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SYNOPSIS
For efficient functioning of any tribological contact in mechanical devices, the mitigation of
friction force and wear loss is the primary need and for achieving this, the systematic
understanding of the governing tribo-mechanisms is important. The tribological properties of
materials depend on their intrinsic parameters e.g. chemical phase composition, morphology
and microstructure which basically includes the orientation of the crystalline phase, hardness,
elastic modulus, fracture toughness, grain size, grain boundary phase composition, surface
roughness and surface inertness etc. The crystalline diamond films find attractive place for
tribology applications due to their unique microstructure and chemical properties. Diamond
possesses inertness, high thermal conductivity, extremely high hardness and high elastic
modulus properties which are desirable for tribological applications. Based upon the grain
size, the diamond films can be further classified into micro and nano/ultranano crystalline
1

diamond films. Primary reason for relatively high friction and wear in microcrystalline
diamond films compared to other diamond forms is mainly large grain size, high roughness
and high energy of the specific orientation of the crystalline plane. Many research reports
state that the tribological properties of diamond films are found to improve with the decrease
in their grain size. Diamond thin films with the grain size of the order of few nanometers
(<10 nm) are known as ultrananocrystalline diamond (UNCD) films. The UNCD grains are
surrounded by relatively wider disordered crystal area (thickness ~ few Å) known as grain
boundaries. Many of the earlier reports state that the grain boundaries of UNCD films play an
important role for all of its outstanding properties e.g. field emission, thermal and tribological
properties etc. The core atoms of grain are sp3 bonded ordered carbon atoms whereas the
grain boundaries constitute transpolyacetylene (t-PA) segments, short range sp2 and sp1
hybridized disordered carbon atoms. The UNCD films can be deposited on suitable substrate
using microwave plasma enhanced chemical vapor deposition (MPECVD) system employing
either CH4/Ar or CH4/N2 plasma media at relatively low substrate temperature of 400-700oC
compared to hot filament chemical vapor deposition (HFCVD) system. These films are of
current interest because of their potential applications in nanoscale systems due to improved
field emission, better optoelectronic behavior and robust tribological properties, e.g.
exceptionally ultralow friction coefficient and high wear resistance properties. These films
also find wide range of application in areas such as cutting tools, mechanical assembly
components, bio-devices such as joint prosthesis, micro/nano electromechanical systems
(MEMS/NEMS) and many more.
The friction and wear behavior of UNCD films is sensitive to intrinsic parameters like
microstructure, morphology and chemical phase composition mainly graphite and amorphous
carbon (a-C) occupying the grain boundaries of sp3 hybridized diamond nanocrystals. In the
literature, the ultralow friction value and high wear resistance of UNCD films are generally
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explained by a-C and graphitic phase present in the grain boundary. Furthermore, the
tribological properties of UNCD films show strong dependence on extrinsic parameters like
temperature, humidity, specific gaseous environment and vacuum tribo-conditions etc. Many
research reports suggest that the main governing tribo-mechanisms in carbon-based materials
are either passivation or graphitization. But, these mechanisms are still not yet fully
understood and need to be validated using experimental means. It is observed that the friction
coefficient of UNCD films deposited in N2/CH4 plasma media gradually decreases to
ultralow value while sliding against ZrO2 ball in ambient tribo-condition. Some reports
propose that the graphitic tribolayer is formed in the wear track during sliding process. But
there is not much experimental evidence supporting for the same. Furthermore, run-in
behavior is always a big concern for effective tribological performance of any mechanical
device. The comprehensive gas dependent tribological study of UNCD films in both
chemically inert and reactive gaseous media is also less reported in literature. This study
specifically finds important place for tribological application areas where tribo-contacts are
exposed to specific gaseous environment. The ultralow friction value is observed in UNCD
films in N2 gaseous ambience which is believed to be due to formation of nitrogen terminated
contact interface. But there is no experimental proof validating the same till date. Many
reports suggest that UNCD films are good candidate for high temperature tribological
application areas as well. It is quite hard to have the comprehensive understanding of
governing mechanism of friction and wear behavior in these films in high vacuum and high
temperature tribo-conditions. Besides this, there are many other factors like tribo-chemical
transformation at contact interface which is sensitive to contact stress, test temperature and
environment etc. further complicate the understanding of tribo-mechanisms. The passivation
of dangling bonds and conversion of sp3 into sp2/a-C mainly depends on temperature and
tribo-environmental conditions. Moreover, UNCD films show high friction value under high

3

vacuum tribo-conditions which is supposed to be due to the lack of external passivation
mechanism.
Thus, the present thesis work examines some of the issues pertaining to the
comprehensive tribological mechanistic understanding of the UNCD films. The tribolayer
characteristic in UNCD films is analyzed employing various experimental tools e.g. AFM,
FESEM, EDX and XPS etc. Novel technique of low energy Ar+ ion sputtering process is
proposed to address the run-in issue in UNCD films. Furthermore, comprehensive surface
chemical analysis of tribo-interfaces is carried out in these films to reveal the governing
tribological mechanisms in distinct inert and reactive gaseous atmospheres. The suitable
tribo-mechanism for improved superlubrication behavior of UNCD films in high temperature
and high vacuum tribo-conditions is also investigated by carrying out the extensive surface
characterization of the sliding interfaces. The tribo-mechanism of low friction value for
hydrogenated UNCD films in high vacuum tribo-conditions is extensively studied. The
comprehensive thesis work is arranged in seven chapters. The outline of each chapter is
presented below.
Chapter 1: Introduction
This chapter provides a brief introduction to the topics, e.g. the need of smart advanced
materials for tribology applications, potential carbon-based materials for tribology
applications, introduction to diamond films, uniqueness of UNCD films over other diamond
forms, synthesis methods of UNCD films, deposition parameters optimization process etc.
Brief introduction to UNCD films covering their microstructure, morphology, tribological
properties and potential applications is also provided. The parameters either intrinsic or
extrinsic affecting the tribological properties of diamond films is discussed briefly. The
tribological contact mechanisms at various scales ranging from micro to nano scales are
discussed. This chapter briefly provides literature review of the earlier works carried out in
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the tribology area of the UNCD films. The general comparison of tribological properties
among various carbon-based films is also provided. The motivation behind the present thesis
work towards the understanding of governing tribological mechanisms in modified and
improved UNCD films to address the wide range of tribo-application areas is discussed. The
outline of the entire thesis work is presented at the end of this chapter.
Chapter 2: Experimental Details
In this chapter, the experimental procedures involved in the synthesis and characterization of
UNCD films are briefly explained. The details of MPECVD system employed for the
synthesis of UNCD films and optimization process of various deposition parameters i.e.
precursor gases composition, temperature, chamber pressure etc. is provided. The
pretreatment seeding methods prior to film deposition process employed for enhanced film
growth quality are also discussed in brief. Various experimental characterization techniques
like FESEM, EDX, AFM, XPS, and micro-Raman spectroscopy etc. employed for the
comprehensive microstructural, morphological and chemical analysis of UNCD films are
discussed in brief. The detailed experimental setup used for tribological measurement of
UNCD films is also presented. Wear profile measurement technique is also briefly discussed.
Chapter 3: The effect of grain boundary phase composition on the tribological
properties of UNCD films
The effective role of grain boundary phase composition on the tribological properties of
UNCD films is not yet fully understood. Two distinct UNCD films are deposited on Si
substrate by varying the deposition parameters i.e. employing either CH4/Ar plasma or
CH4/N2 plasma media in MPECVD system. As a result, both UNCD films differ in terms of
their grain boundary phase composition. The detailed microstructural, morphological and
chemical structural characterization of these films is carried out. Two distinctly different
trends of tribo-behaviors are observed in these two set of UNCD films. Interestingly, UNCD
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films deposited in CH4/N2 plasma media shows saturated ultralow friction value after short
run-in regime. Special emphasis is given to understand the observed tribo-behavior in these
UNCD films employing experimental characterization tools like AFM, EDX and XPS etc. to
analyze the morphological and chemical changes inside the wear track during tribo-testing.
The in-situ electrical contact resistance (ECR) measurement is also carried out during
tribology test. All these results are inter-correlated to understand the underlying friction and
wear mechanism in UNCD films. It is understood from the extensive experimental
characterization that graphitic tribofilm is formed in wear track during the sliding process
which provides ultralow friction value to UNCD films.
Chapter 4: The effect of gaseous testing environment on the tribological properties of
UNCD films and addressing run-in regime issue
In the scientific literature, the run-in regime is understood as a result of the chemically
adsorbed oxygen and oxy-functional contamination present at UNCD film surface. In this
chapter, novel technique of low energy Ar+ ion sputtering process is employed to address the
run-in issue in UNCD films. Detailed morphological and chemical characterization of Ar+ ion
sputtered surface modified UNCD films is carried out. The comprehensive tribological
behavior of these modified UNCD films is studied in inert and reactive gaseous environments
i.e. ambient humid atmosphere, nitrogen (N2), argon (Ar) and methane (CH4) gas
environments. It is observed that the run-in regime shortens with the increasing sputtered
depth of UNCD films. Furthermore, wear resistance property is also found to improve in
surface modified UNCD films. Extensive tribochemical analysis of tribo-interface is carried
out employing EDX mapping and XPS characterization to understand the underlying tribomechanism of modified UNCD films in all distinct gaseous atmospheres. It is observed that
the carbonaceous transferfilm is formed on ball counterbody in all tribo-cases. It is
understood that the passivation mechanism by ambient species, dissociated N2 and H2 gas
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molecules which provide repulsive sliding interface is effective tribo-mechanism in ambient,
N2 and CH4 gaseous media, respectively. Furthermore, weak physical adsorption of Ar gas
atoms governs the observed tribo-response of UNCD films in Ar gaseous atmosphere.
Chapter 5: High temperature and high vacuum tribological properties of UNCD films
The UNCD films are promising candidates for high temperature tribological application
areas. Thus, in this chapter, the detailed tribological analysis of UNCD films is carried out
under high temperature and high vacuum tribo-conditions. The optimized deposition
parameters are employed in MPECVD system to grow UNCD films. Detailed morphological,
microstructural and chemical structural characterization of UNCD films is carried out. The
comprehensive tribological tests of UNCD films are studied in ambient, high vacuum and
high temperature high vacuum (HTHV) tribo-conditions. These UNCD films show
surprisingly superlow friction value and ultrahigh wear resistance properties in HTHV triboatmosphere. The friction and wear behavior is investigated in all tribo-environments based on
the distinct chemical structure of carbonaceous transferfilm formed at sliding counterbody
employing FESEM, EDX, XPS and micro-Raman spectroscopy techniques. The shearinduced amorphization/graphitization and passivation mechanisms are validated for observed
tribo-response of these UNCD films.
Chapter 6: The role of intrinsic hydrogen on the tribological properties of UNCD films
in high vacuum tribo-conditions
It is studied in the previous chapter 5 that UNCD films show relatively high friction value
and high wear in high vacuum tribo-conditions. Thus, in this chapter, novel method is
employed to mitigate this adverse tribo-response of these films in high vacuum triboconditions. Novel hydrogenated UNCD films are deposited on Ti alloy substrate by tuning
the deposition parameters in MPECVD system. To investigate the role of intrinsic hydrogen
in UNCD films, two distinct sets of UNCD films are considered by varying the hydrogen
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concentration in deposition plasma media during growth process for comprehensive triboevaluation. Detailed morphological, microstructural and chemical structural characterization
of these two distinct set of UNCD films is carried out. Interestingly, UNCD films having high
hydrogen concentration show low friction and wear value compared to UNCD films having
low hydrogen concentration in high vacuum tribo-conditions upto certain number of sliding
cycles. Detailed tribo-chemical analysis of tribo-interfaces is carried out to understand the
underlying tribo-mechanism in these UNCD films. The intrinsic hydrogen passivation
mechanism is established in hydrogenated UNCD films at high vacuum tribo-conditions.
Once intrinsic hydrogen supply is cut-off due to continuous sliding process, friction value
goes to the high value. This study possibly opens up the doors for future inter-atmospheric
space applications of UNCD films where these films are exposed to both ambient and high
vacuum atmosphere.
Chapter 7: Summary and future scope
This chapter briefly summarizes the important research findings of the entire thesis work and
also indicates about the future scope for this research work.
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ABSTRACT
For efficient functioning of tribological contacts in any mechanical device, the mitigation of
friction force and wear loss is the primary need. To achieve this, the systematic understanding of
the governing tribo-mechanisms is important. Diamond possesses inertness, high thermal
conductivity, extreme high hardness and high elastic modulus which are desirable for
tribological applications. Diamond thin films with grain size in the range of few nanometers (<10
nm) are known as ultrananocrystalline diamond (UNCD) films. These films show improved field
emission, better optoelectronic behavior and robust tribological properties i.e. ultralow friction
coefficient and high wear resistance and thus, are suitable for a wide range of potential
applications in cutting tools, mechanical assembly components, bio-devices like joint prosthesis
and micro/nano-electromechanical systems etc. The friction and wear behavior of UNCD films
are sensitive to their microstructure, morphology and local phase composition. The ultralow
friction value and high wear resistance properties of UNCD films are generally correlated with aC and graphitic phase present in the grain boundary. Furthermore, the tribological properties of
UNCD films also show strong dependence on tribo-test conditions like humidity, specific
gaseous environment, temperature and vacuum conditions etc. Thus, the present thesis work
examines some of the issues pertaining to the improvement of the tribological properties of
UNCD films and also the establishment of the governing tribological mechanisms under wide
range of tribo-test conditions e.g. ambient, gaseous, high temperature and high vacuum.
The comprehensive study of effect of local phase composition on the tribological behavior
of UNCD films and governing tribo-mechanisms is carried out. Two sets of UNCD films are
deposited on Si substrate by employing either CH4/Ar or CH4/N2 plasma media in microwave
plasma enhanced chemical vapor deposition system. Two distinctly different trends of tribobehaviors are observed in these UNCD films. The films deposited in CH 4/N2 plasma media show
saturated ultralow friction value after short run-in regime. While UNCD films deposited in
CH4/Ar plasma media show saturated friction value after long run-in. Based upon the tribochemical analysis of sliding interface, the graphitic tribofilm formation mechanism is established
which provides steady ultralow friction and high wear resistance properties to UNCD films.
A novel technique of low energy Ar+-ion sputtering process (1 keV) is employed to modify
the UNCD film surface to address the run-in issue. The detailed gas dependent study of

tribological mechanism of Ar+-ion sputtered UNCD films is carried out in inert and reactive
gaseous environments of ambient humid atmosphere, nitrogen (N2), argon (Ar) and methane
(CH4) gaseous media. It is observed that the run-in regime shortens with the increasing Ar+-ion
sputtered depth in UNCD films. The wear resistance property is also found to improve in surface
modified UNCD films. Extensive tribo-chemical analysis of sliding interface is carried out to
understand the underlying tribo-mechanism in modified UNCD films for all distinct gaseous
atmospheres. The carbonaceous transferfilm is formed on ball counterbody in all tribo-cases. It is
proposed that the passivation by dissociated N2 and H2 gas molecules which provide the
repulsive sliding interface is effective tribo-mechanism in N2 and CH4 gaseous media,
respectively. Furthermore, weak physical adsorption of Ar gas atoms governs the observed triboresponse of UNCD films in Ar atmosphere. High friction in ambient atmospheric condition is
associated with the oxidation of the sliding interfaces.
The UNCD films are potential future materials for high temperature and high vacuum
(HTHV) tribological applications. Thus, specific optimized deposition parameters are employed
for the growth of UNCD films having nanowall like morphology to improve the HTHV
tribological properties. These films show surprisingly superlow friction value and ultrahigh wear
resistance properties in HTHV conditions. But these films show relatively high friction and wear
in high vacuum tribo-conditions. Based upon the extensive tribo-chemical analysis of sliding
interface, the shear-induced amorphization/graphitization and passivation mechanisms are
established for observed tribo-response of UNCD films under distinct set of tribo-conditions.
Novel UNCD films are deposited on Ti alloy substrate by employing different hydrogen
concentration in deposition plasma media for improvement in the tribological properties of these
films in high vacuum conditions and understanding of underlying tribo-mechanisms.
Interestingly, UNCD films having high hydrogen concentration show low friction and wear
value up to certain number of sliding cycles in high vacuum tribo-conditions compared to UNCD
films having low hydrogen concentration. The intrinsic hydrogen passivation mechanism is
proposed for observed low friction value in high vacuum tribo-conditions for hydrogenated
UNCD films. Once intrinsic hydrogen supply is exhausted due to continuous sliding process,
then friction rises to the high value. All tribo-mechanisms are established in UNCD films by
carrying out the extensive sliding interface characterization employing experimental tools like
AFM, FESEM, EDX, XPS, Raman spectroscopy etc.
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HR C1s XPS of (b) film surface and (c) inside wear track
Fig. 4.1.

Depth-resolved XPS survey spectra: (a1) as-deposited UNCD film
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surface and (a2−a7) for sputtered film surface of depths 6, 12, 18, 24, 30
and 36 nm
Fig. 4.2.

Depth-resolved high-resolution C1s spectra: (a1) as-deposited UNCD
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film surface and (a2−a7) for sputtered film surface of depths 6, 12, 18, 24,
30 and 36 nm, (b) (A/B): sp2/sp3 and A/(B+C+D) ratio: sp2/(sp3+oxygen
complexes) and (c) binding energy shift of components A and B at film surface
(a1) and sputtered depth of film surface (a2-a7)
Fig. 4.3.

3D topography of films: (a) as-deposited, (b) FAr_15 and (c) FAr_30
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films, (d) average roughness (Ra) and RMS roughness (Rq) of d1:
as-deposited, d2: FAr_15 and d3: FAr_30 films
Fig. 4.4.

(a) Raman spectra of films and (b) peak position of v1, v2, v3, D and G
bands and I(D)/I(G) ratio: (a1) as-deposited, (a2) FAr_15 and (a3)
FAr_30 films
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Fig. 4.5.

Friction coefficient vs sliding cycles (1k = 1000 cycles) of (a) as-
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Deposited, (b) FAr_15 and (c) FAr_30 films and (d) friction coefficient
with standard deviation of (d1) as-deposited, (d2) FAr_15 and (d3)
FAr_15 films in different tribo-atmospheric conditions: Amt, N2, Ar,
and CH4 media
Fig. 4.6.

(a) Optical image of wear tracks and ball scars, (b) wear dimensions of
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sliding interfaces in bar graph: (a1, b1) as-deposited, (a2, b2) FAr_15 and
(a3, b3) FAr_30 films in different tribo-atmospheric conditions: Amt, N2,
Ar, and CH4 media
Fig. 4.7.

In the left panel: EDX elemental mapping of the alumina ball scar while
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sliding against FAr_30 films, In the right panel: EDX spectra of the whole
area mapping of ball scar developed in (a) ambient, (b) N 2, (c) Ar and
(d) CH4 media
Fig. 4.8.

Optical image of alumina ball scar in (a1) Amt, (b1) N2, (c1) Ar and (d1)
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CH4 atmosphere, and corresponding high-resolution XPS spectra: (a2−d2)
C1s spectra, (a3−d3) O1s spectra, (b4) N1s spectra and (c4) Ar2p spectra,
(e1) (A/B): sp2/sp3 and A/(B+C+D): sp2/(sp3+C−O/C−OH+C=O) ratio
and (e2) binding energy shift of sp2 (A) and sp3 (B) components: (a2−d2
in x-axis) in (e1) and (e2) correspond to (a2) Amt, (b2) N2, (c2) Ar and (d2)
CH4 tribo-atmosphere
Fig. 5.1.

(a) SEM image of UNCD film surface and (b) HRTEM image of typical
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nanowall feature of film surface, (c & d) Raman spectra and (e & f)
XPS: (c & e) UNCD film surface at RT and (d & f) UNCD film surface
exposed to temperature of ~ 623 K
Fig. 5.2.

(a) Friction coefficient vs sliding cycles of UNCD films: (a 1) ambient,
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(a2) HV and (a3) HTHV tribo-conditions, two-dimensional wear track
profile in (b) ambient, (c) HV and (d) HTHV tribo-conditions, SEM
images of the corresponding wear tracks are embedded for each condition
Fig. 5.3.

