51JT EPDVNFOU JT EPXOMPBEFE GSPN %3 /56 I1UU
/I BOZBOH 5FDIOPMPHJDBM 60JWFSTJUZ 4JOHBQP

.PMFDVMBS EZOBNJDT TUVEZ PO USJCPN
CFIBWJPST PG %-%$ GIMNT

#BJ -JDIVO

#BJ .PMFDVMBS EZOBNJDT TUVEZ PO USJCPMPHJDBM CFIBWJPST
UIFTJT /BOZBOH 5FDIOPMPHJDBM 60JWFSTJUZ 4JOHBQPSF

lUUQ IEM IBOEMF OFU

lUUQT EPJ PSH

Downloaded on 29 Nov 2023 16:46:37 SGT



MOLECULAR DYNAMICS STUDY ON TRIBOLOGICAL
BEHAVIORS OF DLC FILMS

BAI LICHUN

INTERDISCIPLINARY GRADUATE SCHOOL
ENERGY RESEARCH INSTITUTE @ NTU (ERI@N)

2016






MOLECULAR DYNAMICS STUDY ON TRIBOLOGICAL
BEHAVIORS OF DLC FILMS

BAI LICHUN

Interdisciplinary Graduate School
Energy Research Institute @ NTU (ERI@N)

A thesis submitted to the Nanyang Technological University in
partial fulfilment of the requirement for the degree of

Doctor of Philosophy

2016






Statement oOriginality

| hereby certify that the work embodied in this thesis is the result of original research and

has not been submitted for a higher degree to any other University or Institution.

/ j U(}
9 December 2016 /ﬁw L Vv

Date Bai Lichun






Acknowledgements

Acknowledgements

| would like to express my sincere gratitude and appreciation to my supervisor
Assistant Professor Zhou Kun for his tremendous support, guidance and encouragement.
This research would be impossible without his instructive advice and help. His rigorous
attitude towards scientific researdeeply impressesie, and his strict training on both
scientific thinking and writing strongly benefits me.

| would alsolike to express my deepest gratitude to mysapervisor Dr. Narasimalu
Srikanth for his continuouadvice and encouragement. His persistent guidance and help
make this research possible.

| sincerely acknowledge the Interdisciplinary Graduate Schofol Nanyang
TechnologicaUniversityfor providingtheResearch &holarship and its High Performance
Compuing Center for computational support.

| am thankful to Dr. Zhang Yongwei, Dr. SEaendong and Dr. Pei Qingxiang from
the Institue of High Performance Computinggency for ScienceTechnology and
ResearchSingapordor their insightful comments anguggestiors. Many thanks also go
to my friendsDr. Liu Bo andMr. Tang Chador their valuablesuggestionsabout my
researctworks

Last but not the least,would like to express my sincere gratefulness to my parents
and my wife Li Ling for their love aneétncouragement and to my sisters for their

unconditional suppost



Acknowledgements




Table of Contents

Table of Contents

F o g 01TV [=Te [0 T=T 1= o | € SRR L.
Table Of CONIENTS... ... rmeee bbbt e e e e e e s s mn e bbb e e e e e e e s Il
Y 01 1 =T I '
IS o 0] o] o= 1o 3PP IX
IS o ) o U = TP Xl
IS 0 ) = Vo1 =P XV
LiSt Of SYMDOIS. ..o e eeenr e e e e XVII
Chapter L. INtrOAUCHION .......ccooi i rrer e e e e e e e e e e e e e e e e e e e e eeesennnaneaannnanas 1
I 2 T V] (o | (o 10 ] o TS 1
2 YT 1)Y= U1 T 3P 4
G T @ o] [T 1)Y= PSP PP PTP P PPPPP 7.
1.4. DiSSErtation OULIINE........ccciiiiiiiiiiiiiieeeee e e e e e e s s s bbb eeeeneeeeaeeeeas 7
Chapter 2. LItEIratUIE MEVIEW ........cooviiiiiiiiiiieieeeeame e e e e s e et e e e e e s smmme e e e s s s inbnn e e e e e e e e e s ammneeeas 9
2.1. Fundamentals Of triDOIOGY.........cccuuiiiiiiie e 9
2.1.1. FrICION QNGO WEAKL.......uuiiiiiiieeeeiiieeessiibieeeeee e e e e e s s s mnesssbbreeeeeaeeeessennnssrnnnnseed 9

