequently, the mechanical and optical properties of DLC
films can be meodified directly by transforming the microstructure by
manipulating V.
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Ti-doped diamond-like carben (Ti-doped DLC) films were deposited on 304 stainless steel through a pulsed
filtered cathodic vacuum are deposition with an individual cathodic are source. Struetural dependent thermal
stabilily, mechanical properties, adhesion, and corrosion performance were thoroughly investigated as a func-
tion of the T content. Only 0.8 at.% Ti content in the DLC films offers the relatively high hardness (28.8 GPa),
high corrosion resistance, enhanced adhesion strength as well as improved thermal stability compared to the
undoped DIC films, The reduction in the internal stress and the sp® content associated with a slight decrease in
the mechanical properties is from Ti doping. Migher thermal stability is due to the TiC phase in the Ti-doped DI.C
structure. Enhancement of the adhesion strength is ewing to the relicf of the internal stress and the occurrence of
the strong atomic intermixing bond at a Ti-doped DLC/Ti intermediate layer interface. Interestingly, the for-
mation of the TiO, film on the Ti-doped DLC surface due to a small amount of Ti doping significantly exhibited a
better corrosion performance. Ti-doped DLC films, therefore, are a promising coating for tribological applica-

tions.

1. Introduction

AISI 304 stainless steel is one of the most versatile and extensively
used in a variety of industrial applications because of its good corrosion
resistance, high strength, and formability at a relatively lower cost
[1-3]. Nevertheless, there have been still restrictions in some advanced
engineering and tribological applications requiring excellent hardness,
high wear and corrosion resistance, and a smooth contact surface.
Several kinds of surface modification have been adopted, such as
physical vapor deposition, chemical vapor deposition, etc. for en-
hancement of surface properties in engineering parts. The outstanding
mechanical and chemical properties of excellent hardness and anti-
wear, low-friction, and chemical inertness [4-97, make DLC film as a
protective coating of great interest in numerous applications from tri-
bological protective coating to biomedical materials like wear-resistant
coatings, electrical devices, food storage, and medical components
[10-12]. Among the applicalions, a cerlain component usually en-
countered the localized heat and corrosive conditions, causing dete-
riorations of DLC films. With regard to these issues, the investigation of
the films’ thermal stability and corrosion performance is essential to
understand their reliable long-term performance. In the adoption of
DLG films in thermal conditions, there is a classical problem in DLG
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production concerning the existence of hydrogen in the DLC film - the
so-called hydrogenated amorphous carbon — often at a relatively higher
temperature beyond 200°C, that experiences hydrogen desorption
leading to the conversion of the sp” to sp® hybridized bonds in the films
[13-15]. Subsequently, the desivable properties, especially for abrasive
wear, hardness, and slickness, are degraded. Extensive research has,
thus, been performed on hydrogen-free DLC films, particularly relating
to tetrahedral amorphous carbon (fa-C) with a high sp3 content [16].
For the synthesis of the te-C films, the filtered cathodic vacuum arc
(FCVA) has heen adopted recently with the reason that it employs a
small material rod (8-mm diameter) and does not require the reactive
and/or background gas. It is, therefore, the eco-friendly [17] and cost-
effective surface modification process, which is capable of high-quality
DLC production. However, the drawback is that a large intrinsic re-
sidual internal stress can be generated during the film deposition
known as subplantation [18-22], resulting in the film's delamination
[11,16,22.24] due (o poor adhesion (o the substrale, particularly on the
stainless steel substrate, and thus restricting further applications. Two
effective strategies have stimulated considerable interest in solving this
problem: (i) the intentional introduction of elements and (ii) the de-
position of an intermediate layer [25-28]. In recent times, Ti has been
employed as a doping element and/or metallic intermediate layer for
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several reasons, i.e., it has good adhesion to all substrates and reacts
readily with C atoms, leading to the formation of TiC phases and, thus,
providing relief of the residual internal stress and exceptional tribolo-
gical properties [25-29]. The sp°/sp® ratio is one of the most important
parameters determining the DLC’s properties. Near edge X-ray absorp-
tion fine structure (NEXAFS) spectroscopy is sensitive to the geometric
structure of localized C atoms, and it is capable of practically evaluating
the sp®/sp® ratio and bonding configuration of the DLC films as a
function of the Ti. The mechanical properties were accurately measured
using the nano-indentation system, which is a suitable method for
amorphous thin films [30-31]. The potentiodynamic polarization test
was carried out to investigate the corrosion resistance of the films. X-
ray photoemission eleciron microscopy (X-PEEM) in conjunction with
NEXAFS and seanning electron microscopy (SEM) are effective techni-
ques and can provide the local surface morphologies and structural
dependent corrosion resistance. Apart from that, the tribological per-
formance, particular the adhesion strength of the films has been eval-
uated to meet the specific requirement of the protective coatings.

The purpose of this study is to prepare the Ti-doped DLC films on
AISI 304 stainless steel substrates with a Ti bond-coat by pulsed two-
FCVA deposition and attempt to relate the roles of Ti doping with the
thermal stability, mechanical properties, adhesion strength, and cor-
rosion-induced structural transformation. Thermal stability is in-
vestigated by a vacuum thermal anncaling at various temperatures
ranging from room temperature (RT = 25°C} to 500°C in real-time
analysis. The correlation of structural and mechanical and corrosion
properties was also investigated through the nano-indentation test and
polentiostat analyzer. Additionally, the measurement of the adhesion
strength has been focused on because it is the most significant para-
meter for a protective coating in tribological applications.

2. Experimental procedures
2.1. Film deposition

AISI 304 austenitic stainless steel (SS) substrate and Si (1 0 0) wafer
(approximate size of 10 x 10 mm?) were ultrasonically pre-cleaned in
ethanol and acetone for 15min at each step in order to remove any
grease contaminations and subsequently were dried by the nitrogen gas
before being loaded into the deposition chamber, Two sets of undoped
(pure) DLC and Ti-doped DLC films were deposited using a pulsed two-
FCVA deposition in this study. The first set comprised the films de-
posited on the S8 substrate, ground and polished to the surface
roughness of R, = 30 nm and these were used for nano-mechanieal,
nano-scratch, and corrosion tests, while a second set comprised the
films deposited on the Si substrate and they were used for elementary
composition, microstructure, and bonding configuration measurements.
Prior to the DLC deposition, the vacuum chamber was evacuated (o a
base pressure of 2.0 % 107 Pa by a turbomolecular pump backed up by
a roughing pump. The graphite cathode (99.99% pure, 8 mm in dia-
meter) and titanium cathode (99.50% pure, 8 mm in diameter) were
ingerted separately on the cathodic arc source. For a vacuum arc dis-
charge, the main are was initiated via the conduective path deposited on
a ceramic insulator surface between the cathode and anode, which al-
lows plasma to generate from the cathode spot. The macro-particles and
uncharged atoms originated from the plasma were filtered out through
a 90°-curved magnetic filter system, which was electrically connected in
a series with the arc discharge. Before the DLC deposition, the bom-
bardment of Ti ions was initially performed at a high direct current (de)
bias voltage of — 1500V for Smin to remove any surface oxide layers
and to create a diffusion interface between the substrate and the DLC
films. A 20 nm thickness of the Ti adhesive layer, representing a Ti
bond-coat, was first deposited onto the substrate to enhance the ad-
hesion between the film and the substrate. While the mixing of the Ti*
and C™ plasma was supplied simultaneously to form the Ti-doped DLG
films at a dc substrate bias voltage of ~1000 V, the working pressure of
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the system was increased up to 3.0 X 107 Pa. The DLC film deposition
procedure has been stated in detail previously [22]. The concentration
levels of the Ti-incorporated DLC films were controlled through the
applied are voltage (650 and 800V) to a Ti cathode; these samples
subsequently are denoted as Ti-DLC1 and Ti-DLC2. The pure DLC film
was also prepared here for comparison. The same condition as the Ti-
DLC films is maintained for the pure DLC film unless the applied arc
voltage is determined at the single value of 800 V. The deposition time
was kept at 30 min for all the specimens.