(a) SEM image of wear track and EDX locations a1-a3 with (b)
corresponding EDX spectra b1-b3 of each locations, (c) SEM image of
ball scar and selected locations c1-c3 with (d) corresponding EDX spectra
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d1-d3 of each location; in ambient condition
Fig. 5.4.

(a) SEM image of wear track and EDX location in red rectangle with
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(b) corresponding EDX spectra of whole image selected in red
rectangle, (c) SEM image of ball scar and (d) corresponding EDX
spectra; in HV condition
Fig. 5.5.

(a) SEM image of wear track and EDX locations a1-a2 with (b)
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corresponding EDX spectra b1-b2 of each locations, (c) SEM image of
ball scar and selected locations c1-c2 with (d) corresponding EDX
spectra d1-d2 of each location; in HTHV condition
Fig. 5.6.

Raman spectra: (a & b) ambient, (c & d) HV and (e & f) HTHV,
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(a, c & e) inside the wear track of UNCD films and (b, d & f)
corresponding alumina ball scars, optical images of wear tracks
and corresponding alumina ball scars are also embedded for each
tribo-condition
Fig. 5.7.

D, G and I(D)/I(G) ratio of wear track in three different tribo-
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conditions, first half and second half panel in x-axis describes peak
shift of D and G bands and I(D)/I(G) ratio, respectively; in each wear
track more than 20 Raman spectra are obtained and error bar is also
given
Fig. 5.8.

XPS spectra: (a & b) ambient, (c & d) HV and (e & f) HTHV, (a, c
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& e) survey XPS and (b,d &f) corresponding C1s HR-XPS spectra
of alumina ball scars
Fig. 6.1.

(ai, aii) Surface topography, (bi, bii) Raman spectra) and (ci, cii)
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SIMS depth profile of: (ai, bi, ci) UNCD(6%H2) and (aii, bii, cii)
UNCD(0%H2) films
Fig. 6.2.

Surface morphology of (a) UNCD(6%H2) films and (b)
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UNCD(0%H2) films
Fig. 6.3.

(ai, bi) BF(TEM) micrograph and (aii, bii) c-DF micrograph: (ai, aii)
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UNCD(6%H2) and (bi,bii) UNCD(0%H2) films with SAED shown in
inset
Fig. 6.4.

HRTEM image of (a) UNCD(6%H2) and (b) UNCD(0%H2) films, FT0
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image in ‘a’ and ‘b’ shows the Fourier transformed diffractogram
corresponding to entire structure image in ‘a’ and ‘b’, whereas FT 1 to
FT4 are FT images corresponding to areas 1 to 4, respectively
Fig. 6.5.

(a) Carbon edge core-loss EELS and (b) plasmon-loss EELS of (I)
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UNCD(6%H2) and (II) UNCD(0%H2) films, respectively
Fig. 6.6.

Friction coefficient of (a) UNCD(6%H2) and (b) UNCD(0%H2) films
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in ambient and high vacuum (3×10–6 mbar) tribology conditions
Fig. 6.7.

Wear track morphology of (a) UNCD(6%H2) and (b) UNCD(0%H2)
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films; tribology condition: ambient
Fig. 6.8.

Wear track morphology of (a) UNCD(6%H2) and (b) UNCD(0%H2)
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films; tribology condition: high vacuum (3×10–6 mbar)
Fig. 6.9.

Raman spectra at various locations of: (ai, bi) wear track and (aii, bii)
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ball scar in the sliding combination of: (ai, aii) UNCD(6%H2)/Al2O3)
and (bi, bii) UNCD(0%H2)/ Al2O3; tribology condition: ambient
Fig. 6.10.

Raman spectra at various locations of: (ai, bi) wear track and (aii, bii)
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Ball scar in the sliding combination of: (ai, aii) UNCD(6%H2)/Al2O3
and (bi, bii) UNCD(0%H2)/Al2O3 ; tribology condition: high vacuum
(3×10–6 mbar)
Fig. 6.11.

Raman spectra at various locations of: (ai-aiii) wear track and (bi-biii)
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ball scar in the sliding combination of UNCD(6%H2)/Al2O3 at sliding
cycles of: (ai, bi) 2×103, (aii, bii) 5×103 and (aiii, biii) 1×104; tribology
condition: high vacuum (3×10–6 mbar)
Fig. 6.12.

(ai, aii) Backscattered diffraction (BSD) image, (bi, bii) EDX
Elemental mapping image of square area indicated in panel (a i, aii)
and (ci, cii) EDX spectra of alumina ball scar sliding against UNCD(0%)
films; (ai, bi, ci) for ambient and (aii, bii, cii) for high vacuum
tribology conditions
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Chapter 1
Introduction
This chapter briefly describes about the need of smart materials suitable for tribological
applications. Carbon based materials and specifically diamond thin films are discussed briefly.
Literature review of the earlier works carried out in the tribology area of distinct form of
nanostructured diamond films i.e. ultrananocrystalline diamond films is presented. Motivation
behind the current thesis work is explained in brief.

1.1. The need of smart advanced materials for tribology applications
One of the most significant aspect of the tribological study of any contacting mechanical system
is to reduce/control the friction and wear losses and also to enhance the tribo-performance by
using the smart materials. Moreover, low friction and wear free motion of any mechanical device
is the primary requirement for enhanced energy efficiency and longer lifetime. The high friction
and wear loss affect the tribo-performance of any mechanical device at scales ranging from
macro to nano scale [1]. A huge amount of energy is lost in the form of heat during tribological
processes. There is a huge demand to develop smart energy efficient materials for tribological
applications to address the environmental safety concerns as well. Thus, considerable amount of
energy can be saved by designing the materials such that they possess surface inertness, low
roughness and high hardness properties to minimise the friction and wear loss [1]. Carbon in
both crystalline and amorphous forms is quite suitable for improved tribological response [2-9].

1.2. Carbon based materials for tribological applications
Carbon based materials place an important role in the tribology area for enhanced tribological
applications. Carbon with atomic number 6 is a unique element in the periodic table which can
exhibit multiple stable hybridization states of sp1, sp2 and sp3. Moreover, carbon can bond
strongly with numerous other atoms e.g. nitrogen, oxygen and hydrogen as well. In last few
decades, a variety of carbon based thin films are developed which find an attractive place for
tribological purposes [2-9]. Diamond thin films are one such important class of carbon based thin
films which show superior tribological properties. Diamond film forms nano/ultranano
crystalline diamond (NCD/UNCD) films show improved tribological properties i.e. low/ultralow

friction coefficient and high wear resistance [7-13]. Moreover, NCD thin films show similar
mechanical properties to diamond which is hardest known material [14]. Furthermore, one more
interesting form of carbon based thin films is diamond-like carbon (DLC) films. The main
compositional variable in these DLC films is the carbon hybridization states specifically sp 2
versus sp3 bonds and atomic H content [15]. It is reported that a particular form of DLC films
known as near frictionless carbon (NFC) show superlow friction and extremely high wear
resistant properties [15].

1.3. Phase diagram of carbon based materials
The phase diagram of carbon based materials is shown in Fig. 1.1 [16]. With the advent of new
deposition systems in last few decades, the diamond films growth process is feasible at relatively
relaxed conditions of temperature and pressure compared to conventional methods.

Fig. 1.1. Phase diagram of carbon based materials [from Ref (16)]

Chemical vapor deposition (CVD) is an extensively used deposition technique for the synthesis
of diamond thin films. The metastable nature of diamond makes its growth process difficult. It is
clearly shown in the Fig. 1.1 that the CVD diamond growth regime is surrounded by the
graphitic one. The nucleation of both diamond and graphite crystals is favorable for given set of
deposition parameters. At normal temperature and pressure conditions, the activation energy of
graphite is just few eV higher than diamond which results in the formation of diamond. But once
the diamond crystal is formed, the only way it can be converted into graphite is by completely
destroying the diamond lattice.

1.4. Crystal structure of diamond
Diamond is having a face centered cubic (FCC) crystal lattice structure having a unique
arrangement of carbon atoms. The diamond structure is constituted of total eight corner atoms,
six face centered atoms and four other atoms from adjacent interpenetrating lattices offset by one
quarter of the body diagonal as shown in the Fig. 1.2 [17]. Each carbon atoms is bonded to four
nearest carbon atoms in a covalent fashion which provides it a strong sp3 character. The distinct
chemical bonding arrangement of diamond provides it numerous surprising material properties
e.g. high hardness, high thermal conductivity, low friction and high wear resistance etc. The
diamond possesses a lattice constant (a0) of 3.567 Å, bond length of 1.54 Å and atomic density of
1.76×1023 cm–3.

Fig. 1.2. Crystal structure of diamond lattice [from Ref (17)]

1.5. Growth processes of nano/ultranano crystalline diamond films
Diamond thin films can be grown on any suitable substrate using CVD techniques e.g. either hot
filament CVD (HFCVD) or microwave plasma CVD (MPCVD) systems by employing
hydrogen-rich chemistry [H2(balance)/CH4(0.1–4%)] [18,19]. The CVD systems can easily
produce synthetic diamonds by creating the conditions necessary for the carbon atoms in a
gaseous phase to settle on a substrate in the crystalline form. The synthetic deposition process of
diamonds has gained a lot of attention in the materials research community as it allows exploring
many of the new applications which were considered too expensive before. However, deposition
of diamond films on nondiamond substrate requires surface pretreatment or seeding procedures
employing chemical, physical or mechanical means to enhance the nucleation process. If the
initial nucleation density is well below 1010/cm2, the microcrystalline diamond (MCD) films are
formed with thickness in the few micrometers range 0.1–5 μm [19]. Moreover, these MCD films
possess a columnar like grain structure. The large grains of size ~1–5 μm further coarsen with
the increasing thickness of these films and therefore, root mean square (RMS) roughness value is
generally ~10% of the entire film thickness. Furthermore, if the initial nucleation densities are
very high (>1012/cm2), then relatively smooth and high quality NCD films are grown with the
thickness range of 0.03–5 µm. Due to very high nucleation density, the grain size and surface
roughness of NCD films do not change considerably for a film thickness up to few microns and
these films still exhibit columnar structure [14]. The NCD films can be grown employing 0.1–
1% CH4 gas in H2 plasma media at relatively low substrate temperatures of ~720°C [14]. The
NCD films have a much smaller grain size ~20–200 nm compared to MCD and RMS roughness
value lies in the few nanometers range i.e. 10–30 nm. Moreover, if CH4 gas fraction is further
increased to 4%, very fine grained and smooth NCD films are grown. But these films possess
slightly high fraction of nondiamond carbon i.e. sp2 bonds and noncrystalline configurations. But
once the diamond nuclei are formed from the seeding process, the growth is usually
homoepitaxial (including twinning and defect configuration) on the seeds along with some
nondiamond carbon incorporated in the grain boundaries.
In CVD process of diamond, the main growth species is CH3 radicals [19]. The atomic
hydrogen is necessary to drive the hydrogen abstraction reactions in the growth plasma media.
Thus, the CH3 adsorption site is prepared by abstracting a hydrogen atom from the hydrogenterminated diamond surface and then from the adsorbed CH3 and nearby surface sites, thereby

allowing the carbon atoms to be incorporated into diamond lattice site. In addition to this, the
atomic hydrogen also preferentially etches the undesirable graphitic and amorphous carbon
phases which grow simultaneously along with the diamond phase. Though the atomic hydrogen
also etches the diamond phase but at a relatively significant lower rate.
There is also one more relatively new form of diamond thin films named as UNCD films
which can be grown employing an Ar-rich/CH4 plasma media [Ar (99%)/CH4(1%)] in MPCVD
system. The carbon dimers (C2) are formed either from the collision-induced methane
fragmentation in the Ar plasma media or by the thermal conversion process via following
reactions:
2CH4 → C2H2 + 3H2
C2H2 → C2 + H2
Though the Ar-rich/CH4 plasma produces a complex mixture of carbon i.e. C2 dimers and
hydrocarbon species including CH3C2H, C2H2 and other hydrocarbons; the C2 dimers play a
significant role in the UNCD nucleation and growth process [20]. Some theoretical calculations
in the literature report that the C2 dimers have low activation energy (~6 kcal/mol) for insertion
into the film growing interface and thus, establishing the unique growth characteristics of UNCD
films. Though the C2 population is high in the plasma, the population near the surface is low and
thus, other hydrocarbon radicals e.g. CH3, C2H etc. also significantly participate in the growth
process [20,21]. This model still could not elucidate the low-temperature growth characteristics
of UNCD films with a modest growth rate. The unique characteristics of the UNCD film growth
process is such that the plasma contains significantly small fraction of hydrogen (~1.5%) which
is mainly from the thermal decomposition of methane to acetylene in the plasma. The plasma
media employed for UNCD film growth process is generally 1% CH 4/99% Ar for 2.45 GHz and
915 MHz MPECVD systems. The UNCD nucleation and growth process results in a
nanostructure comprised of equiaxed grains of size ~3–5 nm and atomically abrupt ~0.4 nm wide
grain boundaries. Moreover, the UNCD films grown employing nitrogen rich gas plasma
consists of 7–10 nm grain size and 1–2 nm wide grain boundaries [22,23].
The mechanical and thermal properties of nanostructured diamond films mainly depend
on the growth parameters, nucleation pretreatment methods and surface chemistry. The Young’s
modulus and hardness values of UNCD and NCD films are reported to approach the single
crystal diamond which is several times higher than Si/SiO 2. The Poisson’s ratio is reported to be

0.057±0.038 for HFCVD grown UNCD films and 0.12±0.04 for MPCVD grown NCD films
[11,14] which is close to that of single crystal diamond. Furthermore, two seeding methods
employed prior to growth process are compared. One involves the mechanical polishing of the
silicon substrate using micron sized diamond powder whereas other employs the ultrasonic
agitation of the silicon substrate in an alcohol solution containing nanodiamond powder [24]. In
both the cases, Weibull statistics is followed indicating that the pre-existing flaws govern the
brittle failure of these films. For nucleation process by mechanical polishing, the fracture
strength ranges from 1.74–2.26 GPa whereas with ultrasonic seeding process, it lies in the range
of 4.08–5.03 GPa. The difference in these values arises due to the variation in the size of the
largest defect present in the given volume of material. Much denser and smoother UNCD films
are obtained using ultrasonic seeding process and thus, minimizing the risk of defect prone
regions at the underside of the film. Interestingly, the fracture strength normally scale up with the
specimen volume and not the surface area [24] indicating that the flaws occurring at the film
substrate interface leads to defective structure throughout the bulk of the film. This feature
specifically highlights the critical roles of seeding and nucleation process. Similar behavior is
observed in the case of NCD films where the effect of seeding density on the Young’s modulus
and thermal diffusivity is reported earlier [14]. The Young’s modulus of NCD films grown with
low nucleation densities (1010/cm2) was approximately half of the films grown with much high
nucleation density (≥1012/cm2). For diamond films grown with high nucleation density, the
Young’s modulus approaches approximately the value for single crystal diamond or high quality
CVD grown polycrystalline diamond films (1120 GPa). The higher nucleation density during the
growth process leads to rapid film coalescence and thus, lowers the volume of voids and nondiamond carbon forms at the nucleation site (film/substrate interface) which influences the
Young’s modulus and fracture toughness of these films and also provides surprisingly high
thermal diffusivity [14].
The role of surface chemistry including the amorphous carbon participation at the
nucleation site during the growth process of NCD/UNCD films along with different pretreatment
methods was further studied using surface sensitive spectroscopy tools e.g. photoelectron
emission microscopy coupled with near edge X-ray absorption fine structure spectroscopy
(PEEM-NEXAFS), Auger electron spectroscopy (AES) and X-ray photoelectron spectroscopy
(XPS) [7,9,12,13]. These experiments enable the characterization of the chemistry and bonding

configuration of UNCD and NCD film surfaces which influences the adhesion and friction
properties of these diamond films. Since the underside of these films can be the part of
tribological interface for a given micro/nano-electromechanical systems (MEMS/NEMS) device
geometry and thus, this understanding becomes significant for better design and fabrication of
the diamond based tribological devices [12].
Till today, UNCD films are the only diamond films which can be grown at temperatures
as low as 350–400ºC on the wafer scale with complementary metal oxide semiconductor
(CMOS) compatibility [22]. The variation in the thickness uniformity of UNCD films on 150
mm and 200 mm diameter silicon wafers is approximately ±5% and ±11%, respectively. Though
the UNCD films growth rate is modest (~0.1–0.2 μm/h), the low growth temperature opens up
the door way for the development of monolithically integrated UNCD-MEMS/NEMS/CMOS
devices by integrating UNCD films with CMOS electronics which has a very limited thermal
budget [22,25]. The MEMS/NEMS are an extension of integrated circuit (IC) technology where
the electrical and mechanical subsystems are integrated together to convert physical stimuli and
events to electrical, mechanical and optical signals and vice versa. Due to their smaller size (a
few microns to a few tens of nanometers), a large number of devices can be batch fabricated on a
single wafer with enhanced functionality. However, as the size of the device reduces, there are
additional issues that happen due to the increased surface-to-volume ratio. Thus, the surface and
interface properties become dominant at this micro/nano scale, driving the need to find suitable
candidate materials. Diamond satisfies most of the expectations of MEMS/NEMS designers due
to its extraordinary physical, chemical, mechanical and electrical properties. Specifically,
UNCD/NCD based MEMS/NEMS devices are energy efficient compared to conventional
silicon-based devices.

1.6. The applications of UNCD thin films
The UNCD films find a huge range of applications in the tribology area due to their unique
microstructure and morphology. The UNCD thin films show superior tribological and field
emission properties compared to bulk single crystalline diamond material [13,26]. The UNCD
films are in high demand in enormous range of nanoscale systems. These films exhibit biomedical compatibility [27,28], enhanced field emission properties [26,29], suitability for
MEMS/NEMS systems [30], optoelectronic properties [31], reduced band gap [32], enhanced
toughness [33] and enhanced tribological properties e.g. ultralow friction coefficient and

extremely high wear resistance [13,34] etc. The schematic diagram illustrating broad application
areas of UNCD films e.g. artificial retina, UNCD glaucoma valve, UNCD coated dental implant,
UNCD coated Ti alloy based artificial hip implant, UNCD coated SiC seal, UNCD coated
commercial NG/Cu anode for Li-ion batteries (LIB), Hybrid PZT/UNCD micro-resonator,
PZT/UNCD NEMS system switch, UNCD deposited CMOS-chip and UNCD based atomic force
microscopy tip etc. is shown in Fig. 1.3 below.

Fig. 1.3. Schematic of wide range applications of UNCD thin films [images are taken from the
references provided above]

1.7. The parameters affecting the tribological properties of nanostructured
diamond films
The tailoring of the microstructure and phase segregation in nanocrystalline/amorphous carbonbased nanocomposite coatings leads to superior mechanical and tribological properties [35]. The

plasma chemistry employed for the growth process controls the grain size and volume fraction of
the grain boundary which is occupied by amorphous carbon (a-C) and graphitic phase in
NCD/UNCD films [36,37]. The grain size, grain orientation, grain boundaries volume fraction,
chemical phase composition, microstructure and surface morphology are key parameters which
tailor the friction and wear behavior in nanostructured diamond films. The ultralow friction
coefficient and superior wear resistance is observed in UNCD nanowire films. These films
exhibit nanowire like morphology and each of the nanowire is constituted of many ultranano
diamond grains. Post deposition process, these UNCD nanowire films are treated in hydrogen
and oxygen plasma media [7,38]. It is reported that UNCD nanowire films consist of UNCD
grains surrounded by sp2 C=C/a-C bonded grain boundaries [37,39]. However, the grain
boundary volume fraction significantly reduces after H2/O2 plasma post treatment [7,38]. In these
films, low friction coefficient is understood as a result of the passivation mechanism of carbon
dangling bonds and adsorption of atmospheric H2O molecules [7,13,40-42].
Tribological properties of diamond films are also influenced by the experimental
conditions like normal load, sliding speed, physical/chemical nature of the sliding counterbodies,
tribo-test temperature and atmosphere [43-45] etc. It is reported that the atmospheric conditions
can influence the sliding interfaces chemically, forming both weak and strong chemical bonds
resulting in low and high friction behavior, respectively [44,46]. The friction and wear behaviors
in UNCD films are not yet completely understood and needs further study for comprehensive
understanding of the tribo-properties under wide range of tribological conditions.