2.12. Tribology under twédbody and thredody contact...................oooe e, 11

2.1.3. Tribology at the NAN0SCAlE............ooiiiiiiiiiie e 19

2.2. Tribological behaviors of DLC filmS.........uuuuiiiiiiiieee e eeer e 24
2.2.1. Operational condition INfIUENCE...........vviiiiiiiiii e, 24

2.2.2. LUbrIication iINFIUBNCE.......uueiiiiiii e 31

2.3, MD SIMUIBLION. ...ettttitiiiiiiiiiiiimmme e e e e e e e e e e et e e e e e e e e s aneess s s e s s e s s e e e s e s s e eeeeeeeeeeees 34
2.3. L. PrINCIPIES .. e e e e e e e e ane— 34

2.3.2. Sinulation of tribology at the NanNoSCale.........cccooeeeiiiiiiiiccciiieeeeeeeeeeeeeven 38

2.4, SUMIMAIY....cciiiiiiiiiiiitiieee et iemmas e e a e e e e e e e e e e s amemeeesesnnennnbrsnnnebnnennnnnneeeeeeeeeeeeeeeseeeesss S0
Chapter 3. Tribological behaviors of DLC films under twobody contact..........................45
K 700 OO 1Y/ T T = 11 T Y 45
3.1.1. AtOMISEIC CONFIQUIALION.......ciiiiiiiiitieii ittt 45

3.1.2. SIMUIation MELNOGAS.........coe i er e a7

3.2. RESUIS ANd QISCUSSIONS. .....uuueiieee ettt emmma s e s e e e e e e e e e e e e e e e e e e e e e emmmeees 50
N B O] o] = Tod [ (=T o = o = 50

3.2.2. L0Ad EffECL....cci i ————————————— 52
3.2.3. VEIOCItY EffECL.....ccciieeeiie e e 63

3.2.4. Surface roughness effeCl..........c.uuviiiiiiii e 66



Table of Contents

G TR0 TS T U 1] 1.0 = Y P 70
Chapter 4. Tribological behaviors of DLC films under threebody contact........................ 73
o Y/ oo (=] |1 oo [PPSO PP RPPPPP P PPPIN 73
4.1.1. AtomMIStiC CONFIQUIALION..........evviiiiiiiiiiiiiirees e e e e e e e e eeeerer e 73

4.1.2. SIMUlation MEthOUS.......cciiiiiiiiiii e 75

4.2. RESUILS aNd DISCUSSIONS. .. .uuuuuuiiueiiiieiie et e e et e e e et e et eeeeeeemees s s s s s s s e s e e e e e e eaaeeeeeesmames 76
N N o T g = ox B[] (=] = Lo = 76

4.2.2. LOAA EFfECL....ciiii it 77

4.2.3. VEOCILY EFfECE...ciiiii i 82

4.2.4. PartiCle €ffECh......cooi i 87

TS YU 1 0] 10T P 91
Chapter 5. Influence of the hydrogen atmosphere on tribological behaviors of DLC fiim®3
ST Y[ To [= | 1 o o PP TP P P PP PRTPPPPPS 93
5.2. ReSUILS aNd AISCUSSIONS. ......uuiiiiiiieeiiiiimenssiiiieieeee e e e e s s s s meessbb e eaeeeeeessenssannnnnes 95
5.2.1. Friction forces and atomic configuration............ccccccvviviccceeeeeeiieeiieeceeeeeee e 95

5.2.2. Friction temperatures and element diffusians.............ccoevvvvvieeeeiiieeenenn. 102

5.2.3. Graphitizatiomnd atom deNSItY..........cceeeeriiiiiiiiirmmiiee e 106

LT T [ ] 110F= 114
Chapter 6. Influence of the graphene lubrication on tribological behaviors of DLC filmsl17
L 1Y/ [ To (=1 T RO PP PPPP R TPPPPN 117
6.2. RESUIS B0 iSCUSSIONS.......uuviiiiiiieeeeeeeiiieeee sttt e e e e e e s s mee e eeaeee e e e e e nnsennens 120
2 N 1T o 0] o = PP UEEPRT R 120