2.2. Elementary composition and surface morphology of the films

The elemental compositions of the pure DLC and Ti-DLC films were
determined by an XPS (XPS; PHIS000 Versaprobe, ULVAC-PHI, Japan)
using a monochromatic Al K, radiation as an excitation source
(1486.6¢V) at the beamline 5.3: SUT-NANOTEC-SLRI XPS, SLRI,
Thailand. The photoelectrons were recorded in the € 1s, O 1s, and Ti 2p
electron shell with the following conditions: a spot size on the sample of
100 pum, the 10 nm depth, the pass energy of 46.95 eV, the step incre-
ment of 0.1 ¢V, and the dwell time of 100 ¢V. The measurements were
carried out within an ultra-high vacuum (UHV) of ~107 Pa. The
samples were sputtered with Ar* ions before measurement with a ki-
netic energy of 2000V for 12s to remove any surface oxides and re-
sidual contaminations. The quantitative analysis was accomplished
using MultiPak Spectrum: ESCA software. The surface morphologies of
all the films before and after the electrochemical experiments were
studied via SEM technique using FEI QUANTA 450, equipped with the
Oxford Instrument electron energy dispersive spectroscopy (EDS). The
elementary composition of the films was also analyzed using EDS.

2.3. Microstructure of the films

The microstructural information of the pure DTG and Ti-DI.C films
was determined by a dispersive Raman spectroscopic device (BRUKER
RamanScope, SENTERRA, OPUS) with an Ar~ laser as an excitation
source (A = 532nm), operated at 12.5mW. The focusing spot on the
sample is approximately 4 pm? The spectral resolution of the visible
spectrometer is about 3cm ™. The Raman results of the films were
recorded in the range of 800-2000 cm ™! under a backscattering con-
figuration. The Raman parameters, such as the intensity ratio of the D
and G bands (I,/T;; ratio), the position of the D and G bands, and full
width at half maximum (FWHM) of the deposited films were achieved
by fitting the Raman spectra with two Gaussian line shapes using the
OriginPro software.

2.4. Local imaging and chemical bonding structure of the films

More detailed information in the local morphology and local
bonding structure on pure DLC and Ti-DLC films before and after the
thermal annealing and the corrosion tests was investigated by the X-
PEEM in conjunction with NEXAFS spectroscopy using SPELEEM
(spectroscopic photoemission and low energy electron microscope,
ELMITEC Elektronenmikroskopie GmbH, Germany) at the beamline
3.2Ub: PEEM, SLRI, Thailand. The spectroscopic analysis on micro-
scopic imaging, frequently called a spectromicroscopy technique, is an
attractive and powerful tool for analyzing the chemically hetero-
geneous materials. The analyzer of SPELEEM acts as a low pass electron
energy filter with a few eV bandwidths near the photoelectron
threshold, at which the clectrons are readily emitted at particular
photon energies. Therefore, the high spatial resclution of ~ 1 nm can be
achieved.

In the X-PEEM chamber, the monochromatic soft X-ray with high
intensity and high energy resolution from the synchrotron radiation
was [ocused onto the sample’s surface using X-ray mirrors, The emitted
electrons near the minimum of the secondary electron mean free path
was accelerated into the microscope by a potential difference of 20kV
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between the sample and the objective lens. The resolution and trans-
mission of the microscope were then defined at the objective lens in
connection with a contrast aperture. Subsequently, the intermediate
lens and projective lens collected and magnified the image onto a mi-
crochannel plate or a phosphor screen. Finally, the digital signal or the
electrons on the screen will be converted into a visible image and
captured by a couple-charged device (CCD) camera, which can be
processed supplementary by a personal computer. Because the parallel
image-acquisition is used, the technique is quite fast, Therefore, it al-
lows us to analyze the image sequence acquired at different energies,
also called a stack. The series of the stack can be transformed to a video
record, enabling comprehension of the processes in real-time.

In this study, the C K-edge, O K-edge, and Ti L, y-edge X-PEEM
images were collected and stacked using ImagelJ software for analyzing
the particular areas. The corresponding C K-edge, O K-edge, and Ti L »-
edge NEXAFS spectra acquired in the X-PEEM images were obtained for
identifying the local bonding configurations of the particular area op-
erated under a UHV of ~3 x 107'°Pa. The photon energy of the
beamline covered the range of 40-1040eV at an image resolution of
30nm. The synchrotron radiation source was generated at a storage
ring with a beam energy of 1.2 GeV. The dispersed synchrotron radia-
fion was incident at an angle of 17° with respect to the specimen
normal. NEXAFS results were recorded in the partial electron yield
(PEY) modec, which traditionally utilizes a bias voltage of —20kV on
the detector equipped with an energy analyzer. The absorption signals
were given by normalizing the out-coming emitted electron intensity
from a freshly flashed Si (1 0 0) wafer in the same photon energy range.
The highly oriented pyrolytic graphite (HOPG), representing the com-
plete sp? structure, was used as the reference material for energy cali-
bration and quantitatively calculating the absolute sp® fraction. The G
K-edge, O K-edge, and Ti L;-edge NEXAFS spectra were achieved in
the energy range of 270-350¢V, 520-560eV, and 445-475 eV, re-
spectively, with a scanning step of 0.1 eV,

2.5. Mechanical properdies and adhesion of the films

The nano-mechanical properties, such as the hardness and reduced
Young’s modulus of our samples were performed by a nano-indentation
test with NanoTest (Micro Materials, UK), which is a modular system
for nano-indentation, nano-scratch, and nano-impact testing. This
technique is a pendulum-based depth-sensing method, which is the
muost reliable method for measuring the amorphous carbon thin films.
The specimen is vertically mounted on the platform, and the normal
load is electromagnetically applied. A flowing current through the coil
causes the pendulum to rotate and induces the diamond probe to pe-
netrate the sample. Meanwhile, the displacement is measured using the
parallel capacitor plate, providing the resolution at the nanometer
level. Six repeated measurements were carried oul for each sample
using a Berkovich type of indenter to acquire the statistical reliability
and average value. The maximum penetration depth for the films was
kept at approximately 20 nm, which is less than 15% [32-35] of the
total film thickness, to avoid the substrate effect. The film thickness was
investigated to be ~144 nm using the X-ray reflectometry (XRR) that
are not shown here and the procedure measurement has been described
in detail in our work [22]. The loading and unloading curves were
conducted at a rate of 0.1 mN/s with a holding time of 10s. The
hardness and reduced Young’s modulus were carried out from the load-
displacement curves based on the Oliver-Pharr method [36,37], which
has been considered as an accurate method for evaluating contact
hardness [38].

In the case of the nano-scratch testing, moving of the platform is
employed. Friction and acoustic emission were also monitored during
the scratch tests. For the adhesion analysis, at least three repeated
scratches were measured for each sample with a conical diamond tip
(90" angle, 5 um of final radius). A pre-scratching procedure is essential
to eliminate the surface roughness effect, topography, slope, and
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instrument bending [39,40]. In a multipass wear test mode, the scratch
procedure included three sequential scans at 30 pm/s over a 5000 pm
scan length as follows: (i) a preliminary topography scan at 2.0 mN
constant load, (ii) a scratch scan at 3.0 mN/s applied load, ramped after
50 um, to a maximum load of 500 mN, and (iii} a final subsequent to-
pography scan at 2.00 mN constant load over the scratched track. The
very low speed was kept to reduce the thermal effect, leading to the
graphitization of the DLC. The residual scratch tracks were imaged by
an SEM microscope and a digital capture system compared with the
nano-scrateh test results. The nano-indentation and nano-scratch tests
were conducted under a relative humidity of approximately 50% and
temperature of 27 + 0.5°C.