1.8. Tribological contact mechanisms in nanostructured diamond films
A complete understanding of the tribological contact process is a difficult task because of the
simultaneous occurrence of friction, wear and deformation through various mechanisms at
different scales [1]. The tribological changes can take place in various forms e.g. the
macro/micro/nano scale mechanical effects, the chemical effects and material transfer, as
schematically shown in Fig. 1.4 [1]. The mechanism of the friction and wear behavior that is
observed on macro scale is usually understood by the processes occurring at micro scale. Thus,
microstructure and morphology of materials place a very important role from tribological
understanding point of view. The micro mechanical tribological mechanisms describe the stress
and strain generation at asperity-to-asperity level, the crack formation and propagation, material
liberation and particle formation. In typical engineering contacts, these phenomena usually

happen at micrometer scale and sometimes can go down even to nanometer scale. The chemical
reactions taking place at the sliding interfaces during tribo-process can modify the composition
and mechanical properties of outermost contact surface layer which has a significant influence
on the friction and wear response.

Fig. 1.4. Tribological contact mechanisms: (a) macromechanical, (b) material transfer, (c)
micromechanical, (d) tribochemical and (e) nanomechanical contact [from Ref (1)]
The chemical reactions occurring at the sliding surfaces are mainly influenced by the local
contact pressures and flash temperatures which can sometimes reach upto 1000°C at spots where
asperities collide directly. It is obviously beneficial if the substrate under the hard coating is as
hard as possible to improve the load support and to decrease the real area of contact in order to
avoid the brittle fracture of the coating by deformation process etc. Diamond being inert, hard
and good thermal conductor is definitely a good candidate for tribological applications.
The ultralow friction value of polished diamond and DLC coatings is probably due to
their very smooth surface so that interlocking and asperity ploughing effects are minimized and
these hard coating reduces the ploughing component of the friction as well [47]. C.S. Abreu has
established a self polishing mechanism that occurs when NCD films slide against diamond
coated counterbody [48]. The friction value is high that results from the mechanical interlocking
of diamond asperities. After run-in, steady state is observed where friction coefficient gradually
saturates to ultralow value. It is reported by Tian group that the tribological properties improve
with the decrease in the grain size of diamond [49]. The improvement in friction and wear

response is correlated with the decrease in the roughness value and the enhancement of a-C and
graphitic phase in the grain boundary. Moreover, the graphitic phase exhibits low shear
resistance property mainly because of layered lattice structure of weakly bonded intra-graphitic
planes. The synergistic action of ultranano diamond grains and graphitic phase improve the
tribology properties of UNCD films.
The nano tribological properties of UNCD films i.e. nanoscale adhesion and friction were
probed using AFM technique equipped with a diamond AFM tip that exactly mimics the single
asperity contact of diamond sliding against diamond. The hydrogen plasma treatment is given to
UNCD film surface for its H-termination and etching of nondiamond carbon present at film
surface. Upon H-termination, the work of adhesion is reduced to 10 mJ/m2 from 59.2 mJ/m2
[12]. In contrast, Si-Si contacts exhibit the work of adhesion of 826±186 mJ/m2 which arises
from the hydrophilic interactions between the native oxide surfaces. Nanoscale friction is also
found to reduce by more than a factor of two after H-termination process. From tribological point
of view, H-terminated NCD surfaces perform similar to H-terminated single crystal diamond
which is far better than silicon. The large scale friction measurements for self mated NCD
surfaces showed low friction and wear even under relatively low humid tribological conditions
which are usually considered unfavorable for diamond tribology [50]. Even at 1.0% relative
humidity (RH) level, ultralow friction coefficient of value 0.04 was observed. Surface chemical
imaging using PEEM, NEXAFS techniques demonstrated that low friction is indeed resulted by
dissociative chemisorptions of water forming oxide- containing chemical groups on the surface.
Though higher fraction of sp2 bonds is formed on film surface, there was no evidence of graphite
formation. Studies of silicon nitride and NCD surfaces also showed low friction under high load
conditions [50]. These experiments demonstrate the possibility of controlling the nanoscale
adhesion and friction properties of diamond films by tuning the surface chemistry.
Moreover, phase transformation at sliding interface further makes understanding of
tribological behavior difficult [40]. Furthermore, such transformation is sensitive to the contact
stress, test temperature, test environment and chemical affinity of sliding counterbodies etc.
[34,40,44,45]. It is observed in many reports that during tribo-testing, diamond and DLC convert
to a-C and graphite phases which mainly influence the friction and wear behavior in these
materials [51-55]. In one of the studies, it is reported that the removal of the surface oxide layer
is responsible for the observed high friction run-in regime in DLC films in different atmospheres

[56]. Moreover, chemical transformation of sp3 into a-C phase is also possible in this regime
mainly because of the high frictional energy [40,57-60]. Alazizi et al. have reported that carbon
based films are useful for tribological applications in gaseous and vapor phase environments
[61]. It is also reported by many that the intrinsic hydrogen passivation mechanism is active
controlling the friction and wear behavior of hydrogenated DLC and diamond films [40,62,63].
In hydrogen free carbon films, water vapor passivates the sliding interfaces in ambient humid
conditions resulting in low friction value [13,42]. DLC and diamond films showed high friction
and wear value in inert gas and vacuum conditions due to active participation of the dangling σ
bonds at sliding interface [42,64-66]. However, an ultralow friction value was observed in
hydrogenated DLC and hydrogenated amorphous carbon (a-C:H) films in N2 and Ar
atmospheres [67,68]. Moreover, the friction value of these films was higher in O 2 and ambient
conditions. The electrostatic repulsion of nitrogen terminated sliding interfaces is responsible for
the reduction in the friction value of a-C:H and diamond films [69]. Moreover, the experiments
carried out on diamond coatings sliding against ceramic surface in dry N2 atmosphere showed
that micro-graphitization mechanism takes place which results in ultralow friction value of 0.04
[70]. The ultralow friction value of DLC films in CH4 atmosphere is correlated with the
passivation of carbon dangling bonds at the sliding interfaces by hydrogen atoms/molecules
which are chemically decomposed product of CH4 gas [67].
The improvement in high temperature tribological properties of DLC and diamond films
is a challenging task because of the phase transformation tendency of carbon structure at high
temperature. The DLC films undergo gradual transformation from highly disordered/amorphous
state to an increasingly ordered/graphitic state at elevated temperature in ambient atmosphere
[71,72]. Though, the hydrogenated DLC films provide low friction up to 300oC for shorter
sliding cycles. But these films wear out faster during repeated sliding process [71]. Moreover,
friction value of these films tend to increase with increasing test temperature mainly due to the
thermal desorption of water and other adsorbed species. The friction value and wear rate of
thermally annealed polycrystalline diamond films were found to decrease due to carbonaceous
transferfilm formation [73]. The graphitization/amorphization of diamond films has an adverse
effect on friction and wear response in high vacuum conditions which is explained by the lack of
external passivation mechanism [65,74]. Moreover, at higher temperature, tribological properties

of UNCD films were considerably degraded and failure happened mainly due to the oxidation
and amorphization/polymerization process at the sliding interface [75].

1.9. Motivation for present thesis work
Though a lot of research work is already done in UNCD tribology area but underlying tribomechanisms are not yet fully understood in different tribological conditions. The run-in behavior
is always a big concern for effective tribological performance of any mechanical device. The
comprehensive gas dependent tribological study of UNCD films in both chemically inert and
reactive gaseous media is also less reported in literature. This study specifically finds important
place for tribological application areas where tribo-contacts are exposed to specific gaseous
environment. The UNCD films can be a future promising candidate for high temperature
tribological application areas as well. Thus, it is important to have the comprehensive
understanding of the governing mechanisms of friction and wear behavior in these films in high
temperature and high vacuum tribo-conditions. Furthermore, UNCD films show high friction
value under high vacuum tribo-conditions which is supposed to be due to the lack of external
passivation mechanism. There are many factors like tribo-chemical transformation at contact
interface which is sensitive to contact stress, test temperature and tribo-test environment etc.
which complicate the understanding of governing tribo-mechanisms.
Thus, the current thesis work is devoted to improve the tribological properties of UNCD
films under wide range of tribological conditions of distinct gaseous media, high temperature and
high vacuum and also to have a comprehensive understanding of the governing tribological
mechanisms. The comprehensive study of effect of local phase composition on the tribological
behavior of UNCD films and governing tribo-mechanisms is carried out. The graphitic tribofilm
formation mechanism for observed ultralow friction behavior in UNCD films is explored. Run-in
issue is addressed to some extent employing novel Ar +-ion sputtering technique. Gas dependent
tribological mechanisms in UNCD films are studied comprehensively under inert and reactive
gaseous environments. Enhancement in tribological properties of UNCD films in high
temperature and high vacuum conditions is studied. The governing tribo-mechanisms for
observed superlubrication properties of UNCD films at high temperature and high vacuum
conditions are established. Improvement in tribological properties of UNCD films in high
vacuum conditions and understanding of underlying tribo-mechanisms is carried out. Novel
hydrogenated UNCD films are grown and intrinsic hydrogen passivation mechanisms are

established for observed low friction value in high vacuum tribo-conditions. All tribomechanisms are studied by carrying out the comprehensive sliding interface characterization
employing experimental tools e.g. AFM, FESEM, EDX, XPS, Raman spectroscopy etc. The
current thesis work is definitely going to provide better understanding to researchers about
governing tribological mechanisms in UNCD films under wide range of tribological conditions.
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Chapter 2
Experimental Methods
2.1. Introduction
This chapter presents the experimental procedures followed in the synthesis and characterization
of UNCD films. The UNCD films are grown on suitable substrate using microwave plasma
enhanced chemical vapor deposition system (MPECVD) employing optimized deposition
parameters after pretreatment seeding process. Suitable experimental techniques are used for
structural, morphological and chemical characterization of UNCD films. Detailed microstructure
and local bonding analysis of these films are carried out using high-resolution transmission
electron microscopy (HRTEM) and electron energy loss spectroscopy (EELS), respectively.
Friction and wear behavior of UNCD films are studied in detail under various set of tribological
conditions using ball-on-disc geometry micro-tribometer. Two dimensional (2D) wear profiles
are measured using stylus profilometer working in contact mode. The morphology and elemental
composition of UNCD films and wear tracks/ball scars are analyzed using field emission
scanning electron microscope (FESEM) and energy dispersive X-ray spectroscopy (EDX),
respectively. The surface topography of film and wear tracks is obtained by atomic force
microscopy (AFM). The chemical structure of films and wear tracks/ball scars is examined using
micro-Raman spectrometer. Detailed surface chemical analysis of film surface and wear
tracks/ball scars is carried out using X-ray photoelectron spectroscopy (XPS).

2.2. Film deposition
The UNCD films are grown on mirror polished Si substrates employing MPECVD system (2.45
GHz 600 IPLAS-CYRANNUS) using optimized set of deposition parameters. Before the
deposition process, the substrates are ultrasonicated in a methanol solution containing a mixture
of nano-diamond (~5 nm) and titanium (325 nm) powders for 45 minutes to facilitate the
nucleation process. The CH4 and Ar/N2 are employed as precursor gases for UNCD deposition
process. The equiaxed diamond grains are formed while employing Ar plasma whereas needlelike morphology of UNCD films is obtained in nitrogen plasma media [1]. The difference in
ionization potential of inert gases (Ar and nitrogen) significantly influences the nucleation and

growth process of UNCD films. The ionization potential basically determines the effective
pressure of reactive gases and substrate temperature required for growth process to take place. In
general, inert gas choice, deposition chamber pressure and temperature conditions tailor the
morphology, microstructure and chemical composition of the UNCD films. All deposition
process parameters e.g. plasma gas composition, microwave power, chamber pressure and
substrate temperature etc. are optimized before actual deposition process is carried out. The
schematic of MPECVD system is shown in Fig. 2.1 [2]. Details of complete set of deposition
parameters used for specific tribological study of UNCD films are provided in the respective
chapters.

Fig. 2.1. Schematic of microwave plasma enhanced chemical vapour deposition system [from
Ref (2)]

2.3. Characterization techniques
2.3.1. High-resolution transmission electron microscope and Electron energy loss
spectroscopy
Detailed microstructures and local bonding of UNCD films are studied using HRTEM (TEM;
JEOL 2100) and EELS (Getan, Enfina), respectively. In principle, an electron beam from the
electron gun, accelerated at few hundreds of kV is transmitted through an ultrathin section of a
microscopic object and image is magnified by the electromagnetic fields. The resolution of an
electron microscope is limited to about 1-2 Å. The high-resolution imaging mode of the
microscope allows one to observe planer, line defects, grain boundaries and interfaces etc. with
atomic scale resolution. The bright field/dark field imaging modes of the microscope are
combined with electron diffraction pattern to provide invaluable information about crystal phases
and defects etc. which are present in a material.
To avoid the surface contamination, bulk segment of film is considered for detailed
microstructural analysis. The TEM and EELS samples are prepared by mechanical grinding (or
dimpling) followed by Ar-ion milling of UNCD films. Thus, the thin foil used for TEM analysis
is basically from the close vicinity of the UNCD film surface. The Bright Field (BF) TEM
microstructures of UNCD films along with the selected area electron diffraction (SAED) pattern
are studied for detailed microstructural analysis of these films. The SAED pattern of UNCD
films show sharp diffraction rings corresponding to (111), (220) and (311) planes of the diamond
lattice confirming that these films are polycrystalline in nature. The lattice plane spacing of
(311), (220) and (111) planes are found to be 0.11, 0.12 and 0.21 nm, respectively, which
confirm the crystalline diamond structure [3]. The diffused ring in the center of SAED pattern
indicates the presence of a-C/sp2 bonded phase. The diamond and a-C phases are further
confirmed by Fourier Transform (FT) images.

2.3.2. Field emission scanning electron microscope and Energy dispersive Xray spectroscopy
Morphologies of UNCD films are obtained using FESEM (Zeiss Supra 55). The thickness of
UNCD samples are measured using cross-sectional SEM image of freshly cleaved edge of
Si/UNCD system. In FESEM, a field emission cathode of the electron gun provides narrower
probing beams at low as well as high electron energy with less spread and thus, resulting in

improved spatial resolution and minimized sample charging and damage. In principle, the
specimen is exposed to a narrow electron beam from an electron gun. The electron beam is
accelerated through a high voltage (e.g. ~20 kV) and passes through a system of aperture and
electromagnetic lenses to produce a fine beam of electrons which rapidly scans the surface of the
specimen and thus, generating secondary electrons, backscattered electrons and characteristic Xrays. These signals are collected by suitable detectors. The secondary electron imaging shows the
morphology of surface features a few nm across. The Z contrast features seen in the
backscattered electron (BSE) image can be analyzed for elemental mapping using EDX and to
identify the elemental composition of materials imaged in SEM for all elements with an atomic
number greater than boron. The energy of each X-ray photon is characteristic of the element
which produced it. The EDX spectroscopy allows one to identify the particular elements present
in the sample and their relative proportions. The FESEM technique combined with EDX is very
much useful for understanding the tribological mechanism in UNCD films. Post tribology, the
wear track/ball scar dimensions and their deformation behavior are studied using FESEM
technique. Moreover, elemental mapping using EDX on ball scars reveal the distinct nature of
transferlayer formed as a result of tribological sliding process.

2.3.3. Atomic force microscopy
The AFM (NT-MDT) is employed to analyze surface topography and roughness of UNCD films
and wear tracks. The UNCD films generally exhibit very smooth surface with roughness of the
order of only few nanometers (nm) [1]. The basic principle of AFM is that a sharp probe is
maintained in close contact with the sample surface by a feedback mechanism. As the probe
scans the surface, the vertical movement of the probe to stay at the same probe-sample distance
is taken to be the sample topography. The most commonly used probes are micro-fabricated
silicon (Si) or silicon-nitride (Si3N4) cantilevers with sharp tips. Typically, the probe radius
varies between 5 to 20 nm. The bending of the cantilever normal to the sample surface is usually
monitored by an optical lever. The movement of the probe over the surface is controlled by a
scanner. The scanner is normally made from a piezoelectric material which can move the probe
very precisely across x, y and z axes. The signal from the four quadrant photo detector passes
through a feedback circuit and into the z movement part of the scanner to maintain the probesample distance at a set value. As the cantilever acts as a spring, a fixed cantilever deflection
means a fixed sample-probe force is maintained. The amount by which the scanner has to move

in z-axis to maintain the cantilever deflection is considered to the sample topography. In this
thesis work, the tribolayer formation characteristic in UNCD films is studied in detail using the
AFM technique.

2.3.4. Raman spectroscopy
Raman spectroscopy is one of the most widely used techniques to characterize the carbon based
materials. The detailed chemical structural characterization of UNCD films and wear tracks/ball
scars are analyzed employing micro-Raman spectrometer (Andor SR-500i-C-R, λ=532 nm).
Moreover, transferlayer formation characteristic in these films is studied in detail using Raman
spectroscopy to understand the governing tribological mechanisms. Raman spectroscopic
measurements are carried out to record the chemical structure of UNCD films and wear
tracks/ball scars. Raman spectroscopy involves molecular and crystal lattice vibrations and
therefore, it is sensitive to composition, bonding, phase and crystalline structure of the sample
material. Raman spectroscopy comprises a family of spectral measurements made on molecular
media based on inelastic scattering of electromagnetic radiation. During the process, the energy
is exchanged between the photon and the molecule such that the scattered photon is either of
higher or lower energy than the incident photon. The difference in energy is made up by the
change in the rotational and vibrational energies of the molecule and provides information on its
energy levels. These scattered photons are collected by the detector where electrical signals are
triggered and leading to appearance of Raman spectrum.
Using Raman spectroscopy, UNCD films are characterized by their grain boundary
phase. The characteristic peaks of UNCD films are located at 1138, 1195 and 1468 cm-1 and are
assigned as non-degenerate Ag mode [4]. These bands arise from the resonance Raman scattering
processes involving  state of sp2 bonded carbon atoms associated with t-PA segments in the
grain boundaries and are termed as ν1, ν2 and ν3 modes [5]. These t-PA mode vibrations consist
of the combination of C=C and C-H wagging atomic vibrations in t-PA segment [5,6]. The ν1band is associated with the C-H in-plane bending mode [4] while the ν3-band corresponds to the
C=C symmetric stretching [6] vibration. The broad and weak ν2-band centered at 1195 cm-1
corresponds to the C-H stretching vibration [5]. The G-band located at 1559 cm-1 arises from
first order Raman scattering process; this is a doubly degenerate E 2g mode involving sp2 bonded
in-plane C-atom vibration of grain boundaries while D-band located at 1365 cm-1 is associated
with a second order Raman scattering process involving a zone boundary A1g phonon and defects

in the sp2 phase [7]. Therefore, D- and G-bands have an origin in sp2 phase in the grain
boundary. The predominant hybridized sp2 carbon in the grain boundary (D and G bands) has a
high scattering cross-section in visible wavelength regime while the sensitivity of scattering
cross-section decreases significantly for sp3 bonded diamond phase (grain) [8]. Therefore, the
presently recorded Raman spectrum excited using a visible laser line is dominated by the
contribution from sp2 carbon rich grain boundaries. On the other hand, a weak D *-band at 1336
cm-1 corresponds to sp3 nanodiamond phase [5]. The full width at half maximum (FWHM) of
this band is 52 cm-1, much larger than that observed in bulk diamond (FWHM=1.2 cm-1) [9].
This broadening in Raman band is related to the phonon confinement effect due to nano size of
the diamond grains.