6.2.2. LOAU CAPACILY......vveeeeiieeeeeeiieieeme sttt e e e mres b e e e e e e e nnnnee 129

6.2.3. Effect of defeCts in graphene..........oocceiiiiiiiieeeeeee e 133

L TR ST [ 1110 F= P 136
Chapter 7. Conclusions and recommeNndationS..........cccoeeeeiiiiiiiicccreeeeeeeeeeeeeveeeeeeeeeeeeen s 139
7.1. Conclusions and CONtHDULIANS .........uvvuiiiiiiiiiimmre e e e eree s 139
7.2. RECOMMENUALIONS ... ..o e e e e e e e e e e e e e e e e eeeeeamnne e e e ens 141
L] (=] (= o7 = 143



Abstract

Abstract

Diamondlike carbon (DLC) filmghatare a type of amorphous solids exhibit excellent
mechanical properties and superior tribological performaacdghus can be used as the
coating of workpieces to improve their wear resistance and reduce their surface. friction
The tribological behaviors of tHeLC films are sensitive to many factors such as the film
compositions, operational parameters and emwrent. These sensitivitiehighly
complicate thetribological mechanism®f the DLC films and largelydegrade the
reliakility and performancesDue to the difficulty to observe the evolution of the contact
interfaces, particuldy their detailed atom structures at the nanoscalejestigation of the
tribological mechanisms of the DLC films is challengimdgolecular dynamics (MD)
simulation is a powerful technique used to investigate the nanoscale physical and chemical
phenomena which can hardly be alveel in experiments. ThiBhD dissertation adopts
MD simulation as the main approach to investigate the nanoscale tribological mechanisms
of DLC films under diferent operational conditions.

The effectsof the load, velocity and the surface roughness o€ Bilms on their
tribological behaviors argtudiedfor two-body contact casen which a diamond tip slides
against a DLC film. It is found that the increase of the load can induce transition of wear
from adhesive to abragvand highly increase wear eatf the film. Its friction force
follows themacroscal®owdenTabor model at a small load, liverges from such model
at a large load due to the formation of transfer lay&rgs keeps consistent with
experimental observations in literature and tldesmonstrates that the macroscale
tribological mechanisms are still valid at the nanosddie.friction force and wear rate of

thefilm decrease with the velocity due to the reductiothestliding depth of the diamond
\Y



Abstract

tip and number of bonds at the casttanterface. The increase of the surface roughness
causes that the friction force of the film increases while its wear rate shows a nonmonotonic
dependence on the roughness due to the competitions bedtweeadhesive and abrasive
wear This nonmonotoniclependence indicates the existence of a minimum wear of the
DLC films and thus shows the difference of theamoscaldribology from that at the
macroscale.

The effecs of third particles at the interface between DLC filmstloir tribological
behavios arestudied by relativesliding two films with a rigid particle located between
them. It is found that friction and wear of the films are determined by adhesion at a small
load but dominated by both adhesi&md ploughing at a large loadl.high velocitycan
increase the friction of the film but decrease its wear, due to the response of its networks
to a high strain rate indicated by such velocityis indicates thaioththe surface adhesion
and the mechanical response of the DLC films play significales in their tribological
behaviors at the nanoscalée friction and wear of the filmrealso highly influenced by
the shape of the particle and its size which icdlmenceits movement mode and wear
mechanisms.

The effectsof testing atmospheres astudied by simulating the friction behaviors of
DLC films with the presence of environmental H atoms. It is found that the friction
mechanisms depend on the friction temperature. At low friction temperatures, H atoms are
concentated near contact interfaces, and their passivations highly reduce the interfacial
adhesion and friction force. However, at high friction temperatures, the diffusions of H
atoms and graphitization of the DLC film as well as its thermal expansions caide a

region with eassshear properties, thus tdtng in a low friction force. This indicates that

Vi
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besides the Hbassivations the H diffusions can also reduce the friction force of the DLC
films by tailoring structures and properties of their slidintgrface, providing a new
explanation for the low friction of these films in the éhvironment.