2.6. Corrosion properties of the films

The corrosion resistance of the samples was performed in an acrated
3.5 w2 sodium chloride (NaCl) solution with the following composi-
tion: 3.5 g/1 NaCl in distilled water (pH = 6.6) at 27 * 0.5°C using an
Autolab potentiostat PGSTAT 128 N (Metrohm AG, Switzerland). The
pH of the agueous solution was adjusted with a 1 M hydrochloric acid
(HCI) to 2.0. In this case, several species dissolved in the NaCl solution,
such as CI", H*, and OH~ can affect the corrosion. The active species isa
key factor in determining the rate of the corrosion. Thereby, more ag-
gressive destruction might be observed for the films tested in this study.
The electrochemical cell of a standard three-electrode system was set up
for the electrochemical experiments composed of a saturated silver to
silver chloride (Ag/AgCl) with potassium chloride (KCI) 3.0M as the
reference electrode (RE), a graphile rod (purity of 99.99%) as the
counter electrode (CE), and tested specimens as the working electrode
(WE), respectively. The RE was connected to a capillary glass tube, the
end of which was kept very close to the WE surface to minimize the
ohmic drop or iR drop. The WE was pressed between an O-ring and a
copper plate with an exposed area inside of 0.28 cm?, The setup of an
electrochemical cell is shown in Fig. 1. The samples were soaked in the
solution for 30 min to stabilize the open circuit potential (OCP) or
steady state potential. The potentiodynamic polarization tests were
acquired at a scan rate of 0.167mV/s and a sweeping range from
—B00mV below the OCP, in the cathodic region, and to 4500 mV
above the OCP, in the anodic region. The corrosion potential (Eqqr) and
corrosion current density (foorr) were received from the Tafel extra-
polation method, The corrosion rate (CR) in millimeters per year (mm,/
year) was estimated using the following equation [41,42]:

o = KX e B
Il (€3]

where K is the constant value (0.13) that define the unit of the CR, and

Capillary
tube ™\

CE. \

Potentiostat analyzer
RE i =

NoVa {Metrohm AutolLab)

Sample WE Copper
porter plate

NaCl
solution

Fig. 1. The schematic of an electrochemical cell with a standard three-electrode
system, i.c., RE, CE, and WE for measuring clectrode potentials.
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EW is the equivalent weight, which can be obtained using the following
equation;
1

EW = ——
Neq

(2)
whete Npq = E(J‘;:), in which £ is the male fraction of the alloying
elements, 1, is the number of electrons transferred during the corrosion,
and W is the atomic weight of the alloying elements. The density (z) of
each film was measured using the XRR method to be 2.79, 2.68, and
2.49 g/cm‘q for the pure DLC, Ti-DLC1, and Ti-DLC2, respectively, and
the measurement technique can be seen from the previous work [22].
By using the electrochemical parameters, the porosity (P) of the films
can be calculated using the empirical equation [43]:

P= ﬂ) 3 10~ ABenrri,

Ry )
where RIC,' and R, are the polarization resistance of the substrate and the
film, AE oy, is the potential difference between the corrosion potential of
the substrate and the film, and 3, is the anodic Tafel slope for the
stbstrate, In addition, the protective efficiency (P), which is an im-
portant parameter in the corrosion performance, was also evaluated
using Eq. (4) [44]:

B= 100{1 -

“)
where 9, and i are the corrosion current density of the substrate and
the films, respectively.

2.7. Metallic ion release of the films

The metallic ions’ concentration released into the sclution was
collected and analyzed by an inductively coupled plasma-mass spec-
trometry (ICP-MS Agilent 7500ce, USA) to confirm the results acquired
from the corrosion test. The collected solution of 8 mL from individual
samples was filled into a plastic tube before being put on the tray of the
ICP-MS system. To measure the Ti, chromium (Cr), manganese (Mn),
iron (Fe), nickel (Ni), and molybhdenum (Mo), the solutions with the
exact values of these elements with the following concentrations: 0.001,
0.03, 0.05, 0.07, and 0.1mg/L, respectively, must be utilized as a
standard calibration. The helium collision mode, together with reaction
cell technology and internal standard calibration were adopted. Four
samples were employed in the measurement to acquire the average
statistical analysis.

3. Results and discussion
3.1. Surface morphology and elementary analysis

The surface morphologies of all the films were characterized by the
SEM technique. The SEM images of the pure DLC and Ti-DLC films look
similar as shown in Tig. 2. All the films are very smooth and with a
dense surface without spalling or delamination, indicating the good
adhesion of the films to the substrates. No observation of grains or
columnar structures for all the films confirms that the films are amor-
phous structures. A few macro-particles were randomly found on the
films’ surfaces, even though the magnetic filter is employed. The pre-
sence of the macro-particles can be perceived as a minor drawback in
some of the mechanical and tribological applications, but they arc of
primary concern as a particular protective coating for corrosion appli-
cations. EDS was also employed to confirm the existence of Ti atoms in
the Ti-DLC films. The spot area on the samples was projected at 3 mm?
The EDS spectra of all the films reveal the main intensity of the C and 8i
peaks originating from the DLC film and the underlying Si substrate, A
weak intensity of the Ti peak orfginating can also be detected in the
spectra of the Ti-DLC films, indicating that the Ti-DLC films can be
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successfully synthesized using the pulsed two-FCVA deposition.

The quantitative elemental analysis of all the films was measured by
the XPS technique. The variation in the elementary composition has
been given in Table 1. The Ti was approximately 0.8 and 2.1 at.% for
the Ti-DLC1 and Ti-DLC2, respectively, which is proportional to the
applied arc voltages of 650 and 80Q V. Tt is confirmed that the use of the
arc voltages is an efficient method to control the amount of the Ti in the
Ti-DLC films. With the increase in the arc voltage from 650 to 800V,
the amount of Ti and O in the Ti-DLC films inereases from 0.8 to 2.1 at.
% and from 3.4 to 5.3 at.%, respectively, accompanied with a decrease
in C from 95.8 to 92.6 at.%. The increase in the O percentage with the
increasing Ti content may be attributed to the formation of the surface
oxide layer after (he films are exposed (0 air [45], which could probably
be regarded as absorbed O atoms on the Ti-DLC surface. However, the
formed cxide layer was found to protect the diffusion of the active ions
or water molecules into the sublayer, thus impeding the destruction of
these species to the cross-link carbon network structure, which will be
further described in the Corrosion performance analysis section.

3.2. Rarnan spectroscopy analysis

Raman spectroscopy is a standard nondestructive and compara-
tively simple technique, which is widely used to accomplish the mi-
crostructural information of amorphous carbon films [46-48]. lig. 3
illustrates the Raman spectra of the pure DLC, Ti-DLC1, and Ti-DLC2,
respectively, over a range from 800 to 2000 cm ™%, The spectra were
fitted into two Gaussians bands. The main band located at ~1545 cm ™!
is designated as the “G” band for the zone center phonons of the sym-
metric Ey, stretching mode of all the sp? sites [47,48]. A small shoulder
band at ~ 1355 cm ! is represented as the “D” band for the zone-edge
K-point phenon of symmetric A, breathing mode of the sp® sites due to
the bond angle's disordered structure in the sixfold aromatic rings
147.48]. The square shape peak at ~950e¢m ™" corresponds to the
second-order Raman spectrum from the underlying Si substrate, which
implies the optical transparency of the films [38]. Table 2 illustrates the
variations in the G band position, full width at half maximum of the G
band FWHM(G), and I,/I;; ratio for all the films, obtained from the
fitting of the Raman spectra. The Raman results show that the position
of the G band shifts to a lower wavenumber as the Ti content increases.
The shift of the G band position is associated with the change in the
graphite cluster size and the internal stress in the films [47]. The re-
lationship between the shift of the G band position and the internal
stress as a function of negative bias voltage has been previously in-
vestigated [22]. It was found that the shift of the G band to a higher
wavenumber is due to the increase in the internal stress. Further results
showed that the increasing internal stress is a result of the large density
and high sp” bonding originated by the subplantation process.

Tor our results, the shift of the G band position toward (he lower
wavenumber with Ti doping means that the residual internal stress in
the Ti-DLC films has been decreased. This reduction can be explained
using the following three factors: (i) a decrease in the sp® hybridization
due to the Ti doping can lead to the reduced internal stress; (ii) the
reduction in the internal stress is caused by the increase of the adatom
mobility induced by the bombardment with Ti ions and, as the new
degree of freedom increases, the intense local density and stress of the
sp? sites can relax; and (iii) the distortion of the atomic bond-angle
disorder can exist by Ti incorporation resulting in a significant redue-
tion in the internal stress of the system [49-51]. The reduced internal
stress in the 1i-DLC films is related to the film adhesion, which will be
further described in the Adhesion analysis section. Additionally, the
decrease in the FWHM(G) and the increase in the Ip,/Ig ratio are ob-
served as the Ti content increases. This observation is because of the
increase in the number or size of the sp®-bonded clusters [47]. There-
fore, the sp” carbon bonding is found to increase with the increasing f./
I ratio. The Raman results are in good agreement with the NEXAFS and
mechanical property results.
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mpure DLC

| Ti-DLC2

Fig. 2. The SEM micrographs (a) pure DI.C, (c) Ti-DLC1, and (e) Ti-DI.C2, respectively, and the FNS spectra of (b) pure DI.C, (d) Ti-DIC1, (f) Ti-DLC2, respectively.