2.3.5. X-Ray photoelectron spectroscopy
The detailed surface chemical analysis of UNCD films and wear tracks/ball scars are carried out
by XPS (Sigma probe-Thermo VG Scientific) equipped with hemispherical analyzer and microfocused monochromatic X-ray source with spatial resolution of 50 µm. The XPS is carried out
using Al Kα radiation (E = 1486.6 eV) with an energy resolution of 0.47 eV. This enables one to
explore chemical characteristic not only on the surface but also inside the wear track/ball scar. In
XPS, the sample is illuminated with soft (~1.5 kV) X-ray radiation in ultrahigh vacuum (10 -10
Torr). The photoelectric effect caused by the X-rays leads to the production of photoelectrons,
the energy spectrum of which is readily obtained. The energy spectrum permits us to determine
the chemical composition of the sample. The kinetic energy of the emitted photoelectrons E k is
measured. Knowing the photon energy hv, one can plot the binding energies E B of the
photoelectrons on a spectrum using the Einstein equation: EK = hv- EB. As the binding energies
of the electron orbitals in atoms are known, the positions of the peaks allow one to identify the
elements present on the sample surface. A measurement of the relative areas of the photoelectron
peaks allows the composition of the sample to be determined quantitatively. Because the
photoelectrons are attenuated by passage through the sample material itself, the information is
limited to a surface, with a sampling depth of the order of 5-10 nm. Chemical bonding will
frequently have the effect on the binding energy of the electron orbital and give rise to an
observable chemical shift in the kinetic energy of the photoelectrons. These binding energies can
be used to extract information of the chemical nature (such as chemical oxidation state) from the
sample surface. In one specific study in this thesis work, low energy Ar +-ion beam (E = 1 keV)

coupled with XPS chamber in ultrahigh vacuum (~10−10 mbar) condition is used for the surface
modification of UNCD films to address run-in behavior and also for carrying out detailed gas
dependent tribological analysis of these films. For comprehensive chemical analysis of the film
surface, depth-resolved XPS analysis is carried out simultaneously after each sputtering cycle of
5, 10, 15, 20, 25 and 30 min. For this purpose, the wide range and high-resolution XPS spectra of
C1s and O1s are recorded. XPS technique also helps to characterize transferlayer/tribolayer
formation in wear tracks/ball scars to understand the tribological mechanisms in UNCD films.

2.3.6. Surface profilometer
Two dimensional (2D) contact profilometer is used for the measurement of wear track
dimensions to assess wear loss. A stylus-based surface profiler measures the physical surface of
the sample. The profilometer takes measurements electromechanically by moving the sample
beneath a diamond-tipped stylus. The high-precision stage moves a sample beneath the stylus
according to a user programmed scan length, speed and stylus force. The Dektak 6M profiler
contains the mechanical and optical components for sample placement, sample viewing and
scanning/measurement. The radius of the standard diamond stylus is 12.5 μm. The stylus is
mechanically coupled to the core of an LVDT (Linear variable differential transformer). As the
stage moves the sample, the stylus rides over the sample surface. Surface variations cause the
stylus to be translated vertically. Electrical signals corresponding to stylus movement are
produced as the core position of the LVDT changes. The LVDT scales an AC reference signal
proportional to the position change, which in turn is conditioned and converted to a digital
format through a high precision, integrating, analog-to-digital converter. The digitized signals
from printing a single scan are stored in computer memory for display, manipulation,
measurement and printing.

2.3.7. Tribology tests
Tribometer measures the magnitude of friction as the two surfaces slide against each other in
given set of tribological conditions. For tribology measurement, a flat or a spherical probe is
placed on the test sample and loaded with a precisely known weight. Several possible contact
geometries include pin-on-disc, ball-on-disc and flat-on-disc etc. The resulting frictional forces
acting between the probe and sample are measured. In this present thesis work, the friction
behavior of UNCD films is measured by a ball-on-disc geometry standard micro-tribometer
operating in a linear reciprocating mode. Furthermore, high temperature and high vacuum

tribological tests of UNCD films are carried out using ball-on-disc geometry high temperature
and high vacuum tribometer (HTHVT, Anton Paar, Switzerland)) working in circular motion
mode. The images of HTHV tribometer coupled with micro-Raman spectrometer and standard
tribometer used for the tribological measurements of UNCD films and the schematic of ball-ondisc geometry standard micro-tribometer are shown in Fig. 2.2.

(a)

(b)

(c)

Fig. 2.2. (a) Photograph of HTHV micro-tribometer coupled with micro-Raman spectrometer,
(b) photograph of standard micro-tribometer and (c) schematic diagram of ball-on-disc
geometry standard micro-tribometer

The ball is mounted on a stiff lever, designed as a frictional force transducer. The friction
coefficient is calculated during the tribo-test by measuring the deflection of the elastic arm by
LVDT sensor. The coefficient of friction is measured as the ratio of tangential force to normal
force i.e. μ = F/N.
In this thesis work, the detailed tribology behavior of UNCD films is explored. Inert
Zirconia (ZrO2, 6mm dia.) and Alumina (Al2O3, 6mm dia.) balls are selected as counterbody
against UNCD film samples for tribological testing. The comprehensive tribological behavior of
UNCD films is studied in ambient atmosphere, inert and reactive gaseous media, high
temperature and high vacuum tribological conditions. The main emphasis is given to improve the
tribological properties of UNCD films and also to understand the governing tribological
mechanism in these films under different set of tribological test conditions. The details of tribotest parameters used for the specific tribological study will be discussed in the respective
chapters.
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Chapter 3
The Effect of Local Phase Composition on the
Tribological Properties of UNCD Films
3.1. Introduction
Friction and wear behavior of any material can be controlled effectively only when we
understand the governing tribological mechanisms in detail. The microstructural parameters e.g.
the grain size, orientation of the crystalline phase, grain boundary phase composition, roughness,
hardness and elastic modulus etc. influence the tribological properties of carbon based materials
[1-6]. Moreover, grain and grain boundary phase characteristics are important factors to
understand the friction and wear behavior in nano/ultrananocrystalline diamond films [4,7]. The
tribological properties of diamond are shown to improve with the decrease in their grain size
which is supposed to be due to increase in amorphous carbon (a-C) and graphite phase in the
grain boundary [6]. The chemical phase transformation in tribo-contact interface further makes
the understanding of tribo-mechanisms a bit complex subject. It is reported in the literature that
friction and wear of diamond and DLC films decrease when graphitic tribolayer is formed in the
sliding interface [8-14]. But there is not much experimental reports available in literature to
support the same for UNCD films. Moreover, some studies suggest that the passivation
mechanism governs the ultralow friction value observed in UNCD films [15,16].
In this chapter, the comprehensive understanding of the governing mechanisms behind
the role of local phase composition on the friction and wear behavior of UNCD films is
developed. Two different sets of UNCD films are grown on silicon (100) substrates using
MPECVD system to have comparative tribological study with respect to local phase
composition. In-situ electrical contact resistance (ECR) measurements are also carried out to
analyze the electrical resistivity of the sliding interface which can provide some insight about the
tribofilm formation process. Furthermore, the dynamics of topographical evolution of secondary
phase i.e. tribofilm in wear track during tribological process and its chemical characterization is
also studied in detail. The underlying mechanism for observed tribological properties is
established in these UNCD films.

3.2. Experimental
One set of UNCD films designated as UNCDAr is grown on silicon (100) substrate using
CH4(1%)/Ar(rest) plasma media, microwave power of 1200 W, pressure of 120 Torr and
substrate temperature of 450˚C using MPECVD system. While deposition parameters used for
the growth of other set of UNCD films designated as UNCD N are CH4(6%)/N2(rest) plasma
media, microwave power of 1200 W, pressure of 50 Torr and a substrate temperature of 700oC
[5]. The morphologies and chemical structures of films are studied using FESEM and Raman
spectroscopy, respectively. The microstructure and local bonding configuration of these films is
analyzed using HRTEM and EELS, respectively.
The tribological properties of these UNCD films is studied using ball-on-disc geometry
micro-tribometer working in a linear reciprocating mode and coupled with ECR measuring
device under ambient (dry and unlubricated) conditions. For these measurements; the normal
load, sliding speed and stroke length are chosen as 2 N, 4 cm/s and 4 mm, respectively. The
chemically stable ZrO2 ball with 6 mm diameter and average roughness (Ra) 45 nm is selected as
sliding counterbody mainly to avoid oxidation/corrosion wear [17]. The hardness and elastic
modulus of ZrO2 balls is 12 GPa and 200 GPa, respectively. Two dimensional wear profiles are
measured by stylus profilometer. The surface topography of films and wear tracks are analyzed
by AFM. Moreover, detailed chemical analysis of UNCD films and wear tracks are carried out
using EDX, Raman spectroscopy and XPS techniques.

3.3. Results and discussion
3.3.1. The morphological analysis of UNCD films
The FESEM micrographs of UNCD films are shown in Figs. 3.1a,b. The densely packed
nanostructural characteristics are observed in both films. The UNCD Ar films consist of uniformly
distributed equiaxed fine spherical features while in UNCDN films, needle like elongated sharp
features of ~50−200 nm in length and few nanometers in diameter are seen. The different set of
plasma conditions employed for the deposition of UNCD films modifies the morphology of these
films [5]. Both films are of similar thickness ~400-500 nm as evident from the FESEM crosssectional image as shown in the inset of Figs. 3.1a,b.

Fig. 3.1. Morphology of (a) UNCDAr and (b) UNCDN films with cross-sectional images shown in
the insets

3.3.2. The microstructural analysis of UNCD films
The detailed microstructural analysis of both sets of UNCD films is carried out using TEM and is
presented in Fig. 3.2. The bright field (BF) TEM micrograph image with SAED pattern as shown
in the inset of Fig. 3.2ai,a confirms that UNCDAr films are primarily constituted of diamond
nanocrystals. Moreover, diffused central ring indicates the presence of the sp2-bonded carbon
(graphitic or a-C phase). So, diamond nanocrystals are embedded in sp2 carbon or amorphous
carbon. The distribution of phase constituents is clearly understood by composed dark field (cDF) image which is superposition of several dark field images corresponding to different
portions of SAED pattern (Fig. 3.2ai,b). The inset ‘I’ in Fig. 3.2ai,c reveals that diamond grains
are ~5 nm in size. Moreover, HRTEM micrograph shown in Fig. 3.2ai,c reveals the structure
image of designated area ‘A’ in Fig. 3.2ai,a. The Fourier transformed diffractogram of the whole
structure image (FT0) shows the presence of spotted diffraction pattern and diffused central ring.
The corresponding FT1 and FT2 images of designated areas ‘1’ and ‘2’ confirm the presence of
diamond and a-C phases in UNCDAr films, respectively.
Similarly, the detailed microstructural analysis for UNCDN films is shown in Fig. 3.2bi.
BFTEM image shown in Fig. 3.2bi,a indicates the randomly oriented nanowire like feature of
50−200 nm in length and few nanometers in diameter. The SAED pattern implies that these
nanowires are comprised of diamond structure. Prominent diffused central ring signify the
existence of large fraction of graphitic phase in these films. The microstructural report on
UNCDN films states that graphitic phase is formed during the growth process while employing
CH4/N2 plasma media [18]. The c-DF image shown in Fig. 3.2bi,b indicates that each of the

needle-like diamond grains is surrounded by graphitic phase. The FT pattern (FT 0) shown in the
inset of Fig. 3.2bi,c reveals the presence of diamond and graphite phases. The FT 1 and FT2 image
corresponding to area ‘1’ and ‘2’ confirms the presence of diamond and graphitic structures,
respectively. These results collectively indicate that UNCDN films possess diamond nanowires
which are encapsulated by the sheath of graphitic phase.

Fig. 3.2. Microstructural analysis of (ai) UNCDAr and (bi) UNCDN films, (a) BF and (b) c-DF
TEM images of UNCD films with their corresponding SAED patterns shown in insets, (c)
HRTEM structure image corresponding to designated region A in panel (a) for both cases
To confirm further about the nature of sp2-bonded carbon phase in UNCD films i.e. amorphous
or crystalline, the EELS spectra [19] corresponding to BFTEM micrographs of Fig. 3.2ai,a and
Fig. 3.2bi,a are examined (Fig. 3.3). EELS is a unique technique to characterize the local bonding
nature in UNCD films [19-20]. Curve I and II in Fig. 3.3a correspond to core-loss EELS
spectrum of UNCDAr and UNCDN films, respectively. An abrupt rise in *-band (near 290 eV)

and a deep valley near 302 eV is observed in UNCDAr films correspond to typical EELS
spectrum of diamond [20,21]. Moreover, a small *-band at 284.5 eV indicates the presence of
some sp2-bonded carbon in UNCDAr films. Interestingly, distinct high intensity of *-band in
Curve II indicating the larger proportion of sp2-bonded carbon phase in UNCDN films.

Fig. 3.3. (a) core-loss and (b) plasmon-loss EELS spectra of UNCD films
Furthermore, the plasmon-loss EELS spectrum is examined to differentiate the crystalline sp2bonded carbon (i.e. graphite) from a-C phase in these UNCD films. The graphitic phase shows a
prominent peak at position s3 (27 eV) while a-C shows at s1 (22 eV) [20,21] as indicated in Fig.
3.3b. The crystalline sp3-bonded carbon (i.e. diamond) shows a peak at s4 (33 eV) corresponding
to bulk plasmon loss and a shoulder at s2 (23 eV) corresponding to surface plasmon loss. The
UNCDAr films (curve I, Fig. 3.3b) shows s2 and s4 peaks, indicating that these films constitute
predominately diamond [21] with small fraction of sp2-bonded carbon. However, for UNCDN
films (curve II, Fig. 3.3b), the plasmon-loss spectrum is dominated by s3-band (27 eV) and s2and s4-bands are of much lower intensity, indicating that sp2-bonded carbon (π*-band) implied
by core-loss EELS is nanographitic phase rather than a-C.
The Raman spectroscopy analysis also confirms that UNCDN film consists of higher
graphitic phase fraction compared to UNCDAr films [22]. Moreover, Hardness and elastic
modulus values in UNCDN films are 14.8 and 165 GPa, respectively, compared to 23 and 215
GPa in UNCDAr films which is supposed to be due to relatively high graphitic phases in UNCD N
films [5].

3.3.3. The friction and wear analysis of UNCD films
3.3.3.1. Friction behavior
The tribological tests coupled with in-situ ECR measurements are carried out for both UNCD
films while sliding against ZrO2 ball counterbody in ambient (dry and unlubricated) conditions.
The friction trend against sliding distance is shown in Fig. 3.4 for both sets of UNCD films. The
tribological tests are carried out for long sliding distance of 500 m to study the saturated friction
coefficient value.

Fig. 3.4. Friction coefficient and ECR trend in (a) UNCDAr and (b) UNCDN films
The observed trend of friction value is different in both films. For UNCD Ar films, the friction
coefficient is large ~0.27 at the initial stage of sliding process and gradually saturates to ultralow
value ~0.08 after long run-in period of ~100 m (Fig. 3.4a). While for UNCDN films, it rapidly
saturates to ultralow value ~0.04 with negligibly small run-in regime (Fig. 3.4b). These
tribological results are found to be reproducible as well. In Fig. 3.4(a), ECR drops initially along
with friction for UNCDAr films, but then it rises again almost to the original value while friction
remains constant. In Fig. 3.4(b), ECR keeps dropping throughout the whole sliding process for
UNCDN films while friction drops initially and then remains almost constant. The decrease in
ECR value is significantly observed in UNCD N films. The distinct trend of friction value in these
films depends on several factors e.g. chemical composition, sp 2/sp3 phase fraction, surface
roughness and mechanical properties of films etc. However, surface roughness value of UNCD Ar
and UNCDN films are similar i.e. 9.4 and 13 nm, respectively [5]. Therefore, the surface
roughness parameter alone is not a governing factor for observed distinct friction trend in these

films. Thus, it is supposed that different local phase composition in these films probably tailors
the observed friction behavior in UNCD films.

3.3.3.2. Wear behavior
The detailed wear analysis in both sets of UNCD films is presented in Fig. 3.5. Wear loss from
UNCDAr films is negligibly small (only few nm in depth) even after covering sliding distance of
500 m as depicted in 2D wear profile and optical image (Fig. 3.5a). Thus, UNCDAr films exhibit
good wear resistant property even after covering 500 m of sliding distance. However, large scar
size on ZrO2 ball counterbody is observed. In contrast, negligible loss from ZrO 2 ball and
considerable wear dimension (~100 nm in depth) from UNCDN films is seen. To have better
understanding of wear dynamics in both UNCD films, wear analysis is carried out at the
beginning of sliding process as well i.e. 5 m of sliding distance (Fig. 3.5b).

Fig. 3.5. Wear analysis of UNCDAr and UNCDN films at (a) 500 m and (b) 5 m sliding distances,
left side: 2D wear profile of wear tracks, right side: optical images of wear tracks and ball scars
in the sliding combination of UNCDAr/ZrO2 and UNCDN/ZrO2

Similar wear trend is observed in UNCD Ar films throughout the whole sliding process i.e. at the
beginning (5 m) and at the end (500 m) of sliding process. Even at 5 m sliding distance, the wear
of ball counterbody is noticeably high. This kind of wear behavior is possibly due to hard
UNCDAr film sliding against soft zirconia ball and small amount of graphitic/a-C phases. In
contrast, for UNCDN films, even at 5 m sliding distance, considerable wear from film (~70 nm in
depth) is observed while ball does not wear out. This distinct behavior is probably due to large
amount of soft phases i.e. graphite and a-C encasing the needle-like diamond grains which are
ripped off during the sliding process.

3.3.4. The topographical analysis of wear tracks
3.3.4.1. 2D and 3D AFM topographical images
To understand the distinct tribological behavior of both UNCD films, the sliding distance
dependent 2D and 3D topographical analysis of wear track is carried out using AFM technique
(Fig. 3.6). Granular shaped and densely packed diamond nanoparticles are present at UNCD Ar
film surface as clearly shown in 2D and 3D topographical images (Figs. 3.6ai,aii). The 2D and 3D
topographies of wear tracks at sliding distance of 100 m (i.e. end of run-in regime) and 500 m
(i.e. end of sliding process) are presented in Figs. 3.6bi,bii and ci,cii, respectively. At sliding
distance of 100 m, the UNCD film surface shows signature of onset of plastic deformation
process. Moreover, severe plastic deformation is observed in the wear track at sliding distance of
500 m where ultranano feature of diamond particles disappeared and elongated secondary phase
is formed which is distributed all over the wear track. The morphology of these secondary
particles is completely different from UNCD Ar film surface.

Fig. 3.6. AFM analysis of UNCDAr films: (ai & aii) surface topography of film, and topography
of wear track formed at different sliding distances: (bi & bii) 100 m and (ci & cii) 500 m, sliding
direction common for all images
Similarly for UNCDN films, the 2D & 3D topographical images are shown in Figs. 3.7ai,aii. At
sliding distance of 100 m, big diamond particles transform into secondary phase fine particles
due to plastic deformation process under continuous tribological stress condition (Figs. 3.7bi,bii).

Moreover, due to these fine particles which act as third body, grooves appear in the wear track
under non-homogeneous contact stress distribution as indicated by arrow marks in Fig. 3.7bi and
also clearly shown in 3D image (Fig. 3.7bii).

Fig. 3.7. AFM analysis of UNCDN films: (ai & aii) surface topography of film and topography of
wear track formed at different sliding distances: (bi & bii) 100 m and (ci & cii) 500 m, grooves
shown by arrow marks, sliding direction common for all images

The plastic deformation and wear process of these UNCD N films is relatively easy compared to
UNCDAr films due to high fraction of graphitic phase encasing the needle-like diamond grains.
The friction coefficient drops to saturated low value once surface contamination is removed and
nanodomain secondary particles are formed. At sliding distance of 500 m, spherical
nanodomains are observed which are grown to size of 200-300 nm (Figs. 3.7ci,cii). In the
beginning of plastic deformation process, the size of these secondary particles is very small
(Figs. 3.7bi,bii), indicating high surface energy and one possible way to reduce its energy is by
growing into bigger one. The cohesive energy barrier for nucleation process is also small due to
small size particles which possess high surface energy [23,24]. Moreover, the mobility of these
nanodomains under continuous tribo-stress conditions favors them to nucleate with other
nanosize domains to form bigger particles (Figs. 3.7ci,cii). From topographical analysis, it is
confirmed that some tribolayer is formed inside wear track under continuous sliding process.
Furthermore, in both UNCD films, the virgin film surface gets smoothened during
tribological tests due to continuous plastic deformation process which acts as polishing media.
This is clearly shown in 3D images of Fig. 3.6 and Fig. 3.7. The average roughness value (Ra) of
wear tracks at sliding distance of 100 m and 500 m is reduced to 4.9 nm and 3.3 nm,
respectively, for UNCDAr films and 3.3 nm and 1.4 nm, respectively, for UNCDN films which
are considerably less compared to that of virgin films.