Graphene is a single layer of carbon atoms arranged into a honeycomb lattice
structures. Since its discovery, graphene has found itself wide applications in
nandechnologies due to itsuperior mechanical properties including the ultrahigh
mechanical strength and superior lubrication performsri@ee of these applications is to
use graphene as a lubrication material to isolate the contact between surfacessperiti
Simulation of the lubrication of graphene for DLC films shows that its lubrication
performance can be improved by the increase of its layer number but degraded by its
defects. Under a small normal for¢epughthe puckeringeffect has been inducedhe
superlubricatiof the graphenean be preserved as indicated byihiealowfriction force.

Under a large normal force, the friction force increases due tmilbloehemicaleactions

of graphene and theibopairs The tribochemical reactions highiyfluence the structural
stability of the graphene and thus terminate its superlubrication. The simulation also
demonstrates th#te size increase of the graphene can largely increase its friction force by
promoting the puckering effect. This shows that the ssiadld graphene may exhibit a
better lubrication performance than that with a large size.

This PhD dissertation has invigmted the tribological behaviors of DLC films under
the influence of operational conditions. The reshk$p tounderstandhe tribological

mechanisms of the DLC films and promote their wide applications in future.
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Chapter 1. Introdutton

Chapter 1. Introduction

Diamondlike carbon (DLC) films have excellent mechanical and tribological
properties and thus can leeployedas solid lubricants of workpieces to reduce their
surface friction and improve their wear resistance. The wide applications of the DLC films
have raised significant demands to understand their tribological mechanisms. In this
chapter, a brief introductias firstly conducted on tribological behaviors of the DLC films.
Subsequently, the motivations and objectives for BB dissertation are presented, and

the dissertation organization is then outlined.

1.1. Background

DLC films are a type of amorphosslids and consist of a mixture of’spnd sp-
hybridized carbon atoms. These films have excellent mechanical properties, superlow
friction coefficient and superior wear and corrosion resistéidoanet 1998) Therefore,
the DLC films arecan be used tonprove wear resistance and reduce surfacédn of
workpieces and highly increase their reliability and lifetifRer example, the DLC films
can be a suitable weagsistant layer on plastic products such as sunglass lenses which are
made of polycarbaate (Kimock and Knapp1993) these films have been used in a hard
disk driving system to improve its wear resistance and reduce the friction between magnetic
disks and head$rkobertson2001, Kokakuet al, 1993; these filmsare also employed to
preventwear for razor blades and metal cutting tools including lathe inserts and milling
cutters and increase lifetime for bearings, cams and cam followers in the automobile

industry (Kurokawaet al., 1987; Erdemiet al, 2006) Because of the wide applications
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of the DLC films, their tribological mechanisrhave attracted tremendous attentions in
the past decades and have also been the theme of numerous studies.

It has been found that the exceptional wear resistances of DLC films are due to their
high hardnes which indicates a high resistance to plastic deformations and thus suppresses
the formationsof wear debris. The excellent friction behaviors of the DLC films are
commonly due to the formation ofyraphitic transfer laysron the surface of their
counterpartgLiu et al, 1996a) Such layer that is easy to shear can isolate the direct contact
between these films and their counterparts and cause the friction redBeiienal, 2011)

The tribological behaviors of DLCIlfns depend on their compositions such as the
sp’/sp? ratio and the doping elements. Thé/sp ratio is commonly used to characterize
the microstructures of teefilms. The higher ratio commonly indicates a larger fraction of

sp® bonds in such films arttheir higher hardnegérmer and DorneE Reise| 2005) Since

the sp/sp’ ratio of the DLC films is sensitive to their deposition equipment and parameters,
the mechanical properties of such films commonly vary -bgsease and their wear
behaviors are diverse in the literat@ill, 1997; Bull 1995) The doping elements also
highly influencethe tribological behaviors of the DLC films by influencing their surface
properties. For example, the hydrogenation o$&fikms can highly reduce their friction
by passivating dangling bonds on their surfaeesl even induce the occence of
superlubricity the silverdoped films exhibit a superlow friction due to the diffusions of
silver from the subsurface to the surface at a high friction tempe(sttargget al, 2012)
Tribological behaviors of DLC films can also be influenced by many operational
conditions such as the load, velocity, environment and lubricéBanret al, 2011; Grill