Table 1
Elementary composition of the pure DLC, Ti-DLC1, and Ti-DLC2, respectively,
acquired from the XPS analysis.

Sample code Applied are voltage (-v) Content (at.%)

€ cathode Ti cathode C o} Ti
Pure DLC 800 - 97.8 22 -
Ti-DLC1 800 650 95.8 34 0.8
11-DLC2 800 800 92.6 5.3 2.1

3.3, Local bonding structure and thermal seability analysis

The local bonding configurations of the Ti-DLC films as a function of
the thermal annealing were investigated on the basic of the NEXAFS
spectroscopy compared to the pure DLC film. Fig. 4(a)-(c) shows the C
K-edge NEXAFS spectra of the pure DLC, Ti-DLC, and Ti-DLC2, re-
spectively, with the variation of thermal annealing in the range of RT to
500 °C. The heterogencitics in the chemical bonding cenfiguration arc
demonstrated in these spectral features. The pre-edge resonance at a
photon energy of ~285.4 eV corresponds to the transition of the C 1s
core-level electrons into states of the unoccupied 7' symmetry orbitals
principally originating from the sp* (C=C) and also the contribution of
the sp (C=C) sites il present, The broad band region between 288 and

0 Ipig =0.32

= Ti-DLC2
>

£

B |Ifig =027

= Ti-DLC1
2

& | Sipeak

=

Ipflg =023 pure DLC

. , . . ‘
800 1000 1200 1400 1600 1800 2000
Raman shift (cm ")

Fig. 3. Raman spectra of pure DLC, Ti-DLC1, and Ti-DLC2, respectively. The
black and red lines represent the experimental and fitted curves. The decon-
volution of the ) and G bands is presented in the green lines.
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Table 2

Variations of the G band position, FWHM(G), and Ip/Tg ratio of all the films,
Sample code G-band position (em ™) FWHM(G) In/l ratio
Pure DL.C 1546.5 2209 0.23
Ti-DLC1 1545.4 2185 0.27
TI-DLC2 1540.7 194.8 0.32

335 eV is due to the overlapping C 1s into the unoccupied o* transition
at the sp, sp?, and sp® sites within the films.

In Fig. 4, it is notable that the spectra of the Ti-DLC films have the
analogous features to thoese of the pure DLC film, indicating that most of
the atomic bonding structure does not change significantly as long as
the concentration level of the Ti atoms is in a low value. Tt can be ob-
served that the intensity ratio of the pre-edge peak and broad region of
the Ti-DLC films increases slightly compared to the pure DLC films,
indicating that the Ti doping induces the formation of graphitic (sp™)
bonds, a process called graphitization. Additionally, the intensity ratios
are increased as the annealing temperature rises, which points to the
conversion of the sp* to sp” hybridized bonding by the thermal an-
nealing.

Fig. 5(a){c) shows the Ti L;;-edge NEXAFS spectra of the pure
DLC, Ti-DLC1, and Ti-DLC2, respectively. From Fig. 5, the Ti atoms
were successfully incorporated into the Ti-DLC structure by mixing of
the Ti* and C* plasma, whereas the pure DLC film has no evidence of
Ti intensity. The four dominant resonances can be observed clearly for
the Ti-DLC films before and after the annealing temperature below
400 “C. The first two features located at ~458 and 460 ¢V arc assigned
to the excitations of the Ly-edge core level from the Ti 2py.» to un-
occupied Ti 3ds,» electronic states, while features located at —464 and
465 eV correspond to the Ly-edge core level from the Ti 2p; » to empty
Ti 3da,2 electronic states, The double-peak structure of the Ly o-edge
corresponds to the spin-orbit coupling, splitting the energy levels into
two sublevels with the empty tz; and e, symmetry of the 3d orbital. In
Fig. 5(b) and (¢), the spectral features and positions of the Ti-DLC films
are a resemblance to the TiC powder [52]. Similar results were also
investigated by several authors [53-56| who have reported the for-
mation of the Ti—C bonds and/or the amorphous TiC phases dispersed
in an amorphous DLC matrix of the Ti-DLC films prepared using the
different methods with the Ti content in the range of 0.62-2.80 at.%.
However, at a very low Ti concentration (< 0.42at.%) [49], it was
found that the Ti atoms cannot bond with the C atoms, but rather in the
form of a solid solution [54]. The TiC phase, in this study, is a vital
cause for the reduction of the meta-stable C-sp” hybridized bonding
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owing to a replacement of the C—C bonds by the Ti—C bonds, as con-
firmed by the NEXAFS analysis. On the other hand, the oxidation of the
Ti can take place thermodynamically on the Ti-DLC surface when the
sample is exposed to air, representing as the residual TiO; surface, as
described by the O K-edge spectra in Fig. 6. It is, therefore, difficult to
eliminate completely the O contaminations and they could not be ne-
glected. From the above results, it is deduced that the Ti atoms in the Ti-
DLC films existed mainly in forms of TiC rather than TiO; when the Ti
content of 0.8-2.1 at.% is kept.

Regarding the thermal effects, the spectra of the Ti-DLC films ex-
hibit distinet features when the annealing temperature increases be-
yond 300 “C. The change in the line-shape has taken place along with an
absence of the double-peak structure, which is attributed to the dis-
appearance of the carbonate surface contaminations [57,58]. This
phenomenon might be from the chemisorbed O at the Ti-DLC surface as
CO and/or CO,. After the disappearance of the carbonation, it leaves
the oxide of the Ti behind, in particular for the monoxide (TiQ) [59]
without the appearance of the Ljs-edge doubled structures. Ad-
ditionally, Martinez et al. [57] have subsequently reported a decrease in
the oxidation resistance with the presence of the TiO.

The ¢ K-edge NEXAFS spectra of the pure DLC, Ti-DIC1, and Ti-
DLC2 respectively, at different annealing temperatures are shown in
Fig. 6(a)-(c) and these spectra are correspondent to the natural oxi-
dation on the DLC surface. The O K-edge NEXAFS specetra of the pure
DLC films can be divided into two regions: the first region at about
528 eV corresponds to the O 1s—o transitions originated from the
carbonyl and carboxyl groups of the O atoms double-bonded to the C
aloms (C=0), and the second broad region between 533 eV and 550 ¢V
assigns to the O 1s —a* (C—0—C), and the O 1s — ¢’ (—OH) transitions.
The O K-edge spectra of the Ti-DLC films feature a slight change com-
pared to the pure DLC films because of a tiny level of the Ti atoms.
There are still different spectral features observed for the Ti-DLC films.
The observed peaks at 531 eV and 534 &V correspond to the O 2p states
with the empty Ti 3d states [60]. An observed broad section of
537-550 eV corresponds to the O 2p states hybridized with the Ti 4s
and Ti 4p states. The Ti-DLC spectra resemble the formation of the re-
sidual TiQy surface |61]. The features of the O K-edge NEXAFS spectra
of the Ti-DLC films remain the same spectra as those of the pure DLC
films, indicating no obvious change in the local bonding configuration.
The features of the spectra exhibit a slight reduction in both the first
and second broad regions, which corresponds to the disappearance of
the carbonate surface contamination at a high temperature.

The relative sp® fraction has been comprehended as the most im-
portant information in determining the DLC properties that can be
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TFig. 4. C K-edge NEXAFS spectra of DL.C (a) pure BLC, (b) Ti-DLC1, and (c) Ti-DIC2 as a function of thermal annealing in the range of room temperature (RT) to
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Fig. 6. O K-edge NEXAFS spectra of DLC (a) pure DLC, (b) Ti-DLCL, and (¢) Ti-DLC2 as a function of thermal annealing in the range of room temperature (RT) to

500°C.

obtained from the C K-edge NEXAFS spectrum by normalizing the area
of the pre-edge resonance corresponding to the C 1s — i transitions at
~285.4 eV with the area of a large section of the spectrum range of
288-335 eV. The C K-edge spectrum is deconvoluted using the Igor Pro
6.3 software to evaluate the relative sp? fraction. Fig. 7 illustrates an
example of the C K-edge NEXAFS spectrum of the pure DLC film before
annealing. The subtraction and deconvolution are carried out to obtain
the multiple peaks. The additional resonances in the intermediate re-
gion between the 7v* and the o* states are found at ~286.7, ~288.0,
and ~289.4 eV, which are used to ascribe to the transition of the C 1s
into the o (C—H), & (C=0) and/or © (C=C), and ¢" (C—C) states,
respectively. The other higher resonances are also shown at ~296.2
and ~302.3 eV, which can be assigned to the transition of the C 1s into
the ¢ (C=C) and ¢" (C=C) [62.62]. Because there is no hydrogen
employed in the FCVA system, the ¢ (C—H) states are assigned to the
hydrogen saturation of the surface carbon dangling bonds [64]. While,
the ' (C=Q) contribution to the residual presence of the oxidized
carbon, such as graphite oxide, which can occur easily on the DLC
strface as a result of the water molecules and active specics or even
oxygen functional groups [62] from the environment.