3.3.4.2. Topographical dynamics of secondary phase nanoparticles in UNCD N
films
High-resolution AFM images inside wear track of UNCDN films at the end of sliding process are
analyzed to understand the topographical dynamics of these secondary phase nanoparticles under
progressive loading conditions of 10, 20, 40, 60, 80, 100, 120 and 140 nN (Figs. 3.8a-h). At
lowest force condition (i.e. 10 nN), these secondary particles possess lateral dimension of ~200300 nm and thickness of ~2-3 nm (Fig. 3.8a). With increasing force magnitude, the extent of
deformation increases along with slight changes in thickness value (Figs. 3.8b-h). Moreover,
these particles are completely deformed at higher loading condition as shown in Figs. 3.8g,h. The
topography of these nanodomains appears quite similar to two dimensional (2D) graphitic
platelets. As UNCDN films contain more graphite phase encasing the needle-like diamond grains
and thus, the deformation of this phase may lead further nucleation of 2D secondary graphitic
phase under tribo-stressed conditions during continuous sliding process.

Fig. 3.8. 3D topography of nanodomains formed in the wear track of UNCDN films at sliding
distance of 500 m: scan a to h corresponds to nanodomains under respective forces: 10, 20, 40,
60, 80, 100, 120 & 140 Nn

3.3.5. The chemical analysis of wear track in UNCD N films
3.3.5.1. EDX mapping of wear track
To understand the chemical nature of tribofilm formed inside wear track of UNCD N films, the
elemental composition of secondary phase nanoparticles is analyzed using EDX elemental
mapping technique (Fig. 3.9). The EDX spectra are recorded at various locations inside the wear
track and the spectral characteristic is found to be similar. The elemental composition analysis
clearly suggests that particles inside the wear track are mainly constituted of carbon (97 atomic
percent, at.%) (Fig. 3.9a). The morphology of these secondary particles is also shown in highresolution backscattered electron (BSE) image (Fig. 3.9ai). Furthermore, O, Si and Zr elemental
composition is negligibly small i.e. only 1 at.% as shown in Figs. 3.9b-e. The very weak intensity
of Zr clearly confirms the absence of Zr/ZrO2 adhesive layer formation inside the wear track.
The superimposed image of all elements is shown in Fig. 3.9f. Thus, from this analysis, it is clear
that chemical nature of tribofilm formed inside wear track is carbonaceous.

Fig. 3.9. EDX spectra of wear track in UNCDN films: (a) Backscattered electron (BSE) image
selected for EDX mapping and (ai) High-resolution image inside wear track, (b) C-K edge, (c)
O-K edge, (d) Si-K edge, (e) Zr-L edge and (f) superimposed images of all elements, atomic
percentage (at.%) is also shown

3.3.5.2. High-resolution XPS analysis of wear track
The high-resolution XPS analysis is carried out inside wear track of UNCD N films to know more
about the chemical bonding nature of tribofilm. The XPS of UNCD N film surface is shown in
Fig. 3.10ai for reference purpose. The survey spectra at film surface shows strong peak of carbon
(C1s) and oxygen (O1s) at 285.5 and 533.1 eV, respectively (Fig. 3.10a i). Moreover, XPS is
taken at two different locations inside the wear track (Figs. 3.10a ii-aiii). In wear track also, strong
bands of C1s and O1s are observed and a very small peak of Zr3d is also present at 182.8 eV
[25]. The at.% of C, O and Zr elements is 76.43, 22.29 and 1.28, respectively. The Zr/C+O ratio
is ~0.01 which clearly rules out the Zr/ZrO2 adhesive transferlayer formation inside the wear

track. This study indicates that the tribofilm is mainly constituted of carbon/oxidized-carbon
components.

Fig. 3.10. (a) Survey XPS spectra of (ai) UNCDN film surface and (aii & aiii) at two different
spots as shown in the micrograph inside the wear track, HR C1s XPS of (b) film surface and (c)
inside wear track
The deconvoluted XPS spectra of UNCDN film surface and wear track are shown in Figs.
3.10b,c, respectively. The deconvoluted bands located at 284.2 and 286 eV at film surface
correspond to sp2 and sp3 carbon network, respectively [26,27]. The Shirley fitting procedure is
followed for XPS spectra deconvolution [28]. In wear track, sp3 peaks are shifted to lower
binding energy side i.e. 285.5 eV which is indicative of high sp2 phase fraction [29,30].
Moreover, small peak of π–π* shake-up signal at 290.0 eV is characteristic of sp2 hybridized
carbon [31] which arises due to interaction of excited (emitted) photoelectrons with the electrons
of graphite structure. The sp2/sp3 ratio is increased to 2.01 inside wear track compared to 0.58 on

the film surface which is due to tribochemical transformation of sp 3 UNCD into graphite phases.
This clearly confirms that carbonaceous tribofilm is mainly composed of graphite phase [30].
Detailed Raman measurements inside wear track of these films also corroborated with these
results [22].

3.4. Tribology mechanism
The chemical affinity of ZrO2 ball is weak towards diamond films which restricts adhesive
tribolayer formation process. The friction and wear of diamond films is high for counterbody
having high chemical affinity which can form adhesive tribolayer [32]. The ECR value of
UNCDN films is high in the beginning of tribo-test which gradually decreases with sliding
distance (Fig. 3.4b). This suggests the formation of conductive graphitized tribolayer and
simultaneous decrease in friction value also. The nucleation of nanographitic phase during tribotest is clearly evident from AFM, EDX and XPS analysis of wear track which explains short runin regime and low stable friction coefficient value in UNCD N films. However, decrease in ECR
value in UNCDAr films is not much significant (Fig. 3.4a) which suggests that the nucleation of
nanographitic phase in the wear track is limited for these films. Furthermore, the limited
graphitic phase in UNCDAr films makes these films highly wear resistant (Fig. 3.5).

3.5. Conclusions
Two sets of UNCD films are grown on Si substrate employing distinct CH 4 or N2 plasma media
in MPECVD system in order to study the effect of local phase composition on the tribological
properties of UNCD films. Two different friction and wear behavior are observed in both sets of
UNCD films. For UNCDAr films, longer run-in is observed and the value of friction coefficient is
also high in this regime. The microscopic observation of wear track shows the plastic
deformation of film surface with sliding distance. The secondary phase constituted of graphitic
nanodomains nucleated inside wear track of UNCDN films due to tribochemical reaction during
continuous sliding process is clearly evident by in-situ ECR measurement, AFM and
spectroscopic techniques. Thus, short run-in regime, low stable friction coefficient value
observed in UNCDN films is governed by graphitic tribofilm formation mechanism.
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Chapter 4
The Effect of Gaseous Testing Environment on the
Tribological Properties of UNCD Films and
Addressing the Run-in Regime Issue
4.1. Introduction
The diamond thin films are used extensively for huge range of mechanical, biological and
tribological applications [1-3]. The UNCD films showed ultralow friction coefficient and
negligible wear [4,5] as studied in the previous chapter. However, the run-in regime is sustained
for long duration of sliding process which is supposed to be due to surface contamination and
adsorption of atmospheric species at film surface [6-8]. In few cases, run-in period is reported to
be due to initially high film surface roughness only [9-11]. The run-in regime is reported to
shorten with the increase in sp2-bonded graphitic phase fraction in NCD/UNCD films [5,12]. The
run-in tribological behavior of DLC and diamond films depend on humidity [12-15] and gaseous
environmental conditions also [16,17]. It is reported that the removal of surface oxide layer is
responsible for the observed run-in regime in DLC films. Furthermore, the nature of run-in
regime is also distinct for different gaseous conditions [6]. So far, the tribological analysis of
crystalline diamond films is less reported in different gaseous tribological conditions compared
to DLC films. The low friction value studied in UNCD films in ambient/humid atmospheric
conditions is reported to be due to effective passivation of dangling bonds by decomposed water
molecule species [14,15,18,19]. The ultralow friction value is reported in hydrogenated carbon
films in N2 and Ar gaseous atmosphere conditions [16,20]. Adsorption of N 2 molecules at sliding
interface provides electrostatically repulsive nitrogen-terminated sliding interface which is
supposed to be responsible for ultralow friction value in these films [21]. But there is no
experimental proof available in the literature yet to validate this hypothesis. Moreover, ultralow
friction of DLC films in CH4 atmosphere is associated with the passivation of dangling carbon
bonds by hydrogen atoms/molecules, the decomposition product of CH 4 at sliding interface [16].
Thus, in this chapter, to address the run-in regime issue, chemically adsorbed oxygen/oxyfunctional contaminations are removed from UNCD film surface using novel low-energy (1 keV)

Ar+-ion sputtering process. The UNCD films are sputtered to the depths of 6, 12, 18, 24, 30 and
36 nm. The run-in regime and tribological properties of these surface modified UNCD films are
studied comprehensively in distinct gaseous conditions of both inert and reactive. The friction
and wear mechanisms are established in these films under different tribo-atmospheric conditions
based upon experimentally observed results.

4.2. Experimental
The UNCD films are deposited on mirror-polished silicon (100) substrates using MPECVD
system employing optimized deposition parameters of CH 4(4%)/Ar(rest) plasma media,
microwave power of 1200 W, pressure 150 Torr and substrate temperature 550 o C. In-situ depthresolved surface chemical analysis of UNCD films is carried out after each sputtering cycle of 5,
10, 15, 20, 25 and 30 min using XPS. The surface topography and chemical structure of these
films is analyzed using AFM and micro-Raman spectroscopy, respectively.
The detailed tribological analysis of UNCD films is carried out in ambient atmosphere,
N2, Ar and CH4 gaseous media while sliding against alumina Al2O3 ball (6 mm diameter, Ra ~ 45
nm) using ball-on-disc geometry micro-tribometer, operating in linear reciprocating mode.
Tribology test parameters; normal load, sliding speed and linear track length are kept fixed as 0.5
N, 3 cm/sec and 4 mm, respectively, for all tribo-tests. Residual RH in tribometer chamber is 5 ±
2% for N2, Ar and CH4 gaseous conditions and 63 ± 2% for ambient atmosphere (Amt). The asdeposited and Ar+-ion sputtered films for 15 and 30 min designated as FAr_15 and FAr_30,
respectively, are selected for detailed tribology study. Optical microscope is used for 2D wear
analysis of these UNCD films and alumina balls. Moreover, chemical nature of transferfilm
formed on alumina ball scar is analyzed using EDX and XPS techniques.

4.3. Results and discussion
4.3.1. The depth-resolved surface chemical analysis of films
The comprehensive depth-resolved surface chemical analysis of UNCD films is carried out using
XPS. These films are sputtered to 6, 12, 18, 24, 30 and 36 nm of depths vertically corresponding
to sputter time of 5, 10, 15, 20, 25 and 30 min, respectively and XPS spectra are recorded after
each sputtering cycle. The survey XPS spectra are shown in Fig. 4.1 which represents the
decrease in O1s/C1s peak intensity ratio with increasing sputtering depth. This clearly indicates
that more oxygen is adsorbed at film surface either physically or chemically compared to the
inner depth of the film surface. This oxygen contamination probably comes either from

atmosphere or during film deposition process. Apart from these carbon and oxygen peaks, less
intense Si2p and Si2s peaks are also observed in these spectra which are related to silicon
substrate.

Fig. 4.1. Depth-resolved XPS survey spectra: (a1) as-deposited UNCD film surface and (a2−a7)
for sputtered film surface of depths 6, 12, 18, 24, 30 and 36 nm
Furthermore, the depth-resolved high-resolution XPS analysis of UNCD films is also carried out
to have better understanding about bonding characteristics of carbon phase (Fig. 4.2a 1-a7). The
C1s spectra are deconvoluted into four individual components A, B, C and D by following
Shirley method [22] where these components correspond to sp2, sp3 hybridized carbon phase,
carboxylic (C−O/C−OH) and carbonyl (C=O) functional groups, respectively [14,23,24].
Furthermore, high-resolution depth-resolved XPS analysis of O1s photoelectrons is also carried
out which clearly indicate the removal of oxygen entities from sputtered film surfaces [25]. It is
clearly evident from these XPS results that sp2/sp3 phase fraction ratio is high for as-deposited
film surface compared to Ar+-ion sputtered films i.e. sp2 carbon phase with oxygen functional
groups is dominating at as-deposited film surface (Fig. 4.2b). Also, the possibility of Ar +-ion

sputtering induced sp2 to sp3 carbon phase transformation is ruled out because significant
changes in sp2 carbon phase fraction is not observed in sputtered film surfaces for inner depths.

Fig. 4.2. Depth-resolved high-resolution C1s spectra: (a1) as-deposited UNCD film surface and
(a2−a7) for sputtered film surface of depths 6, 12, 18, 24, 30 and 36 nm, (b) (A/B): sp 2/sp3 and
A/(B+C+D) ratio: sp2/(sp3+oxygen complexes) and (c) binding energy shift of components A
and B at film surface (a1) and sputtered depth of film surface (a2-a7)
Moreover, the binding energies for both sp2 and sp3 hybridized states is found to decrease with
sputtered depth of film surface (Fig. 4.2c) which is supposed to be due to relieving of electronic
charge-screening effect of sp2 and sp3 states by oxygen atoms once these chemically adsorbed
oxygen and oxygen-functional groups are removed by Ar+-ion sputtering process [24]. So, the
sputtered film surface is relatively chemically clean which contains more sp 3 carbon phase and
fewer amounts of oxygen and oxy-functional groups compared to as-deposited film surface.

Hereafter, as-deposited UNCD films, Ar+-ion sputtered films for 15 and 30 min i.e. FAr_15 and
FAr_30, respectively, will be considered for further detailed tribological analysis.

4.3.2. The depth-resolved surface topographic analysis of films
The depth-resolved surface topographic analysis of UNCD films is carried out using AFM
technique. The 3D topographical feature of Ar +-ion sputtered UNCD films is quite similar to asdeposited films as shown in Figs. 4.3a-c. The average roughness values (Ra) in as-deposited,
FAr_15 and FAr_30 films are 19 ± 3, 22 ± 2 and 21 ± 4 nm, respectively. While the root mean
square roughness values (Rq) in as-deposited, FAr_15 and FAr_30 films is 24 ± 4, 28 ± 3 and 27 ±
5 nm, respectively (Fig. 4.3d). The slight variation in the roughness values observed in these
films is supposed to be due to Ar+-ion sputtering induced surface etching and decontamination of
film surface as discussed above in XPS section.

Fig. 4.3. 3D topography of films: (a) as-deposited, (b) FAr_15 and (c) FAr_30 films, (d) average
roughness (Ra) and RMS roughness (Rq) of d1: as-deposited, d2: FAr_15 and d3: FAr_30 films

4.3.3. The depth-resolved structural phase analysis of films
The depth-resolved structural phase analysis of UNCD films i.e. as-deposited, FAr_15 and FAr_30
films is carried out using micro-Raman spectroscopy as shown in Fig. 4.4a. The characteristic
Raman spectral signature of UNCD is clearly evident in all these films [26].

Fig. 4.4. (a) Raman spectra of films and (b) peak position of v1, v2, v3, D and G bands and
I(D)/I(G) ratio: (a1) as-deposited, (a2) FAr_15 and (a3) FAr_30 films
The systematic peak intensity reduction and blue shift of v1, v2 and v3 bands are observed in
FAr_15 and FAr_30 films with reference to as-deposited films (Figs. 4.4a1-a3) which indicate
about the change of long t-PA chains into shorter one after Ar+-ion sputtering process [27].
Moreover, the blue shift of G band and increase in I(D)/I(G) ratio in sputtered films are
fingerprint of small in-plane size of sp2 phase [28]. Furthermore, the relative increase in D band
intensity after sputtering process also indicates the decrease in graphite phase and increase in a-C
and sp3 phase in sputtered films. Moreover, the Raman analysis carried out at various locations
in these films also supports these results as shown in Fig. 4.4b. It is reported that the sp2 phase
rich layer is formed at film surface during final steps of deposition process [29]. The depthdependent variation in the chemical nature of UNCD films is supposed to be due to removal of
sp2-rich phase with long t-PA chain from as-deposited UNCD film surface during sputtering

process. Moreover, Ar+-ion sputtering induced conversion of sp2 into sp3 phase and vice versa
needs very high activation energy which is not feasible in our present scenario [30].

4.3.4. The gas dependent friction and wear behavior of UNCD films
The friction analysis of as-deposited, FAr_15 and FAr_30 films is carried out while sliding against
alumina Al2O3 ball in four distinct environmental conditions of Amt, N2, Ar and CH4 media as
shown in Fig. 4.5. In all tribo-conditions, the friction coefficient gradually decreases and
saturates to ultralow value 0.02-0.05 after initial run-in behavior (Figs. 4.5a-c). In all three sets of
UNCD films, the highest friction coefficient value is observed in ambient condition.

Fig. 4.5. Friction coefficient vs sliding cycles (1k = 1000 cycles) of (a) as-deposited, (b) FAr_15
and (c) FAr_30 films and (d) friction coefficient with standard deviation of (d1) as-deposited, (d2)
FAr_15 and (d3) FAr_15 films in different tribo-atmospheric conditions: Amt, N2, Ar, and CH4
media

However, the friction value is lowest in CH4 tribo-environmental condition for all three sets of
UNCD films (Fig. 4.5d). Moreover, moderate friction value is measured in inert Ar and N 2
atmospheres. The average values of friction coefficients are found to decrease in sputtered films
compared to as-deposited UNCD films in all tribo-environmental conditions as shown in Fig.
4.5d. The wear tracks of as-deposited, FAr_15 and FAr_30 films and corresponding ball scars for
all tribological conditions are shown in Fig. 4.6a. Highest wear resistance property is observed
for CH4 tribo-environmental condition for all three sets of UNCD films with lowest wear track
width and ball scar size.

Fig. 4.6. (a) Optical image of wear tracks and ball scars, (b) wear dimensions of sliding
interfaces in bar graph: (a1, b1) as-deposited, (a2, b2) FAr_15 and (a3, b3) FAr_30 films in
different tribo-atmospheric conditions: Amt, N2, Ar, and CH4 media

The run-in regime and wear is found to decrease in sputtered films compared to as-deposited
UNCD films in all tribo-conditions. It is reported that the friction and wear generally increase
with the increase in roughness value of films [10,11]. Though, the roughness value is slightly
higher in sputtered films compared to as-deposited films and therefore, the roughness parameter
alone is not the ruling factor for observed friction and wear behavior. To understand the observed
friction and wear results, the detailed elemental and surface chemical analysis of alumina ball
scar is carried out in all four distinct tribological conditions as discussed below.

4.3.5. The chemical analysis of alumina ball scar
To establish the governing tribological mechanisms in all distinct tribo-media, the EDX and XPS
analysis of alumina ball scar are carried out while sliding against F Ar_30 films.

4.3.5.1. EDX analysis
The EDX elemental mapping of alumina ball scars is carried out to understand the chemical
nature of transferfilm formed on these ball scars during tribological tests. EDX being bulk
sensitive technique provides valuable information about the bulk chemical composition of given
test sample. The superimposed images of all elements and also the corresponding EDX spectra
are shown in Fig. 4.7 for all distinct tribo-conditions. Moreover, the detailed elemental mapping
results for individual elements are also analyzed for each tribo-condition [25]. The EDX analysis
clearly reveals that C at.% is highest at ball scar developed in ambient condition compared to all
other tribo-conditions (Figs. 4.7a-d). Thus, carbon transferfilm formation on ball scar is more
favorable in ambient condition. The small amount of N on alumina ball scar is clearly evident in
N2 tribo-atmospheric medium which suggests the adsorption of nitrogen on alumina ball scar as a
result of sliding process (Fig. 4.7b).

Fig. 4.7. In the left panel: EDX elemental mapping of the alumina ball scar while sliding against
FAr_30 films, In the right panel: EDX spectra of the whole area mapping of ball scar developed
in (a) ambient, (b) N2, (c) Ar and (d) CH4 media

4.3.5.2. XPS analysis
The detailed surface chemical analysis of alumina ball scars is carried out using XPS for all
distinct tribo-conditions as shown in Fig. 4.8. The XPS survey spectra show well-resolved C1s
peak in all four tribo-conditions which suggest the carbonaceous transferfilm formation on ball
scars. Moreover, the C/(O+Al) ratio is highest in ambient condition [25] compared to N 2, Ar and
CH4 tribo-conditions which clearly indicates that carbonaceous transferfilm formation is high in
ambient condition as studied by EDX analysis as well. Furthermore, the high-resolution XPS

spectra are also obtained for local chemical bonding analysis of ball scars at locations marked as
circle in Figs. 4.8a1-d1.

Fig. 4.8. Optical image of alumina ball scar in (a1) Amt, (b1) N2, (c1) Ar and (d1) CH4
atmosphere, and corresponding high-resolution XPS spectra: (a2−d2) C1s spectra, (a3−d3) O1s
spectra, (b4) N1s spectra and (c4) Ar2p spectra, (e1) (A/B): sp2/sp3 and A/(B+C+D):
sp2/(sp3+C−O/C−OH+C=O) ratio and (e2) binding energy shift of sp2 (A) and sp3 (B)
components: (a2−d2 in x-axis) in (e1) and (e2) correspond to (a2) Amt, (b2) N2, (c2) Ar and (d2)
CH4 tribo-atmosphere

In all tribo-conditions, the C1s band is deconvoluted into four individual components A, B, C
and D as shown in Figs. 4.8a2-d2 which correspond to sp2 and sp3 hybridized carbon phases,
C−O/C−OH and C=O functional groups, respectively [23]. It is clearly evident that these
functional groups are more active at ball scar compared to FAr_30 film surface (Fig. 4.2a7) which
is supposed to be due to tribo-chemical reactions at contact sliding interface during tribological
process [31]. The C1s spectra clearly suggest that sp2/sp3 ratio is tribo-atmospheric dependent.
This ratio is low i.e. 0.61 and 0.63 in ambient and Ar gas media, respectively (Figs. 4.8a 2,c2) and
significantly increased to 1.31 and 1.35 in N2 and CH4 tribo-atmospheric conditions, respectively
(Figs. 4.8b2,d2). The A/(B+C+D) ratio is lower i.e. 0.43 and 0.42 in ambient and Ar gas media,
respectively. However, these values increased to 0.93 in both N 2 and CH4 tribo-atmospheric
conditions as shown in Fig. 4.8e1. This clearly indicates relatively high sp2 carbon phase fraction
on ball scar in N2 and CH4 tribo-conditions. The electronic interaction of sp2 and sp3 carbon
phases with static residual charge of alumina surface causes high binding energy shift of these
phases (Fig. 4.8e2). However, in the case of ambient and Ar gas media, the influence of static
charge of alumina is not much significant due to relatively thick carbon transferfilm formation.
Moreover, O1s spectra are quite similar in all four tribo-atmospheric media (Figs. 4.8a3-d3). The
broad O1s spectra is deconvoluted into three components A, B and C which correspond to C=O,
C−OH and C−O chemical groups, respectively. In O1s spectra, oxygen from both Al2O3 ball and
ambient atmosphere contribute to form oxygen functional complexes.
The chemisorbed phases at sliding interface in N2 gas media protect against the oxygen
functional group formation during sliding process. This is well evident in N1s spectra as shown
in Fig. 4.8b4 where three well-resolved bands of A, B and C components are observed at energy
shift of 397.2, 398.5 and 399.5 eV, respectively. The component A corresponds to C−N bonding
phase which can occur only when N2 gas molecule dissociates into isolated N atoms [32].
However, B and C components correspond to N2 chemisorptions into sp2 and sp3 carbon phases,
respectively, where the lone electron pair of N2 molecule interacts with relatively less
electronegative carbon atoms due to difference in the electronic charged dipole states of these
atoms. The Ar gas being electrically neutral does not interact with sliding interface. However,
physical adsorption of Ar at sliding interface is probable due to induced dipole interaction
between carbon and Ar atoms. The evidence of chemisorbed Ar at ball scar is not noticed in

Ar2p spectra (Fig. 4.8c4). Moreover, in ambient condition, the moisture and water vapor
chemically interact with sliding interface and hence, more oxygen functional groups are formed.

4.3.6. The tribological mechanisms
The governing tribological mechanisms are established for UNCD films in all four distinct triboatmospheric conditions based on the experimentally obtained results.

4.3.6.1. Ambient tribo-atmospheric condition
In ambient condition, water molecules interact with the sp 2 and sp3 carbon network of UNCD
film forming COO, C−O and C−OH oxy-functional groups [33,34]. Furthermore, the single atom
of dissociated oxygen molecule reacts with the unsaturated carbon atoms of UNCD film surface
forming C−O−C covalent bonds and other functional complexes and thus, creating strong
adhesion at sliding interface and cause increase in tangential shear force [35,36]. However, the
density functional calculations predict that H2 passivation mechanism is more effective in
diamond films compared to dissociative H2O passivation mechanism [37]. The EDX analysis
confirms the carbonaceous transferlayer formation on ball scar (Fig. 4.7a). Moreover, the XPS
analysis provides the evidence of more oxidized carbon and oxygen functional complexes on ball
counterbody (Fig. 4.8a2) and thus, high friction of UNCD films is observed in ambient condition.
However, a gradual decrease of friction value in F Ar_15 and FAr_30 films is noticed compared to
as-deposited UNCD films. The average friction value is 0.08 in as-deposited films compared to
to 0.06 and 0.05 in FAr_15 and FAr_30 films, respectively (Fig. 4.5). The standard deviation in
the friction value is reduced to 26 and 22% of as-deposited films in FAr_15 and FAr_30 films,
respectively, which indicates about the stable friction behavior in sputtered films. This is
probably due to removal of the adsorbed oxygen and oxy-functional groups from as-deposited
film surface after sputtering process which definitely reduced the oxidation and covalent-linking
possibility of functional groups across the sliding interfaces [36] and thus, reduced the run-in
regime also.

4.3.6.2. N2 tribo-atmospheric conditions
The chemically inert N2 and Ar gases provide physically/chemically adsorbed gaseous layer at
sliding interface depending on their chemical affinity towards film surface and thus, reduce the
strong covalent bonding possibility across sliding interface [21]. In N 2 tribo-atmosphere,
electrostatic repulsion is possible at contact tribo-interface if two folds of N2-terminated carbon
film surfaces are brought into contact [21,38,39]. The EDX analysis indicates the carbonaceous

transferlayer formation on ball scar in N2 tribo-atmosphere (Fig. 4.7b). The evidence of adsorbed
N2 and C−N phase at ball scar is also clearly evident in XPS spectra (Fig. 4.8b4) which validate
the electrostatically repulsive mechanism for friction reduction in N 2 tribo-condition. Moreover,
the experimental evidence of these chemically adsorbed phases is not available in literature yet.
The mean value of friction coefficient is 0.05 and 0.04 for FAr_15 and FAr_30 films, respectively,
compared to 0.07 in the as-deposited films (Fig. 4.5). The standard deviation in friction value is
reduced to 45 and 57% of as-deposited films in FAr_15 and FAr_30 films, respectively. In run-in
regime, the friction value is higher especially in as-deposited films mainly because of the oxygen
and oxy-functional groups at film surface which interact with N2 gas and destroy the electrostatic
repulsion across the sliding interface and thus, cause the increase in frictional resistance [36].

4.3.6.3. Ar tribo-atmospheric condition
The carbon dangling bonds does not interact with inert Ar gaseous atoms chemically and hence
provide no passivation mechanism at sliding interface which is supposed to be the main reason
for high friction of diamond films in Ar condition compared to N2 tribo-condition [39]. The
friction value of UNCD films is less in Ar tribo-atmosphere compared to ambient condition.
Moreover, the friction value in Ar atmosphere is less than that of N 2 as well in as-deposited and
FAr_15 films. This is probably due to the physical adsorption of Ar at sliding interface which
restricts the covalent interaction between dangling carbon bonds at sliding interface and thus,
keeps the sliding surfaces apart. It is interesting to note that friction value in this condition does
not change much in as-deposited and sputtered films which directly indicates the absence of
chemical interaction of Ar with diamond films. Though in XPS spectra, the signature of Ar is
absent (Fig. 4.8c4) as because it is not chemically adsorbed at sliding interface. The mean value
of friction coefficient slightly increases to 0.036 and 0.04 in F Ar_15 and FAr_30 films,
respectively, compared to 0.035 in as-deposited films (Fig. 4.5). The standard deviation in
friction value is also found to increase by 15 and 55% of the as-deposited films in FAr_15 and
FAr_30 films, respectively.

4.3.6.4. CH4 tribo-atmospheric condition
The friction coefficient of UNCD films is significantly less in CH 4 tribo-atmospheric condition
compared to other gaseous conditions. The mean value of friction is 0.033 in as-deposited films
which reduces to 0.029 in FAr_15 and FAr_30 films (Fig. 4.5). Furthermore, the standard
deviation in friction value is also similar in all three films. In this tribo-condition, the dangling

carbon bonds at film surface are instantly saturated by hydrogen atoms/molecules, a dissociated
product of CH4 molecules [39]. It can be clearly understood by considering that one fold of
hydrogenated carbon surface interacts with the other fold of sliding surface having the same
hydrogenated carbon configuration and thus, generate weak repulsive Van der Waals force at
sliding interface. This is a well known mechanism by which low friction is explained for carbon
based films in CH4 tribo-condition [16,39]. Moreover, this mechanism is more effective when
oxygen and oxy-functional additives are absent or limited at film surface which may restrict the
effective electrostatic repulsion of sliding interfaces. However, no such influence is observed on
friction results in as-deposited films which suggest the excess adsorption of CH4 molecules and
its dissociative complexes at sliding interface.

4.4. Conclusions
The UNCD films are sputtered using low energy Ar +-ion in ultrahigh vacuum condition to
remove the oxygen/oxy-functional and excess a-C/graphitic phase contaminations from the film
surface to address the run-in issue. Friction and wear properties of these films are studied in
distinct environments of reactive and inert gaseous conditions and suitable tribological
mechanisms are established based upon the experimentally observed results. High friction in
ambient atmospheric condition is associated with the oxidation of the sliding interfaces. The low
friction in N2 tribo-atmosphere is due to the adsorption of dissociated N2 gas molecules forming
repulsive electrostatic interaction across the sliding interface. Moreover, low friction in
chemically inert Ar atmosphere is possibly due to the adsorption of inert Ar gaseous species
which avoid the covalent carbon bond formation across the sliding interface. Furthermore, the
friction value in chemically reactive CH4 tribo-atmosphere is lowest due to hydrogen-terminated
carbon bond formation at the sliding interface. The friction trends of sputtered films show lower
run-in regime in all tribo-atmospheric conditions which is due to the elimination of oxygen/oxyfunctional additives and a-C contamination from film surface. Moreover, wear resistance is
significantly improved in Ar+-ion sputtered films in all tribo-atmospheric conditions.
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Chapter 5
High Temperature and High Vacuum Tribological
Properties of UNCD Films
5.1. Introduction
The crystalline diamond films are future potential candidate for space and high temperature
tribological application areas due to their unique chemical and microstructural properties. The
tribological behavior of UNCD films depend on environmental tribo-test conditions e.g.
humidity, vacuum and temperature etc. in addition to their microstructural parameters [1-3]. The
passivation and graphitization tribological mechanisms explain the observed friction and wear
behavior of UNCD and DLC films most of the times [1,4-12]. But phase transformation at
sliding interface makes it complex to understand the governing tribo-mechanisms under different
set of environmental conditions [5,6,7,9,13]. The improvement in tribological properties of
diamond and DLC films is challenging at high temperature conditions mainly due to phase
transformation possibility of carbon phases. The low friction in NCD/UNCD films in ambient
humid tribo-conditions is generally explained by the passivation mechanism of sliding interface
by atmospheric water dissociated species [1,2,14,15]. In low humid conditions, the passivation
mechanism still explains the low friction in diamond films even if graphitization happens at
sliding interface [7]. In high vacuum conditions, friction and wear value of diamond films is
reported to be high which is basically due to graphitization process at sliding interface and lack
of external passivating media [16,17]. The ultralow friction and high wear resistance is reported
in UNCD films at 200oC which is supposed to be due to formation of the chemically passivated
sliding interface. Though at further high temperature, tribological failure happens mainly due to
oxidation and amorphization/polymerization mechanism at sliding interface [18].
The phase stability of UNCD films is studied at high temperature and high vacuum
conditions using Raman spectroscopy technique and crystal structure of these films is found to
be stable at temperature up to ~613 K [19]. Thus, in this chapter, the tribological properties of
UNCD films are studied at high temperature condition of 350ºC (623 K). Novel UNCD films are
deposited on Si substrate to improve high temperature and high vacuum tribological response of

these films employing unique deposition parameters. Tribo-tests are conducted in three different
sets of environmental conditions e.g. ambient, high vacuum (HV), high temperature and high
vacuum (HTHV). The underlying tribo-mechanisms are established to explain the observed
friction and wear behavior of these films by carrying out comprehensive characterization of
sliding interfaces using Raman spectroscopy, XPS, FESEM, EDX etc. for all cases.

5.2. Experimental
The UNCD films are deposited on silicon substrate (100) using MPECVD system using
optimised set of deposition parameters with gas mixtures of CH4, H2 and N2 with total flow rate
of 328 sccm, microwave power of 1300 W, process pressure of 50 Torr, microwave radiation
frequency of 2.45 GHz and substrate temperature of 700°C [20]. The morphological and
microstructural analysis of these films is carried out by FESEM and HRTEM, respectively. The
chemical phase structure and local bonding nature of film surface and sliding interface are
studied using micro-Raman spectrometer and XPS, respectively. Moreover, deformation
behavior and chemical composition of sliding interface are analyzed using FESEM and EDX,
respectively. The friction and wear behaviors of UNCD films are studied using ball-on-disc
geometry high temperature and high vacuum tribometer operating in circular motion mode. The
normal load, sliding speed and diameter of sliding contact are kept fixed as 0.5 N, 50 rpm and 5
mm, respectively, for all friction tests. The tribological tests are run for sliding cycles of 15,000
for all cases. Alumina Al2O3 ball (6 mm dia., Ra: 45 nm) is used as sliding counterbody. The
tribo-tests are conducted in three different environmental conditions: (a) ambient atmosphere and
room temperature (b) High vacuum (HV) of ~5×10–6 mbar and room temperature; (c) high
temperature and high vacuum (HTHV) with vacuum level ~5×10–6 mbar and UNCD sample test
temperature of 623 K. Two-dimensional wear profiles are measured by profilometer for wear
analysis.

5.3. Results and discussion
5.3.1. Morphological, microstructural and chemical analysis of UNCD films
The homogeneously distributed nanowall like morphological feature is observed in UNCD films
(Fig. 5.1a). Each nanowall is comprised of diamond grains of size ~5 nm as core embedded with
sp2-bonded amorphous carbon as shell as clearly shown in HRTEM image (Fig. 5.1b). The FT 1
and FT2 Fourier transformed diffractograms confirm that the core and shell consists of diamond
and sp2- bonded amorphous carbon, respectively.

Fig. 5.1. (a) SEM image of UNCD film surface and (b) HRTEM image of typical nanowall
feature of film surface, (c & d) Raman spectra and (e & f) XPS: (c & e) UNCD film surface at
RT and (d & f) UNCD film surface exposed to temperature of ~623 K
The chemical bonding structure of UNCD films are examined by Raman spectroscopy and XPS
at room temperature and high temperature of 623 K (Figs. 5.1c-f). In Raman spectra, the v1 (1168
cm-1) and v3 (1510 cm-1) bands correspond to transpolyacetylene (t-PA) phases and D (1329 cm1

) and G (1582 cm-1) bands are signature of a-C and graphitic phases, respectively (Figs. 5.1c,d).

These Raman bands are fingerprint of UNCD films [21-24]. The I(D)/I(G) ratio of UNCD film at
room temperature (RT) is 1.65 which decreases to 1.52 while film is exposed to temperature of
623 K. Furthermore, local bonding characteristics of film surface is studied by high-resolution
XPS as shown in Figs. 5.1e,f. The broad C1s photoelectron emission spectrum is deconvoluted
into four peaks at binding energies of 284.46, 285.3, 286.6 and 288.7 eV (Figs. 5.1e,f). The first
two peaks correspond to sp2 and sp3 hybridized carbon and third and fourth one correspond to
oxygen functional groups i.e. carboxylic (C-O/C-OH) and carbonyl (C=O) groups, respectively
[2,25,26]. The sp3/sp2 ratio for UNCD film surface is 1.48 at RT and decreased to 0.57 while
film is exposed to temperature of 623 K.

5.3.2. Friction and wear properties of UNCD films
The Friction and wear behavior of UNCD films are studied in three different conditions of
ambient, HV and HTHV while sliding against alumina ball as shown in Fig. 5.2a. The friction
trend distinctly differs depending upon the tribo-test environment. The friction gradually
saturates to ultralow value ~0.023 (curve a1) in ambient condition. However, it significantly
increases to ~0.17 in HV tribo-condition (curve a2) and early film failure is also noticed. The
friction is further decreased to superlow value ~0.002 in HTHV tribo-condition (curve a3) which
is even lower than the ambient case.

Fig. 5.2. (a) Friction coefficient vs sliding cycles of UNCD films: (a1) ambient, (a2) HV and (a3)
HTHV tribo-conditions, two-dimensional wear track profile in (b) ambient, (c) HV and (d)
HTHV tribo-conditions, SEM images of the corresponding wear tracks are embedded for each
condition

The 2D wear profile is plotted in Figs. 5.2b-d for all three tribo-environmental conditions. The
wear dimension is found directly proportional to the friction value, being lowest in HTHV
compared to other two conditions (Fig. 5.2d). Four wear profile measurements are recorded at
random locations in each wear track and the data is found repeatable. The SEM images of wear
tracks are also embedded in Figs. 5.2b-d. In HTHV condition, films are highly wear resistant
with wear loss of mere 0.0016 nm/cycles. However, wear loss of films in ambient and HV triboconditions are 0.002 and 0.006 nm/cycle, respectively. This clearly indicates that the wear
resistance of films is improved in HTHV i.e. 17 and 55% of ambient and HV tribo-conditions,
respectively.

5.3.3. The morphological and elemental compositional analysis of sliding
interface
The morphological and elemental compositional analysis of sliding interface is carried out using
FESEM and EDX as shown in Figs. 5.3-5.5 to have understanding about the governing
mechanisms for observed friction and wear behavior in UNCD films in all distinct tribological
conditions. The deformation behavior of sliding interface is studied using high-resolution SEM
as shown in Figs. 5.3a,c-5.5a,c. Furthermore, the elemental compositional analysis of tribocontact interface is also carried out using EDX as shown in Figs. 5.3b,d-5.5b,d. The
morphological analysis of wear track shows that the nanostructured feature of UNCD films is
sustained in ambient condition (Fig. 5.3a). However, plastically deformed nanostructured
morphology is observed in wear track in HV tribo-condition. In this case, the wear dimension
and extent of deformation of counterbody ball are much higher compared to ambient condition
(Figs. 5.4a,c). In HTHV, layered deformed patches are observed and wear track dimensions and
the extent of ball deformation is significantly less compared to other two conditions (Figs.
5.5a,c).
The EDX analysis inside wear track in ambient condition shows the localized patch
formation made up of O and Al entities which are wear product of Al2O3 ball as clearly shown in
Figs. 5.3a2,b2. The C signature is observed on Al2 O3 ball scar i.e. carbonaceous transferlayer is
also formed. These are indicated in EDX mapping spots of c1-c3 on ball scar and corresponding
EDX spectra as d1-d3 in Figs. 5.3c,d.