The absolute value of the sp®/(sp® + sp”) ratio was estimated by
comparing the C K-edge NEXAFS spectrum the films to that of the
HOPG using the following expression:
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where I;m and 1,{; are the areas of the 77(C=C) resonance of the films
and HOPG reference, and I, (AF) and 14 (AF) are the areas calculated
under the remainder of each spectrum between 288 eV and 335 eV of
the films and reference [65-671.

The sp?/(sp® + sp°) ratios of the pure DLC, Ti-DLC1, and Ti-DLC2 as
a function of thermal annealing increase continuously, as shown in
Fig. 8, consistent with the increase in the intensity ratio of a pre-edge
peak and the decrease in the broad band region, as previously described
in the Local bonding structure and thermal stability analysis section.
The sp*/(sp” + sp™) ratios of the pure DLC, Ti-DLC1, and Ti-DLC2 start
at 0.33, 0.40, and 0.44, respectively. The pure DLC film exhibits a
different response to thermal annealing compared to the Ti-DLC films.
‘The pure DLC film starts with a lower sp>/(sp” + sp°) ratio, but this
ratio increases dramatically to 0.43 and 0.58 for the annealing tem-
perature of up to 300 ‘C and 500 °C, respectively, indicating that con-
siderable graphitization has occurred. In contrast, the sp?/(sp® + sp®)
ratios of the Ti-DLC1 and Ti-DLC2 increase gradually up to 0.47 and
0.50, indicating a minor changed ratio compared to the pure DLC lilm,
The fact is that the Ti doping into the DLC structure can stabilize the sp®
phases in Ti-DLC films, as demonstrated by a slight change in the sp?/
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Fig. 7. C K-edge NEXAFS spectrum of pure DLC at RT before and after sub-
traction (a). An error function step was used here lo [it the edge jumping at
ionization potential as demonstrated by a blue line. The deconvolution into the
multi-Gaussian peaks of the C K-edge NEXAFS spectrum (b).
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Fig. 8. The correlation of the absolute sp®/(sp® + sp™) ratio on the thermal
annealing of pure DI.C, Ti-DT.C1, and Ti-DT.C2, respactively.

(sp” + sp™ ratios with the increase of the annealing temperature. Such
behavior implies that the graphitization of the Ti-DLC films occurs at a
slower rate and higher temperature compared to the pure DLC film. The
higher thermal stability of the Ti-DLC films might be attributed to the
formation of the TiC phase dispersed in the DLC matrix, as confirmed by
the NEXAFS results in Fig. 5(b) and (c). It is known that the metal
carbide, such as TiC, exhibits the natural stability even at an annealing
temperature up to 600 °C [25], which inhibits the graphitization of the
Ti-DLC films and thus stabilizes the DLC structure [68,69],

3.4. Mechanical properties

The nano-mechanical properties of all samples, such as hardness
(H), reduced Young’s modulus (£), plastic index parameter (H/E), and
elastic recovery (%ER) have been evaluated by the nano-indentation
load and indentation displacement curves as shown in Fig. 9 based on
the standard Oliver and Pharr method [37]. Table 3 shows the
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Fig. 9. Nano-indentation load versus indentation displacement curves of bare
SS substrate, pure DLC, Ti-DLCI, and Ti-DLC2, respectively.

Table 3
Nano-indentation results of all the samples.
Sample code Hardness H, Reduced Young's  plastic index  Elastic
(GPa) modulus E, (GPa)  parameter recovery
HE ER, (%)
Bare substrate 5.6 + 1.60 254.0 + 541 0.022 17
Pure DLC 328 £ 219 2347 + 7.08 0.139 60
Ti-DLET 288 = 1.01 215.0 + 6.54 0.134 54
Ti-DIC2 27.6 + 148 2153.0 + 584 0130 46

summarized nano-mechanical values acquired from the nanc-indenta-
tion test, Fig. 9 illustrates a typical nano-indentation load versus in-
dentation displacement curves of the bare SS substrate, pure DLC, Ti-
DLC1, and Ti-DLC2, respectively. It is obvious that the bare substrate
exhibits a highly plastic deformation, which is a typical feature of most
metals [70]. A high degree of permanent plastic deformation oceurs to a
bare substrate, and is indicated by a small difference between the
maximum displacement and residual displacement after load removal.
In contrast, the predominantly elastic recovery of the curve was ob-
served for the pure DLC, Ti-DLC1 and Ti-DLC2, consecutively. A higher
elastic reaction is because of the relaxation of the elastic strain within
the DLC structure, which indicates a typically hard and adherent film
[71,72]. The elastic recovery is strongly dependent on the sp” content in
the film. Therefore, the elastic recovery of Ti-DLC films experiences a
slight decrease with the Ti doping. The pure DLC film exhibits a max-
imum applied load at the same displacement associated with the
minimum residual displacement compared (o the Ti-DLC films. The
highest performance against the plastic deformation and elastic re-
covery of the pure DLC film is mainly associated with the larger sp®
content in the DLC structure, as confirmed by the NEXAFS results.

As shown in Table 3, the nano-mechanical properties, including the
H, E, H/E, and %ER of a bare substrate are highly enhanced with the
application of the pure DLC and Ti-DLC films. For example, the H in-
creases at least more than five times when the Ti-DLC2 is applied. The H
and E of the DLC films reach the highest values of 32.8 GPa and 234.7
GPa, respectively, for the pure DLC film. Additionally, those values
continuously decrease as the Ti content increases. The nano-mechanical
values of all the films show consistent results with the sp* content, A
slight decrease in the H and E, as with the increase in Ti, is related to the
increase in the sp®/sp” ratio in the DLC structure, as confirmed by the
NEXAFS analysis. In this study, the H values of all the deposited films
are nearly comparable (o those of the w-C films [24,73,74] and thus ¢an
protect from scratches and wear efficiently [71].

The H/E and %ER are valuable parameters in the mechanical
properties, and are used to describe the elastic-plastic behavior and are
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intimately related to the wear resistance of the films [33]. Therefore,
the DLC films with a higher H/E exhibit higher wear resistance [33].
The bare SS substrate with the elastic-plastic behavior shows a lower H/
E value as shown in Table 3, owing to a large amount of mechanical
work generated during the plastic deformation. In contrast, the pure
DLC film exhibits the highest elastic behavior; therefore, it might have
the highest wear resistance. A slight decrease in the H/E found in the Ti-
DLC films might imply that the low level of Ti doped into the DLC
structure has little impact on the mechanical properties.

The elastic recovery (%FR}) is calculated through the following ex-
pression:

wER = [ dmas = drs
d

max

) % 100

(6)
where dp,, and d. are the displacements at the maximum load and
residual displacement after the load removal. The maximum value of
the %ER is found in the pure DLC film followed by the Ti-DLC1, Ti-
DLC2, and bare substrate, respectively, similar to the H value. As for all
the above results, the nano-mechanical properties of the Ti-DLC films
are still considerably good value as long as the Ti doping is low.
However, other properties, such as adhesion and corrosion, have been
further evaluated and are discussed in the next section as to whether or
not Ti-DLC films represent a protective coating for mechanical and
tribological applications.

3.5. Adhesion analysis

It is feasible that a hard-DLC can delaminate prematurely from the
underlying substrate during sliding contact by the external normal and/
or shear forces due to inferior adhesion strength. Therefore, one of the
most important propertics and playing a vital role in tribological ap-
plications is the film adhesion that is not attributed to the mechanical
properties, particularly the H and E [75]. In the adhesion analysis, the
critical load (L.) is known as a crucial parameter associated with the
tribological performance in terms of adhesion strength [36,76] and can
easily be identified as a point at which there is an abrupt increase in the
friction force and/or at the critical coating spallation or delamination.
Fig. 10(a)-(c) shows the typical scratch results for the pure DLC, Ti-
DLC1, and Ti-DLC2, respectively. The integrated SEM micrograph in-
spection is compared to realize the coating adhesion failure. A variation
of the acoustic emission spectra is also monitored during the scratch
test for evaluating the coating adhesion failures at the phase interfaces,
which is consistent with the L. There are two distinct stages of the L.
with regard to the SEM morphology as shown in the inset of Fig. 10. The
first stage, the L.y, is the applied normal load at which the first cohesive
failure consists of the plastic deformation along the edge, parallel or
edge erack, and fine crack, and it is rather difficult to define. The other
stage, the L., is the point of the subsequent adhesion failure containing
the external transverse crack and the first delamination [39]. The L., is
defined as the maximum adhesion strength of the films before the film
delamination happens. From the scratch results, the L, and L., oceur at
164, 178, and 181 mN, and 203, 220, and 224 mN for the pure DLC, Ti-
DLC1, and Ti-DLC2, respectively. It is notable that the L. increases with
the increasing Ti content, indicating the enhancement of the scratch
adhesion strength of the Ti-DLC films. There is no correlation observed
between the L, and the H and E; rather it depends on the internal stress
condition, which is a direct function of the elastic stored energy in the
films. The accumulation of the clastic stored energy is a cause of the
separation of the films from the substrate. If the adhesive energy cannot
overcome the elastic stored energy, the depaosited films, in this case, will
peel off [40,77]. The decrease in the internal stress, in this study, is
associated with the increase of the Ti content as confirmed by the
Raman analysis that showed the enhancement of the I, of the films, The
sp® (C=C) sites can affect the adhesion strength of the films. The sp?
(C=C) bonds have a shorter bond length than the sp3 (C—C) bonds, a
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Fig. 10. Typical scratch curves of (a) pure DLC, (b) Ti-DLC1, and (<) Ti-DLC2,
respectively. Inset demonstrates the SEM micrographs of the corresponding
scrateh tracks at a peint of the L., and Les, respectively.

large number of the sp2 (C=C) bonds in Ti-DLC films, therefore, cor-
respondingly reduces the strain within the DLC structure, which results
in the improvement of the I, [7&8]. Another important reason involves
the atomic intermixing at an interface between the top DLC film and the
Ti intermediate layer. A Ti-DLC/Ti interface, herein, possesses a rela-
tively higher bonding strength than a pure DLC/TI interface owing o
the formation of the compound phase between the Ti and C atoms, TiG;
the adhesion strength of the Ti-DLC films, subsequently, has been sig-
nificantly improved through the strong bonding strength at a diffusion
interface.

The inset in Fig. 10(a)~{c) reveals the SEM morphologies of three
scratch tracks for all the films, as displayed in the Ly and L., regions,
respectively. The initial stain failure was seen as depicted in the Lo
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region where the edge and fine cracks on the scratch tracks can be
obviously be observed for the pure DLC, while the Ti-DLC1 and Ti-DLC2
exhibit the slight edge cracks, particularly the Ti-DLC2 showing a re-
latively smooth scratch track with the minor edge and fine cracks. The
failure of adhesion strength occurs at the L. when the deformation
cracks and exfoliations are found on the scratch track. The seratch
track, in this stage, is seriously damaged and the films have spalled off
at the localized scrateh region until the substrate is exposed, indicating
a point at which the failure of the adhesion strength of the films takes
place. The brittle fractures, as illustrated by the segment cracks and
splits along both sides of the scratch track, are obviously seen in the
pure DLC film but arc found only a little in the Ti-DLCI. On the other
hand, the Ti-DLC2 reveals only splits with exfoliations at the upper edge
of the scratch track without any brittle fractures, confirming the im-
provement of the adhesion strength with Ti doping. These observations
are according to the elastic recovery revealed by the nano-indentation
test results shown in Table 3 that the pure DLC film with a predominant
elastic recovery may be damaged by the brittle behavior. In contrast,
the incorporation of the Ti atoms allows the Ti-DLC films, with a lower
elastic recovery, to deform during the scratches and in turn improves
the toughness and adhesion strength of the Ti-DLC films, From this
point of view, it is elucidated that the scratch adhesion strength of the
films depends mostly on the residual internal stress and the atomic
intermixing at a diffusion interface. Therefore, the combined properties
of the Ti-DLC films including the low residual stress and the strong
bonding strength at the interface provide superior toughness and ad-
hesion strength without much sacrifice of the mechanical properties,
which are necessary for tribological applications.

3.6, Corrosion performance analysis

The corrosion performance of bare S5 substrate, pure DLC, and Ti-
DLC films is investigated through the potentiodynamic pelarization
test. The polarization curve of all the films and a bare substrate are
shown in Fig. 11. The corrosion parameters, such as E.ocr, icors far B Rps
and CR deduced from the Tafel extrapolaton method are given in
TI'able 4. The polarization curves of the barc 88 substrate expericnee a
massive improvement with the application of the DIC filmg, The po-
larization curves of the deposited films shift toward a more positive
region of the E ., and the orders of magnitude decrease in the izoy. In
comparison between the pure DLC and Ti-DLC films, we found that the
Ti-DLC films, particularly for Ti-DLCT reveal higher corrosion re-
sistance than that of the pure DLC film, as demonstrated by the increase
in the E.q and decrease in the ., as can be observed in Table 4. The
Eeore a0 icory of the pure DLC film are —146.02mV and 14.15nA/cm?,

—— bare 304 S8
_ 250F - —pureDLC
% Ti-DLCA

—--Ti-DL
s ok i-DLC2
(=)
= B
g 250p g
< 2
£ 500 ¢
o £

750 F w 10°
7 {Alem?)
10" 10 10° 10® 107 10°
i (Adem?)

Fig. 11. Potentiodynamic polarization curves tested in an aerated 3.5 wt% NaCl
solutien of pH 2.0 at 27 * 2 °C of hare 88 substrate, pure DLC, Ti-DIC1, and Ti-
DLC2, respectively. Inset demonstrates the example of the Tafel extrapolation
method to acquire the simulated parameters for the bare 8§ substrate.
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respectively, increasing by two times for the E.y to —70.70mV and
decreasing by fivefald for the iuy to 3.25 nA/em? for the Ti-DLC1. The
enhanced corrosion performance is a result of the formed oxides, TiO5,
or the metal carbide, TiC, enriched on the Ti-DLC surface that acts as
the primary diffusion barrier against the penetration of the active ions,
water molecules, and oxygen into the sublayer, and thus guards against
the destruction of the aqueous solution of an amorphous carbon
structure.

The porosity (P) and protective efficiency (P;) were also estimated to
assess the eorrosion performance thoroughly, as shown in Fig. 12. Tt is
remarkable that the amount of the P correlates well with the R, and
influences directly on the resistivity and durability of the DLC films. Ti-
DLC films have a smaller amount of P than that of the pure DLC film,
which results in the reduction of the aggressive ion diffusion path in the
Ti-DLC films. The films with a large amount of P will show severe de-
lamination, as confirmed by the SEM analysis (Fig. 13). Aggressive ions
in the solution easily penetrate into the film/sublayer interface due to
the P that results in the films peeling off; subsequently, the metallic
substrate is attacked, and the metallic ions are released. The higher ico.,
and CR of the films are, thus, mainly from a large amount of P. The
estimated P; of the DLC films shows a slight increase as the Ti content
increases. The Ti-DLC1 has the highest P; of 99.36% associated with the
lowest P, which is in good accordance with the results of the P, E.qp,
and feor. As a result, the Ti incorporation into the DLC films is an ef-
ficient approach that provides a corrosion-protective coating in the
acidic and saline solution.