Fig. 5.3. (a) SEM image of wear track and EDX locations a1-a3 with (b) corresponding EDX
spectra b1-b3 of each location, (c) SEM image of ball scar and selected locations c1-c3 with (d)
corresponding EDX spectra d1-d3 of each location; in ambient condition
The EDX spectra of whole region (a) in wear track shows the negligible atomic fraction of Al
and O in HV tribo-condition because the oxidation process is restricted (Figs. 5.4a,b). Moreover,
the C signal is strong on ball scar which indicates the formation of carbonaceous transferlayer
(Figs. 5.4c,d). Furthermore, the negligible fraction of Al and O is observed in wear track in
HTHV tribo-condition. The EDX mapping spots are shown as a1 and a2, and corresponding
spectra are presented in b1 and b2 in Figs. 5.5a,b. The atomic fraction of C is high at ball scar due
to transferlayer formation. This is shown in spots c1 and c2, and corresponding spectra in d1 and
d2 in Figs. 5.5c,d. It is clearly evident that carbonaceous transferfilm is present on ball scar in all
three tribo-conditions. The atomic percentage of carbon is more in HV and HTHV tribology
conditions compared to ambient condition.

Fig. 5.4. (a) SEM image of wear track and EDX location in red rectangle with (b) corresponding
EDX spectra of whole image selected in red rectangle, (c) SEM image of ball scar and (d)
corresponding EDX spectra; in HV condition

Fig. 5.5. (a) SEM image of wear track and EDX locations a1-a2 with (b) corresponding EDX
spectra b1-b2 of each locations, (c) SEM image of ball scar and selected locations c1-c2 with (d)
corresponding EDX spectra d1-d2 of each location; in HTHV condition

5.3.4. The chemical phase structural analysis of sliding interface
The chemical phase structural analysis of sliding interface is carried out in UNCD films using
Raman spectroscopy for all three tribo-tests conditions. The deconvoluted Raman spectra and
I(D)/I(G) ratio of wear tracks and ball scars are shown in Fig. 5.6 for all three distinct triboconditions. The I(D)/I(G) ratio is an important parameter for the determination of chemical
structure of carbon phase [24]. For comparison purpose, all parameters of the Raman
spectrometer are kept same. The chemical structure and I(D)/I(G) ratio of wear track is similar to
UNCD film surface in ambient condition (Fig. 5.6a). In this case, the chemical stability of
UNCD structure can be possibly explained by passivation mechanism of sliding surfaces by
ambient atmospheric chemical species. Similar Raman shift at ball scar clearly indicates
carbonaceous transferfilm formation (Fig. 5.6b). Moreover, decrease in I(D)/I(G) ratio from 1.66
to 1.39 and blue shift in D and G bands are observed at the ball scar area compared to the wear
track. These observations point towards the shear induced a-C to graphitization in ambient
condition [27].

Fig. 5.6. Raman spectra: (a & b) ambient, (c & d) HV (e & f) HTHV, (a, c & e) inside the wear
track of UNCD films and (b, d & f) corresponding alumina ball scars, optical images of wear
tracks and corresponding alumina ball scars are also embedded for each tribo-condition

The Raman peak parameters such as peak shape, peak position, I(D)/I(G) ratio and t-PA phase of
UNCD structure in wear track in HV are also quite similar to the wear track formed in ambient
condition (Fig. 5.6c). However, the chemical structure of carbonaceous transferfilm formed at
the ball scar is completely transformed into a-C and t-aC structure [28]. This is noticed by the
significant changes in peak shape, peak position and modified I(D)/I(G) ratio of Raman spectra
as shown in Fig. 5.6d. In this condition, the blue shift in D and red shift in G band is observed
compared to the carbon structure of the corresponding wear track. Here, t-PA phase has
completely disappeared which is probably a strong indication for conversion of UNCD into a-C
and t-aC structure. This is probably due to high frictional energy which provides the required
activation energy for such conversion. Therefore, in HV, the ball scar is fully covered with
transferfilm of a-C and t-aC phases. Thus, in this particular condition, sliding occurs between
UNCD film and a-C/t-aC structure formed on the ball side. Distinct changes in Raman spectra of
sliding surfaces in HTHV are observed (Figs. 5.6e,f). The I(D/I(G) ratio of UNCD film exposed
to temperature of 623 K is 1.52 which is slightly less than the UNCD film at RT as shown earlier
(Figs. 5.1c,d). Moreover, at HTHV, the D and G bands are blue shifted, indicating temperature
induced annealing which tends to reorient the carbon structure into more ordered sp 2 phase. The
I(D)/I(G) ratio significantly decreases to 0.96 in wear track compared to film surface (Fig. 5.6e)
and it describes bulk graphitization of the contact surface [27] which is contrasting to wear track
formed in ambient and HV conditions. This indicates that the contact pressure aided by
temperature at HTHV tribo-condition is deterministic factor to reorient a-C into ordered sp2
phase. Moreover, sp3 to sp2 phase conversion is also possible depending upon the activation
energy which can be provided by both temperature and contact pressure. For quantitative
analysis, Raman spectra are obtained at several locations of the wear track in all three different
tribology conditions (Fig. 5.7). The Raman analysis shows the shift in D and G bands to higher
wave number and a decrease in the I(D)/I(G) ratio in HTHV tribo-condition compared to other
two cases.

Fig. 5.7. D, G and I(D)/I(G) ratio of wear track in three different tribo-conditions, first half and
second half panel in x-axis describes peak shift of D and G bands and I(D)/I(G) ratio,
respectively; in each wear track more than 20 Raman spectra are obtained and error bar is also
given

5.3.5. The local chemical bonding nature of sliding interface
The XPS study is carried out for more insightful surface chemical analysis of transferfilm formed
on ball contact area during sliding process as studied by Raman analysis as well (Fig. 5.8). The
50 µm spatial resolution of XPS makes it possible to focus X-ray spot at specific locations on
ball scar area. Moreover, the XPS analysis is carried out at two different locations of ball scar for
repetitive purpose. The survey XPS spectra shows well resolved C1s and O1s photoelectron
shifts on ball scar region in all three distinct tribo-conditions which is a signature of
carbonaceous transferfilm formation with adsorbed oxygen functional groups (Figs. 5.8a,c,e). In
survey spectra, the C/O ratio is 0.51 in ambient condition and intensity of the alumina peaks
Al2p and Al2s is also strong (Fig. 5.8a). The HR-XPS of C1s photoelectron shift shows wellresolved sp2 and sp3 carbon peaks with contribution of oxygen functional groups (Fig. 5.8b). The
sp3/sp2 carbon ratio is 0.65 which is much lower compared to virgin film surface i.e. 1.48 (Fig.
5.1e) which is indicative of tribo-chemical conversion of sp3 to sp2 phase.

Fig. 5.8. XPS spectra: (a & b) ambient, (c & d) HV and (e & f) HTHV, (a, c & e) survey XPS
and (b,d & f) corresponding C1s HR-XPS spectra of alumina ball scars
In survey spectra, C/O ratio is 0.68 on ball scar in HV tribo-condition (Fig. 5.8c). In this case, the
contribution of oxygen contamination is mainly due to exposure of film sample to ambient
atmosphere after conducting the tribo-tests. Moreover, HR-XPS C1s spectra shows significant
increase in sp3/sp2 ratio to 1.88 (Fig. 5.8d) which is much higher compared to ambient condition
i.e. 0.65. Furthermore, the sp3/sp2 ratio is even higher than the virgin film surface i.e. 1.48 (Fig.
5.1e). This is probably associated to the sp2 carbon phase conversion into amorphous carbon (aC) and disordered sp3 (t-aC) phase in HV condition which is supported by Raman spectroscopy
as well (Fig. 5.6d). The high frictional energy in HV condition provides necessary activation
energy for this phase transformation.
In XPS survey spectra, the C/O ratio is much higher i.e. 2.46 on ball scar area in HTHV
condition compared to other two tribo-conditions (Fig. 5.8e) which indicates the thermal
desorption of residual oxygen contamination in high temperature and high vacuum conditions
probably due to weakening of cohesive barrier. Moreover, the sp3/sp2 ratio of transferfilm on ball
scar is 0.46 in HTHV tribo-condition (Fig. 5.8f) which is lower than the film surface when
exposed to high temperature of 623 K i.e. 0.57 (Fig. 5.1f). This directly indicates the significant

tribo-induced conversion of sp3 into sp2 phase in HTHV condition. Though this conversion is
also evident in ambient case to some extent but high temperature is energetically favorable for
such transformation [29]. The tribo-stress induced conversion of sp3 into sp2 phase is dominating
in ambient condition while stress and thermal energy both are driving factors for this conversion
in HTHV condition. The chemical characteristics of transferfilm in ambient and HTHV
conditions are contrasting to HV case. The amorphization is dominated in HV condition while
graphitization occurs in ambient and HTHV tribo-conditions. The tribo-induced conversion of
amorphized state to ordered sp2 and sp3 phases is restricted in HV condition. However,
nucleation of ordered sp2 carbon phase is realistic in ambient and HTHV conditions due to
favorable activation energy.

5.3.6. The tribological mechanism
The friction and wear behavior of UNCD films distinctly differ depending upon the tribology test
conditions as shown in Figs. 5.2a-d. The friction value is lower in ambient and HTHV triboconditions compared to HV condition. This distinct tribological behavior can be possibly
understood by considering either (a) passivation mechanism of carbon dangling bonds [1,14] or
(b) passivated graphitization mechanism at sliding interface. One study on Density functional
theory calculations clearly reports that it is energetically favorable for H 2 and H2O dissociated
products to passivate the dangling bonds at sliding interface in diamond films which reduce the
surface energy [30]. The same passivation mechanism is also experimentally established for
UNCD films in ambient atmosphere and room temperature tribological conditions using
spectroscopic technique [1]. The passivation of dangling bonds by atmospheric H2O dissociated
products i.e. -OH or -H results in low friction coefficient and high wear resistance in ambient
tribo-condition [1,14,30]. Our experimental results show the relative increase in oxygen and its
functional groups on ball scar in ambient condition (Figs. 5.8a,b). Thus, the low friction and high
wear resistance of UNCD film in ambient condition are governed by passivation mechanism of
dangling bonds and partial graphitization of transferlayer formed on alumina ball scar as
supported by Raman spectroscopy (Figs. 5.6a,b).
The dissociative passivation mechanism of dangling bonds by ambient atmospheric
species is restricted in HV tribo-condition. But the transformation of diamond and graphitic
phase into a-C and t-aC structures is energetically favorable which is mainly associated with
tribo-contact stress and high frictional energy. This is clearly analyzed by Raman spectroscopy

which shows increase in a-C and t-aC structures and termination of t-PA phase on ball scar area
in HV conditions (Fig. 5.6d). Furthermore, the XPS analysis shows a large amount of sp 3
fraction on ball contact area in this condition (Fig. 5.8d). Thus, the sliding takes place between aC and t-aC structures which occupy the large fraction of dangling bonds in HV condition [31].
The dangling bonds of these carbon species form covalent bonds across sliding interfaces which
enhance the shear resistance and wear to high value which ultimately leads to the partial
mechanical failure of film (Figs. 5.2a,c).
The friction coefficient and wear almost vanish in HTHV condition which is in contrast
to HV tribo-condition. In this case also, the passivation mechanism of dangling bonds at contact
interface is restricted. The tribological properties of UNCD films at high temperature and
ambient atmospheric condition significantly degraded due to the oxidation mechanism which
increases the shear resistance [18]. The evidence of graphitized sliding interfaces is well
supported by Raman spectroscopy (Figs. 5.6e,f) and XPS analysis as well (Figs. 5.8e,f). Thus,
the graphitization of sliding interfaces can be considered for significantly improved tribological
properties in HTHV condition [32]. The hydrogen passivation of graphitized phases is
intrinsically carried out by t-PA phase as clearly observed in Raman analysis. The basic
mechanism is governed by unique lamellar lattice structure of hydrogenated sp 2 phase which
improves the tribological properties [33]. Here, frictional shear occurs between hydrogenated
graphitized interface that leads to ultralow friction coefficient and high wear resistance behavior.

5.4. Conclusions
The tribological properties of UNCD films are studied in three distinct tribo-environments
conditions of ambient, HV and HTHV. These films exhibit randomly oriented nanowall like
morphology. The friction and wear behavior of films distinctly differ depending upon the
tribology test conditions. The tribo-environment dependent chemical characteristic of
transferfilm formation at contact interface is analyzed using spectroscopic tools. The passivation
and graphitization are energetically favorable mechanisms for low friction and wear in ambient
tribo-condition. The friction coefficient is high and wear induced film failure is observed in HV
condition. In this case, passivation mechanism is restricted and frictional shear transforms the
diamond sp3 into a-C and t-aC phases. However, significant conversion of diamond sp 3 into
hydrogenated graphitized phase is predominant mechanism for amazingly superlow friction
value and ultrahigh wear resistance in HTHV tribo-condition.
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Chapter 6
The Role of Intrinsic Hydrogen on the Tribological
Properties of UNCD Films in High Vacuum TriboConditions
6.1. Introduction
The simultaneous improvement in the tribological properties of diamond films in ambient and
high vacuum environmental conditions for inter-atmospheric tribological applications is quite
challenging task. As discussed in previous chapter, the UNCD films showed good tribological
response i.e. low friction value and high wear resistance properties in ambient conditions. But
high friction and wear properties were observed in high vacuum tribology conditions. Thus, there
is still a need to improve the tribological properties of UNCD films in high vacuum triboconditions as well. The non-hydrogenated DLC films also show high friction and wear properties
in vacuum tribology conditions [1]. But DLC films with intrinsic hydrogen concentration exhibit
improved tribological properties in high vacuum conditions where intrinsic hydrogen atoms
passivate the dangling carbon bonds at sliding contact interface [2,3]. The phase transformation
of carbon species and modification in the chemical nature of transferfilm at sliding interface is
also dependent on tribo-atmospheric media [4]. Moreover, the interfacial properties change
during sliding process due to change in roughness, deformation process, chemical reactions,
oxidation and tribofilm formation etc. [5-7]. The passivation mechanism and conversion of
tetrahedral DLC and crystalline diamond phase into amorphous carbon (a-C) and graphitic
tribolayer formation are important governing mechanisms for enhancement in friction and wear
resistance properties of DLC and diamond films in humid atmospheric conditions [1-4,8,9].
Though the passivation mechanism by ambient atmospheric species is restricted in high vacuum
tribology conditions and thus, NCD films deposited on Ti-alloys showed high friction value in
high vacuum conditions [10].
In this chapter, two distinct UNCD films with the change in intrinsic hydrogen
concentration are deposited on Ti–6Al–4V substrate by employing optimized deposition
parameters using MPECVD system for improvement in tribological properties of UNCD films in

high vacuum conditions and understanding of underlying tribo-mechanisms. The hydrogen
concentration is varied in these films to investigate the role of intrinsic hydrogen concentration
on the tribological properties of UNCD films in high vacuum condition. The friction and wear
behavior of these films are studied in two distinct tribo-atmospheric conditions of ambient and
high vacuum (3×10–6 mbar) tribology conditions. The comprehensive chemical investigation of
sliding interface is carried out by employing characterization tools e.g. FESEM, EDX and
Raman spectroscopy etc. to understand the underlying friction and wear mechanism in these
films.

6.2. Experimental
Two distinct UNCD films are grown on mirror polished Ti-alloy Ti–6Al–4V substrate in
H2(6%)/CH4(2%)/Ar(rest) and H2(0%)/CH4(2%)/Ar(rest) plasma media at pressure of 150 Torr
and 130 Torr, respectively, using MPECVD system. These films will be designated as
UNCD(6%H2) and UNCD(0%H2) films, respectively. The microwave power of 1200 W and
substrate temperature of 550oC is used for the deposition process. The surface topography of
these films is analyzed by AFM. The elemental depths profile analysis of C, H and Ti in both
films is carried out by secondary ion mass spectroscopy (SIMS) (TOF-SIMS5, ION-TOF
GmbH) using Bismuth (Bs+) ion source. Detailed microstructure and local bonding nature of
both films is analyzed by HRTEM and EELS, respectively. The film morphology and triboinduced deformation behavior of sliding interface is studied using FESEM. The chemical phase
structure of films and wear tracks/ball scars is examined by micro-Raman spectrometer. The
elemental analysis on ball scars is carried out using EDX technique.
The friction and wear behaviors of these films are measured in high-vacuum tribometer
operating in circular rotation mode of ball-on-disc configuration. The tribology tests are
conducted for sliding cycles of 5×104 along the circular path of 2 mm diameter. The Al2 O3 ball
(6 mm diameter, average roughness Ra ~ 45 nm) is used as sliding counterbody. The tribo-tests
are carried out in ambient and high vacuum (3×10 -6 mbar) tribology conditions.

6.3. Results and discussion
6.3.1. The topographical and chemical analysis of UNCD films
The surface topography of UNCD(6%H2) and UNCD(0%H2) films is studied using AFM as
shown in Figs. 6.1ai,aii. The roughness value for UNCD(6%H2) and UNCD(0%H2) films is
almost similar i.e. 11.8 and 9.3 nm, respectively. Densely packed and homogeneously distributed

UNCD structure is observed in both films. The chemical phase structure of both films is
analyzed using micro-Raman spectroscopy. The Raman spectra are deconvoluted into five well
resolved individual bands for both films as shown in Figs. 6.1bi,bii. The v1, v2 and v3 Raman
peaks correspond to trans-polyacetylene (t-PA) phase at grain boundary and considered as the
fingerprint for UNCD structure [11-13]. These bands are prominent in UNCD(6%H2) compared
to UNCD(0%H2) films which indicates the extensive hydrogenated network in the grain
boundaries. The D and G bands correspond to disordered carbon and graphitic domains,
respectively, occupying the grain boundaries [11,14-16]. The elemental depth profile analysis for
C, H and Ti elements is carried out using SIMS and thickness of both films is approximately 1
μm as shown in Figs. 6.1ci,cii. The ratio of H/C is 1:7.5 and 1:13.2 in UNCD(6%H2) and
UNCD(0%H2) films which clearly indicate the high hydrogen concentration in UNCD(6%H 2)
compared to UNCD(0%H2) films. The hydrogen presence in plasma media during deposition
process is the main reason for increased hydrogen concentration in UNCD(6%H 2) films.
Moreover, the gradual change of C+, H+ and Ti+ at film-substrate interface indicates the reactive
layer formation.

Fig. 6.1. (ai, aii) Surface topography, (bi, bii) Raman spectra and (ci, cii) SIMS depth profile of:
(ai, bi, ci) UNCD(6%H2) and (aii, bii, cii) UNCD(0%H2) films

6.3.2. The morphological and microstructural analysis of UNCD films
The morphological analysis of UNCD films is carried out using FESEM as shown in Figs.
6.2a,b. The diamond grains are embedded in nanowire like feature in UNCD(6%H 2) films while
UNCD(0%H2) films show equiaxed morphology.

Fig. 6.2. Surface morphology of (a) UNCD(6%H2) films and (b) UNCD(0%H2) films
The detailed microstructural analysis of both UNCD films is carried out using TEM and EELS.
The BF(TEM) micrograph and corresponding SAED patterns of UNCD(6%H2) films are shown
in Fig. 6.3ai. The BF(TEM) micrograph contains some dark regions which are diamond
aggregates and distributed among the matrix of ultra-small diamond grains. The SAED pattern
contains (111), (220) and (311) diffraction rings, confirming that these films are predominately
diamond. Moreover, diffuse ring in the center implies the existence of some sp 2-bonded carbon
(a-C/graphitic phase). The distribution of large diamond aggregates, ultra-small diamond grains
and sp2 bonded clusters is best illustrated by the composed dark field (c-DF) micrograph as
shown in Fig. 6.3aii, corresponding to the dashed square region in Fig. 6.3ai. The c-DF
micrograph is the superposition of dark-field TEM micrographs obtained using different
segments of diffraction ring (designated in inset of Fig. 6.3a ii).