3.7. Metallic ions release analysis

An approximate solution of 8 mL from the individual sample was
collected after the corrosion test, and the released metallic ions were
examined using the ICP-MS technique. From the potentiodynamic re-
sults, it confirms that the corrosion resistance of a bare 8S substrate has
been improved evidently with the application of the DLC films; the
released metallic ions of a bare substrate are thus not capable of being
measured, and only those of the deposited films were evaluated through
this technique. The ICP-MS results illustrate that the pure DLC film
releases the maximum concentration of metallic ions with the following
quantities: (Fe: 0.5559 mg/L, Cr: 0.0805mg/L, Ni: 0.0323 mg/L, Mn:
0.0093 mg/L, and Ti: 0.0029 mg/L) (see details in Table 5). Two crucial
parameters, an electrochemical potential (E) and a pH, explain the
mechanisms of the released metallic ions into an aqueous solution. The
Pourbaix diagrams are known as the E-pll diagrams providing the
possibility of the predominant forms and/or phases in which the ele-
ments exist in an aqueous electrochemical system. Regarding the
thermodynamic available data for the main species, the Pourbaix dia-
grams for Fe [79], Cr [80], Ni [81], Mn [82], and Ti [83] at the E (~0
and 300mV) and pH (=2) region are moslly presented as aqueous
species of Fe? ™, Cr* ¥, Ni2*, and Mn>* ions, except for Ti, which is in a
stable form as a TiO; film within a passivity region. It can be seen from
the Pourbaix diagrams that the concentration of the released metallic
fons depends on the number of elements contained in the samples.
Because the substrate is the ATST 304 stainless steel consisting of Fe
balanced, Cr 18-20, Ni 8-10, and Mn 2 wt%, the released metallic ions
that are detected show a proportionate value to the number of the
elements contained in the metallic substrate.

Taking into account the main elements, Ti is one of the most crucial
factors in determining the number of the released metallic ions in this
stucly. Ti forms readily as a TiO3 film after exposure to the O atoms in
the atmosphere and/or the solution; it, thus, protects the under-layer
film from the destruction of the active species and inhibits the released
metallic ions into the solution. As a result, the Ti-DLC films show the
lower concentration of the released metallic ions as compared to the
pure DLC films, which is consistent with the corrosion results, The
surface morphology in Fig. 13 might be clarified by this observation. As
seen in Fig. 13, the pure DLC film has been severely damaged as shown
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Table 4
The corrosion parameters of all the samples obtained from the potentiodynamic polarization measurement.
Samples Ero deorr Ba B R CR,
(-m¥) {nAscm?) (V/decade) (V/decade) (% 10% Qem®) (%10 2 mm/sy)
Bare S8 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
T-DLC2 136,950 5.203 7.862 7.988 331212 0.010
sk Table 5
. 4996 The concentration of released ions in the solution after the potentiodynamic
-—Q [+ polarization measurement.
. 0.08F \ B e
B“C AY 7 @—=199.0 Sample code Concentration of metallic ions release (mg/L)
Ay —_
= " / 9
% 0.05 \( 4984 = Fe or Ni Man Ti
a TR 9 - g
0.03 F ’ - 1978 Pure DLC 0.5559 0.0805 0.0323 0.0093 0.0029
2 > e b b Ti-DLEL 01350 0.0160 0.0048 0.0029 0.0021
/ 4 Ti-DLC2 0.4897 0.0587 0.0168 0.0084 0.0026
000t @ @ {97.2
i = . by the appearance of a larger number and size of pits, whereas the Ti-
pure DLC Ti-DLC1  Ti-DLC2 DLC films have few signs of comresion traces, especially Ti-DLC1 with

Fig. 12. The porosity (P) and protective efficiency (P) of pure DLG, Ti-DLCI,
polarization

1ami

and Ti-DLCZ, respeclively
testing.

d from the pol

the smallest number and size of pits. Such evidence confirms the im-
provement in the surface properties of the DLC films with doped Ti.
Thereby, the introduction of Ti atoms with an appropriate concentra-
tion is more applicable and suitable to surface-modified DLC films for
applications in a corrosive environment. Another vital point s the

Fig. 13. SEM micrographs of (a) bare SS substrate with a high magnification, (b) pure DLC, (¢) Ti-DLC1, and (d) Ti-DLC2, respectively.
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formation of TiO,, affecting the structural properties in terms of the
sp?/sp? ratio, and impacting on the corrosion mechanisms, which will
be further discussed in the Structural analysis after electrochemical
corrosion test section.

3.8. Surface morphology analysis after electrochemical corrosion tests

‘The surface morphelogics of the bare 8§ substrate, pure DLC, Ti-
DLG1, and Ti-DLG2 after the potentiodynamic test were characterized
using the SEM, as shown in Fig. 13(a)-(d). Evidently, the surface
morphologies of the bare SS substrate are severely damaged and are
fully covered by the features of pits. As seen in Fig. 13(a), the pit growth
in stainless steel shows the pit mouth at the center, surrounded by llask
shapes and lacy metal covers. As shown in Fig. 13(b}-(d), SEM micro-
graphs of the pure DLC and Ti-doped DLC films have no evidence of the
severe damage as found in the bare substrate. Active jons, H', OH™, and
CI™ dissolved in the aqueous solution, penetrate into the sublayer of the
films, as demonstrated by the localized damage or corroded spots, re-
sulting in the films’ delamination. The pure DLC film demonstrates a
larger damaged surface than that those of the Ti-DLC films. The cor-
roded spot that formed into about 30 pm in size is observed in the pure
DLC film. The size of such a spot is well correlated with the P. The
damaged surfaces are ranked in order from the lowest to the highest as
follows: the Ti-DLC1, Ti-DLC2, and pure DLC. The improvement in the
corrosion resistance in the Ti-DLC films is from the formation of the
metal carbide or oxide layer enriched on the Ti-DLC surface, as ascribed
in the previous results. The SEM micrographs confirmed that the Ti-
DLC1 is the best candidate employed as a corrosion-resistant coating
under this condition.

3.9. Structural analysis after electrochemical corrosion test

X-PEEM and NEXAFS were implemented to verify the structural
dependent corrosion resistance of the different regions on the DLC
stirface after the corrosion tests. The use of X-PEEM in conjunction with
NEXAFS provides much surface sensibility and is an appropriate tool to
obtain information of bath imaging and spectroscopy of a nanoscale
object. Fig. 14(a)={c) demonstrates a stack of the C K-edge X-PEEM
images of the pure DLC, Ti-DLC1, and Ti-DLC2, taken at the photon
energies of 285.4, 288.0, 289.4, 296.2, and 302.3 eV, respectively (on
the strong C 1s absorption peaks), corresponding to the deconvoluted
resonances of the 5t” (C=C), 1" (C=0) and/or &’ (C=C), o* (C-C), o*
(C=C), and v* (C=C) states, as scen in iy, 7. The dark and bright
regions in the X-PEEM images are correlated directly to the image

Uncorroded are;

Uncorrode gréa 7\

Uncorrode area—))

2854 eV 288.0 eV

Fig. 14, A stack of the C K-edge X-PEEM image of (a) pure DILC, (b) Ti-DILCI,
and (¢) Ti-DLC2 at different photon energies of 285.4, 288.0, 289.4, 294.6, and
302.5 ¢V, respectively. The field of view of each image = 75pm.

2894 eV

2962 eV 3023 eV
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Fig. 15. € K-cdge spectra and C K-edge X-PEEM images of (a) pure DLC, (b) Ti-
DLCs, and {¢) Ti-DLCZ2, respectively.

contrast mechanisms, such as topographic, work function, elemental,
and chemical contrast. The element and chemical contrasts are the most
substantial mechanisms in determining the distinctions of each region.
Additionally, the chemical contrast is also associated with Lhe elec-
tronic band structure like bonds and molecular orbitals; therefore, the
area containing the predominant elements and/or bonds appeared
brighter. The bright area can be observed outside the pit, representing
to be an uncorroded area enriched with carbon atoms, whereas the
darker area should be considered as a corroded area with a lower
carbon atom content. By selecting the C K-edge X-PEEM image se-
quences at different photon energies, the regions containing the C
species can be spatially resolved by the contrast while the image
changes in regard to the changes in the C absorption peak intensity. The
regions at the photon energies of 285.4, 288.0, and 289.4 eV appear
nearly dark owing to the slight absorption of the C species at these
energies, whereas the other ones at photon energies of 296.2 and
302.3 eV are bright because of the strong absorption of the C species.
The bright regions, in this case, relate to the overlapping C 1s — the o*
transitions at the sp” and sp® sites.

NEXAFS implementation is for the in-depth understanding of the
corrosion-induced structural transformation of the DLC films, Fig. 15
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shows the corresponding C K-edge NEXAFS spectra acquired from the C
K-edge X-PEEM images for the pure DLC, Ti-DLC1, and Ti-DLC2. The G
K-edge X-PEEM image of the pure DLC film sustained severe corrosion
until deep into the sub-layer, as illustrated by the dark area where there
is less of the signal of the C absorption. The pre-edge x' (C—C) re-
sonance located at ~285.4 eV obtained a greater increment together
with a noticeable decrease in the overlapping C 1s — the ¢ transition at
the sp, sp®, and sp® sites of a broad region between 288 and 335 eV, The
sp*/(sp® + sp™) ratios of the pure DLC film in the corroded and un-
corroded areas are also estimated via Eq. (5) to be 0.89 and 0.88, which
confirms a massive change in the carbon network structure compared to
the pure DLC film before the corrosion test (0.33). No obvious differ-
ence in the ratio observed for the two areas indicates that most of the
metastable C-sp® bonding from both areas is converted to the C-sp*
bonding by interacting with the active species in the corrosive solution
[84]. This observation is consistent with the spectral features of the C K-
edge NEXAFS specira of the pure DLC film after the corrosion test,
which resembles the graphite oxide [85.861. Considering the films with
the high sp? bonding, the electron transfer and exchange at the film/
solution interface will occur easily followed by the dissolution of the
higher metallic ions.

In the case of the Ti-DLC films, a slight increase in the " (C=C)
resonance and a slight decrease in the broad band are observed. For the
Ti-DLC films, additional pcaks observed at ~288-290 ¢V correspond to
the o (C—H) and the m* (C=0) sites that might probably be the cor-
rosion products on the Ti-DLC surface. By calculation, the sp?/
(sp’ + sp3] ratios of the Ti-DLC1 and Ti-DLC2 in the corroded and un-
corroded arcas arc 0.73 and 0.60, and 0.77 and 0.72, respectively. In
this study, the active species in the acidic solution might be the main
reason resulting in dramatic changes in the ratio in the DLC films. The
results of the sp?/sp® ratio in the Ti-DLC films before and after the
corrosion test are not remarkably different compared to the pure DLC
film, and it indicates that the Ti-DL.C films are more noble and durable
than the pure DLC film under the same solution.

The durability of the Ti-DLC films is confirmed by the further in-
vestigation acquired from the Ti Ls p-edge spectra. Fig. 16 illustrates the
corresponding Ti Ly »-edge NEXAFS spectra obtained from the Ti Ly »-
edge X-PEEM images of the pure DLC, Ti-DLC1, and Ti-DLC2, respec-
tively. The spectral features in two areas of the pure DLC film show a
significant difference due to the severe damage. No signs of the in-
tensity of the Ti 2p peak are observed in the uncorreded area, as shown
by the bright area, whereas the spectral features of the Ti peak intensity
can be noticeably observed in the corroded area, as demonstrated by
the dark area. The appearance of the Ti in the pure DLC is due to the
delamination of the entire DLC film, which leads to the detection of a Ti
intermediate layer d d on a bare substrate. Conversely, the Ti-
DLC films exhibit the spectral features of the Ti peak from two areas.
This spectrum is associated with the interactions of Ti—0 bonds like the
TiQ,; film, which can oceur naturally on the Ti-DLC surface |61]. A
slight difference between the Ti-DLC1 and Ti-DLC2 can be observed. A
relatively higher intensity of the Ti peak is found for the Ti-DLC2 de-
pending on the Ti content in the films. The appearance of the TiO. film
is expected to enhance the corrosion resistance of the Ti-DLC films due
to its stability in the acidic solution, as shown in the Pourbaix diagram
[83]. The stable neorporated DLC surface acts as a diffusion barrier
for interrupting the penetration of water molecules, active ions, and
oxygen into the sublayer [87]; thus it prevents the destruction of the
aqueous solution to the carbon cross-linking structure in terms of the
sp*/sp” tatio. Although the Ti-DLC2 exhibits almost the same spectral
features as the Ti-DLC1, which should exhibit the similar behavior, the
corrosion resistance is nearly the value for the pure DLC film. The fact is
that a higher number of the Ti atoms can break up the continuity of the
carbon network in the Ti-DLC structure, This can lead to the increase in
the sp” hybridized carbon [87] and the electron transfer and exchange
at the film/solution interface, enabling the corrosion to occur more
rapidly. Regarding the discontinuity of the DLC matrix, it may cause
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Fig. 16. Ti L x-edge spectra and Ti L, ,-cdge X-PEEM images of (a) pure DLC,
(b) Ti-DLGs, and (c) Ti-DLC2, respectively.

point defects, such as porosity, which is an origin of local corrosion, as
seen by the SEM images in Fig. 13. The large degree of the sp? bonds
and defects in the Ti-DLC2 can, therefore, lead to the reduction in the
corrosion resistance even if the passive TiO, film is included.

The Fe L,s-edge NEXAFS spectra have been further analyzed to
confirm the durability of the deposited films. Fig. 17 shows the corre-
sponding Fe L s-edge NEXAFS spectra and the Fe L;y-edge X-PEEM
images of the pure DLC, Ti-DLC1, and Ti-DLC2, respectively. The results
illustrate that there is a great distinction between two areas in the pure
DLC film. The corroded area sustained severe detriments. The entire
deposited films have spalled off until the spectral intensity of the Fe
peak from the substrate beneath the deposited film is observed. It is
found that the spectral shapes of the Fe peak acquired from the cor-
roded area are similar to those from the AISI 304 stainless steel spec-
trum [88], confirming the delamination of the entire films. In contrast,
no signal of the Fe peak intensity is detected in both areas of the Ti-
DLC1. This means that the film remains in an acidic chloride solution,
indicating the great durability of the Ti-DLC1, while the Ti-DLC2 shows
the same behavior as the pure DLC film, but the Fe intensity detected in
the corroded area, and the shapes of the Fe spectrum are similar to the
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Fey03 or FeyOy4 spectrum [89], which correspond to the corrosion
products formed at the pitting edge on the Ti-DLC2 surface. These ob-
servations show good consistency with the corrosion and SEM analysis,
The Cr Iy -edge NEXAFS spectra are also investigated and shown in
Fig. 18. The same trend as the Fe Lj ;-edge NEXAFS spectra is observed
for the Cr spectrum. The spectral shapes of the Cr L;>-edge NEXAFS
acquired from the corroded areas of the pure DLC and Ti-DLC2, look
like the Cr oxides formed on the AISI304 stainless steel sample |88].
Furthermore, such spectral features are similar to the CryO; spectrum
[89], which is the stable oxide formed on the AISI304 stainless steel
substrate.

Noticeably, the DLC films with the combined properties of enhanced
thermal stability, excellent mechanical properties and adhesion, and
good corrosion resistance can be obtained through the Ti doping at a
very low concentration of 0.8 at.%. These attractive properties make it
satisfactory as a protective corrosion resistant coating for mechanical
and tribological applications. Further emphasis is that the films de-
posited by the FCVA system in the study are the comparatively simple
and cost-effective plasma-based method, which is useful for the devel-
opment of the modified DLC films.
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4. Conclusions

In this study, the Ti-DLC films were synthesized on AISI 304 stain-
less steel substrate by pulsed two-FCVA deposition and their thermal
stability, mechanical properties, adhesion strength, and corrasion per-
formance were thoroughly investigated. The NEXAFS results indicate
that the sp/sp” ratio decrcascs with the Ti doping, while the thermal
stability of Ti-DILC films experiences an enhancement due to the for-
mation of the TiC phase in the Ti-DLC matrix. The results of the Raman
analysis show a notable reduction in the internal stress with the in-
troduction of the Ti atoms. The mechanical properties of the Ti-DLC
films decrease slightly as the Ti content increases, but their hardness is
still retained at a relatively high value. The good adhesion strength of
the Ti-DLC films corresponds to the reduction in the internal stress and
the atomic intermixing formed at the Ti-DLC/Ti interface. The corro-
sion resistance has been improved evidently, which is attributed to the
formation of a diffusion TiO, barrier on the Ti-DLC surface. Therefore,
the optimum Ti concentration to maintain the combined outstanding
properties, including high thermal stability, excellent mechanical
properties, adhesion strength, and good corrosion resistance, has been
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observed at a Ti content of 0.8 at.% and the Ti-DLC film becomes the
preferred candidate for mechanical, and tribological applications.
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