Fig. 6.3. (ai, bi) BF(TEM) micrograph and (aii, bii) c-DF micrograph: (ai, aii) UNCD(6%H2) and
(bi, bii) UNCD(0%H2) films with SAED pattern shown in inset
The yellow colored large and small grain regions in Fig. 6.3aii are diamond which correspond to
the diffraction spots D1, D2, …D8 in inset, whereas the green colored tiny clusters are sp 2 bonded
phase which correspond to the diffraction spots G1, G2…G4 in the inset. The microstructure of
UNCD(0%H2) films is shown in Figs. 6.3bi,bii as BF(TEM) and c-DF micrographs, respectively.
The BF(TEM) micrograph of UNCD(0%H2) films is very much similar to UNCD(6%H2) films,
indicating that the microstructure of the both UNCD films are similar i.e. both films contain
large diamond aggregates dispersed in the matrix of ultra-small diamond grains except that the
proportion of diamond aggregates in UNCD(0%H2) films is slightly less abundant than
UNCD(6%H2) films.

The HRTEM structure image of typical small grain regions shown in Fig. 6.4 reveals the
existence of ultra-small diamond grains of size around 5 nm and relatively wide grain boundaries
in both films. However, the microstructure of the large diamond aggregates in UNCD(6%H2)
films are distinctly different from UNCD(0%H2) films. Figure 6.4a shows the structure image of
large diamond aggregates in UNCD(6%H2) films, indicating that the parallel fringes
corresponding to (111) lattice planes of grain 1 lie almost in parallel with those for grain 2 (i.e.
two grains are aligned) and boundaries between them is completely eliminated. This is further
supported by the fact that ft 1 and ft2 images corresponding to regions 1 and 2 are oriented in the
same direction i.e. the adjacent diamond grains are merged into single large diamond grain
resulting into diamond aggregates in UNCD(6%H2) films.

Fig. 6.4. HRTEM image of (a) UNCD(6%H2) and (b) UNCD(0%H2) films, The FT0 image in ‘a’
and ‘b’ shows the Fourier transformed diffractogram corresponding to entire structure image in
‘a’ and ‘b’, whereas FT1 to FT4 are FT images corresponding to areas 1 to 4, respectively
In contrast, Fig. 6.4b shows the structure image of UNCD(0%H 2) films. The FT0 image contains
diffraction spots arranged in ring geometry indicating that the ultra-small diamond grains are
randomly oriented. The FT0 image contains a large central diffuse ring indicating the presence of
more amorphous sp2 bonded carbon in UNCD(0%H2) films. The existence of ultra-small
diamond grains is highlighted by ft 3 and ft4 images which correspond to the regions 3 and 4,
respectively. Notably, the diamond aggregates for UNCD(0%H2) films contain ultra-small
diamond grains which are still isolated from each other by grain boundary phases.
Curve I in Figs. 6.5a,b show the core-loss and plasmon-loss EELS spectra of
UNCD(6%H2) films, respectively which correspond to BF(TEM) micrographs in Fig. 6.3a i.

These curves indicate that the UNCD(6%H2) films are predominantly diamond (sp3-bonded
carbons) with very small content of sp2-bonded carbons, as the core-loss EELS contains *-band
at 289.5 eV and secondary dip at 302 eV (curve I, Fig. 6.5a) with essentially no hump (*-band)
at 284.5 eV [17-20].

Fig. 6.5. (a) Carbon edge core-loss EELS and (b) plasmon-loss EELS of (I) UNCD (6%H2) and
(II) UNCD (0%H2) films, respectively
Moreover, the plasmon-loss EELS contains D1- and D2-bands with ID1/ID2 ratio nearly
1/√2 (curve I, Fig. 6.5b), which implies again the content of sp 2-bonded carbon in
UNCD(6%H2) films is very small. In contrast, curve II in Figs. 6.5a,b shows the core-loss and
plasmon-loss EELS spectra of UNCD(0%H2) films, respectively, which correspond to BF(TEM)
micrographs in Fig. 6.3bi. These curves indicate that UNCD(0%H2) films are also predominantly
diamond. The core-loss EELS of UNCD(0%H2) films contain small hump (*-band) at 284.5
eV, implying that these films contain more sp2-bonded carbon compared to UNCD(6%H2) films.
Furthermore, the plasmon-loss EELS of UNCD(0%H2) films (curve II, Fig. 6.5b) contains D1and D2-bands with the ID1/ID2 ratio slightly larger than 1/√2. This implies that there exists
some a-C phase besides diamond as denoted by a-band. The observations in EELS
spectroscopy for UNCD(6%H2) and UNCD(0%H2) films are in accord with those of TEM.
Furthermore, XPS and Auger electron spectroscopy (AES) also indicated more sp 2-bonded
carbon phase in UNCD(0%H2) compared to UNCD(6%H2) films [21].

6.3.3. Friction and wear properties of UNCD films
The friction coefficient values are found similar for both UNCD films in ambient triboconditions and it gradually decreases with the sliding process (Fig. 6.6). However, two distinct
i.e. low and high friction regimes are observed in high vacuum tribo-conditions (3×10–6 mbar).
In UNCD(6%H2) films, the friction coefficient is low in the beginning of the sliding process and
gradually increases to high value. On the other side, for UNCD(0%H 2) films, the friction
coefficient is high from the beginning itself and does not change much afterwards.

Fig. 6.6. Friction coefficient of (a) UNCD(6%H2) and (b) UNCD(0%H2) films in ambient and
high vacuum (3×10–6 mbar) tribology conditions

6.3.4. Tribo-induced deformation behavior of UNCD films
The tribo-induced deformation analysis of wear tracks for both UNCD films i.e. UNCD(6%H 2)
and UNCD(0%H2) is studied using FESEM in both tribology conditions of ambient and high
vacuum (3×10–6 mbar) as shown in Fig. 6.7 and Fig. 6.8. The nanostructured diamond feature is
clearly preserved in both wear tracks in ambient condition being more noticeable for
UNCD(6%H2) films (Fig. 6.7a). However, transferlayer is locally formed in both wear tracks as
indicated by arrows in high-resolution FESEM image. This is more evident at the edge of wear
tracks where cracks within thick transferlayer are observed. More deformed wear track with
severe plowing wear is observed for UNCD(6%H2) films in high vacuum tribology condition
(Fig. 6.8a). The wear track is plastically deformed and nanostructured diamond feature
disappears as shown in high-resolution FESEM image. However, abrasive wear mechanism is
governed in UNCD(0%H2) films at HV tribology conditions (Fig. 6.8b).

Fig. 6.7. Wear track morphology of (a) UNCD(6%H2) and (b) UNCD(0%H2) films; tribology
condition: ambient

Fig. 6.8. Wear track morphology of (a) UNCD(6%H2) and (b) UNCD(0%H2) films; tribology
condition: high vacuum (3×10–6 mbar)
In both films, the Ti-alloy substrate is not exposed to deformation process in both tribology
conditions and the extent of deformation is well within the film surface only. This shows the

extremely high wear resistance property of these films in both ambient and high vacuum
conditions even after covering 5×104 sliding cycles.

6.3.5. The chemical phase structural analysis of sliding interface
The chemical phase structural analysis of wear tracks and ball scars is carried out in ambient and
high vacuum (3×10–6 mbar) tribology conditions using micro-Raman spectroscopy technique for
both UNCD(6%H2) and UNCD(0%H2) films as shown in Fig. 6.9 and Fig. 6.10.

Fig. 6.9. Raman spectra at various locations of: (ai, bi) wear track and (aii, bii) ball scar in the
sliding combination of: (ai, aii) UNCD(6%H2)/Al2O3) and (bi, bii) UNCD(0%H2)/Al2O3; tribology
condition: ambient

The chemical structure of wear tracks is stable in both films and does not transform into aC/graphite phase in ambient tribology conditions (Figs. 6.9ai,bi). However, weak signal of broad
peaks is observed at 1320 cm–1 (D band) and 1620 cm–1 (G band), indicating the a-C structure
formation [22] at the edge of ball scar for UNCD(6%H2) films (Fig. 6.9aii). The carbon
transferlayer is possibly quite thin in the sliding combinations of UNCD(0%H2)/Al2O3 and
strong luminescence signal of alumina with large background is observed (Fig. 6.9bii). In
contrast, the chemical structure of wear track is largely transformed into carbonaceous aC/graphite phase in high vacuum conditions in both films (Fig. 6.10).

Fig. 6.10. Raman spectra at various locations of: (ai, bi) wear track and (aii, bii) ball scar in the
sliding combination of: (ai, aii) UNCD(6%H2)/Al2O3 and (bi, bii) UNCD(0%H2)/Al2O3; tribology
condition: high vacuum (3×10–6 mbar)

Though, this transformation is more prominent in UNCD(0%H 2) films compared to
UNCD(6%H2) films where the combination of five peaks are transformed to strong broad
doublet around 1345 cm–1 and 1570 cm–1 with the disappearance of t-PA peaks (Fig. 6.10bi). The
evidence of a-C transferlayer is clearly observed on ball scars as well in high vacuum conditions
which is associated to unstable UNCD structure at contact interface in the absence of passivation
media (Figs. 6.10aii,bii). Moreover, well resolved and strong peak of a-C (Fig. 6.10aii, curve 4) is
related to intense localized amorphization process. The Raman signature of virgin Al2O3 ball lies
in the range of 350 cm–1 to 800 cm–1 [23] and these bands are clearly seen on ball scars. Though
weak feature of Al2O3 peaks is observed at wear track as well, indicating alumina transferlayer
formation on wear tracks during sliding process. These results are in good agreement with
FESEM analysis also as discussed in previous section.

6.3.5.1. The dynamics of transferlayer formation with sliding process
To study the evolution of transferlayer formation process, the micro-Raman spectra are recorded
for sliding combination of UNCD(6%H2)/Al2O3 at sliding cycles of 2×103, 5×103 and 1×104 in
high vacuum tribology conditions as shown in Fig. 6.11. The gradual a-C transferlayer formation
process on ball scars is clearly evident with the increasing number of sliding cycles.

Fig. 6.11. Raman spectra at various locations of: (ai-aiii) wear track and (bi-biii) ball scar in the
sliding combination of UNCD(6%H2)/Al2O3 at sliding cycles of: (ai, bi) 2×103, (aii, bii) 5×103
and (aiii, biii) 1×104; tribology condition: high vacuum (3×10–6 mbar)

6.3.6. The elemental analysis of sliding interface
The EDX elemental mapping is also carried out for quantitative chemical analysis of
transferlayer

formation process on alumina

ball scar

for

sliding combination of

UNCD(0%H2)/Al2O3 in both ambient and high vacuum tribology conditions (Fig. 6.12). The
EDX mapping analysis clearly indicates that carbon concentration is high while oxygen and Al
concentrations are low, suggesting significantly carbon enriched transferlayer formation on ball
scar in high vacuum condition (Figs. 6.12aii-cii) compared to ambient (Figs. 6.12ai-ci). Moreover,
XPS analysis also clearly indicates sp2 rich transferlayer formation on ball scar in high vacuum
condition compared to ambient tribo-conditions [21].

Fig. 6.12. (ai,aii) Backscattered diffraction (BSD) image, (bi,bii) EDX elemental mapping image
of square area indicated in panel (ai, aii) and (ci, cii) EDX spectra of alumina ball scar sliding
against UNCD(0%) films; (ai, bi, ci) for ambient and (aii, bii, cii) for high vacuum tribology
conditions

6.3.7. The tribology mechanism
In ambient atmosphere, both UNCD films show almost similar trend of friction coefficient. The
diamond structural conversion into a-C and graphite phases is reported earlier for NCD films at
mild tribo-contact conditions [10]. Even in DLC films, one possible mechanism is sliding

induced fatigue where structural conversion takes place by micro-cracking [24]. The other
mechanism in DLC films is related to flash temperature at contact interface due to kinetic energy
of sliding bodies [25]. The water molecules/vapor passivate the unoccupied carbon dangling
bonds of sp3/sp2 phases at tribo-contact area, forming carbon-oxygen complexes in ambient
condition. The carbon transferlayer formation is not much significant on ball scar but strong
oxygen signal is observed as evident from EDX analysis (Fig. 6.12c i). The FESEM study
indicates about the stability of wear track (Fig. 6.7). The micro-Raman analysis of wear track
also clearly indicates stable chemical feature of UNCD structure which is almost similar to virgin
film surface (Fig. 6.9ai,bi). However, very weak signal of a-C transferlayer is observed on ball
scar in UNCD(6%H2) case (Fig. 6.9aii). Furthermore, this layer coverage on ball scar is even less
in UNCD(0%H2) case as shown by micro-Raman (Fig. 6.9bii) and EDX analyses (Fig. 6.12ai-ci).
Generally, such stability of UNCD structure in tribo-stressed condition is derived by passivation
effect in ambient and moist conditions [26-29]. In stressful sliding, plastic deformation may take
place and some of the sp3 and sp2 phases may collapse due to fatigue. However, these phases are
instantaneously passivated by carbon-hydrogen and carbon-oxygen complexes which further
restrict the UNCD transformation to a-C/graphite phases. Therefore, low friction and wear
behavior of UNCD films is governed by passivation effect in ambient tribo-conditions.
The friction coefficient of UNCD(6%H2) films is less up to 1×104 sliding cycles and
gradually increases to high magnitude in high vacuum condition. The SIMS analysis shows large
amount of hydrogen in these films (Fig. 6.1ci). Here, low friction region is derived by intrinsic
hydrogen present in these films which provides passivation of carbon dangling bonds in high
vacuum condition. This fact is well reported in hydrogenated DLC and hydrogenated diamond
nanostructured materials [30,31]. The UNCD(6%H2) films show improved friction behavior in
high vacuum condition as these contain small fraction of a-C/sp2 phase as evident from HRTEM
and Raman analyses. In the beginning of sliding cycles (2×10 3), no change in chemical structure
of UNCD(6%H2) films is observed in wear track and carbon signal on ball scar is negligible
(Figs. 6.11ai,bi). However, a-C layer is gradually formed on ball scar with increasing sliding
cycles (Figs. 6.11aii,bii). Furthermore, at 1×104 cycles, the a-C signal (broad peak of D and G
band) evolves on ball scar and other peaks related to UNCD structure are disappeared (Figs
6.11aiii,biii). At low friction regime, the spectral changes showing a-C transferlayer formation are
localized at few locations of ball scar which are densely distributed at the end i.e. 5×104 sliding

cycles (Fig. 6.10aii). Therefore, the conversion of UNCD to a-C/graphite phase is observed in
high friction regime. In DLC films, it is reported that amorphization and graphitization do not
assist in reducing the friction in high vacuum condition [30,32]. The reason for the gradual
formation of a-C phase and increase in friction value is possibly explained by desorption of
hydrogen under continuous tribo-stressed condition in high vacuum. The similar mechanism i.e.
desorption of hydrogen after longer sliding cycles is reported in hydrogenated DLC films in high
vacuum tribo-condition [2].
In contrast, stable high friction value is observed in UNCD(0%H 2) films in high vacuum
conditions throughout the whole sliding process. Here, carbon transferlayer is significantly
formed on ball scar as evident from micro-Raman spectroscopy (Fig. 6.10bii) and EDX (Figs.
6.12aii-cii) analyses. This can induce strong adhesive interaction between the sliding surfaces and
thus, results in high friction value. The intrinsic hydrogen is limited in these films to passivate
the sliding interfaces in vacuum conditions. Therefore, the friction value is higher during the
initial sliding cycles and does not change further with time. It is well known that the low friction
mechanism of graphite takes place in ambient conditions [33,34]. However, in high vacuum
conditions, shear resistance of graphite plane increases due to lack of passivation which results in
high friction and wear.

6.4. Conclusions
Two distinct UNCD films are deposited on Ti-alloy substrate by varying hydrogen concentration
in MPECVD system. The tribological properties of these UNCD films are analyzed in ambient
and high vacuum conditions. Friction coefficient of UNCD films containing excess hydrogen is
less in high vacuum tribology condition up to limited number of sliding cycles. This is explained
by the intrinsic hydrogen passivation mechanism of dangling carbon bonds. However, UNCD
films with less hydrogen concentration show high friction value in high vacuum condition which
is due to the limited intrinsic hydrogen passivation mechanism which results in extensive aC/graphitic transferlayer formation on ball scar as evident from Raman spectroscopy and EDX
analyses. Moreover, the chemical structure of wear track is largely transformed into
carbonaceous a-C/graphite phase in high vacuum condition. This ultimately leads to increase in
frictional resistance due to strong bond formation between a-C/graphitic phases across sliding
interface. However, both UNCD films show less friction values with similar trend in ambient

tribology conditions which is explained by the natural passivation mechanism of sliding interface
by atmospheric chemical species.
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Chapter 7
Summary and Future Scope
7.1. Summary of the thesis
The motivation behind the current thesis work is primarily to improve the friction and wear
resistance properties of UNCD films in high temperature and controlled atmospheric triboconditions and comprehensive understanding of the respective governing tribo-mechanisms.
With this purpose, the UNCD films are grown on Si substrate using optimized deposition
parameters in MPECVD

system. The

microstructural,

morphological and chemical

characterization of UNCD films is carried out using HRTEM, EELS, FESEM, EDX, AFM, XPS
and Raman spectroscopic techniques. The detailed tribological properties of UNCD films are
studied using ball-on-disc geometry high temperature high vacuum micro-tribometer in ambient,
distinct gaseous media, HV and HTHV tribo-conditions. It is evident from this work that the best
tribological properties of UNCD films come from films where hard nanocrystalline diamond is
embedded in a graphitic or sp2 phase. The important findings of the entire thesis work can be
summarized as below:


Comprehensive understanding of effect of local phase composition on the tribological
behavior of UNCD films and governing tribo-mechanisms is carried out. In CH4/Ar
plasma media, equiaxed morphology of UNCD films is observed while in CH4/N2 media,
needle like morphology is observed. The graphitic tribofilm formation mechanism is
established for low stable friction coefficient value in UNCD films where hard
nanocrystalline diamonds are embedded in a graphitic or sp 2 phase in needle like
morphology in ambient tribo-conditions.



High run-in regime issue in UNCD films is addressed employing low energy (1 keV)
Ar +-ion sputtering process. The friction and wear resistance properties of surface
modified UNCD films are found to improve with sputtering depth in all distinct triboenvironmental conditions of reactive and inert gaseous media. The tribological
passivation mechanism across the sliding interface is established for observed low
friction value in inert N 2 and chemically reactive CH4 tribo-conditions. High friction in

ambient condition is associated with the oxidation of the sliding interfaces. The low
friction in chemically inert Ar atmosphere is possibly due to the adsorption of inert Ar
gaseous species at the sliding interface.


The superlow friction value and ultrahigh wear resistance properties of UNCD films are
studied in high temperature and high vacuum tribo-conditions. The passivation and
graphitization/amorphization mechanisms are established for observed tribological
response in UNCD films in distinct tribo-conditions of ambient, HV and HTHV.



Novel hydrogenated UNCD films are deposited on Ti alloy substrate to address high
friction response in high vacuum tribo-conditions. The intrinsic hydrogen passivation
mechanism of dangling carbon bonds is established for low friction coefficient of UNCD
films up to limited number of sliding cycles in high vacuum tribology condition. The
interaction of carbonaceous a-C phase at sliding interface results in high friction value of
UNCD films in high vacuum tribo-conditions once intrinsic hydrogen supply is
exhausted.

7.2. Future scope
In this present thesis work, the underlying tribological mechanisms for improved friction and
wear properties of UNCD films are established using experimental characterization techniques.
However, several issues still need to be addressed to have better understanding about underlying
tribological mechanisms as mentioned below:


The study of the dynamics of transferlayer formation on contact interface with sliding
process using depth-resolved XPS in distinct tribo-environmental conditions of high
temperature, high vacuum etc. and its correlation with friction and wear trend.



The correlation of friction and wear properties of UNCD films having nanowall
morphology with wide tribo-test temperature range.



Understanding the effect of Ti–6Al–4V substrate on observed high friction value of
UNCD films in ambient conditions compared to UNCD films deposited on Si substrate.



The enhancement in tribological properties of UNCD films in HV conditions for longer
duration of sliding cycles by tuning the hydrogen concentration in deposition plasma
media.
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