1997; Donnet 1998)'heeffectof the load and velocity is mainly due to the fact thay

2



Chapter 1. Introdutton

highly influencethe formation of transfer layers by changing friction temperatures which
eventually dominate the graphitization of the DLC films. The environmeninfiaence

the tribological behaviors dhesefilms mainly by changing their corgainterface. For
example, suchlins exhibit a superlow frictiom a hydrogen atmosphereHiue to their
surface passivations by H atofff®ntaineet al, 2004; Fontainet al, 2001) these films
show a low friction in a sandust environment due to the rolling of the sand partiges

et al, 2011a; Qiet al, 2010) Lubricants are commonly employed to reduce the sensitivity
of the DLC films to their compositions and operationaldibons. These films show stable
friction and wear behaviors in a lubricated condition and exhibit a complex boundary
lubrication mechanism which involves te#fectsof both the lubricants and filn{&iu et

al., 2013; Liuet al, 2011a; Liuet al, 2011b)

The previous studies mainly investigated the tribological behaviors of DLC films by
analyzing their macroscale tribological mechanisms via experimental methods. It should
be noticed that the macroscale tribology actually happens as interactions b&ivwaea
asperities at a small scgldo et al, 2009; Edelet al, 2015) These asperity interactions
should be responsible for the fundamental tribological mechanisms of the DLC films,
however, are invisible due to the limitations of the macroscale expetal methods.

As a result, many fundamental mechanisms at the microscale and nanoscale are still
unclear. For example, the formation process of transfer layers during the Fimpergpd
of the DLC films always lacks clear understanding; the deperdehthe formation of
their wear debris on operational parameters such as velocity and load is rarely reported;
sensitivities of the tribological behaviors of the DLC films to their working environment

need to be explored by analyzing the contact interféoe effect of lubricants and



Chapter 1. Introdutton

particularly their additives on the interfacial evolution of the DLC films is seldom studied.
Hence, it is of great significance to investigate the tribological behaviorssefilnes at
a small scale.

This significance isalso highly raised by the applications of DLC films in a
miniaturized component or machine. For instance, these films have been used to improve
the wear resistances of tips for atomic force microscope (AFM) which has been used to
nanomechanically machirsurfaces with an atonyecale roughnesgran et al, 2015)
such films are also coated to components in a microelectromechanical system (MEMS) or
nanoelectromechanical system (NEMS) to increase their wear resis{@acese and
Bhushan2004) The DLC films at the small scales exhibit a tribological behavior different
from that at macroscales and such behavior is unsuitable to be interpreted by the
macroscale tribological mechanisms.

Therefore, investigations of the friction and wear of DLfin$ at a microscale
especially nanoscale can highly improve the understanding of their tribological

mechanisms and promote their wide applications.

1.2. Motivations

Nanoscale tribology of materials highly depends on their surface properties which
eventually determine the adhesions at their contact interface and their contact area. Such
adhesions are caused by atomic interactions and lead to a nonzero contact area and a high
friction force even for a zero logBderet al, 2015) As a result, it is comonly concluded
that the nanoscale friction is linearly proportional to the contact area but has a nonlinear

relation with the load, which is regarded as the friction law at the nandadalet al,
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2009) The validation of this conclusion for the tribojogf DLC films may be highly
influenced by the formation of their graphitic transfer layers and-&asgr properties of
such layers, which is of great scientific significance and thus should be investigated.

The high adhesion at interfaces between DL@dildominates their wear at the
nanoscale. Such nanoscale wear can also be caused by abrasion with an extremely high
load(Gnecccet al, 2002) The transition of the nanoscale wear from adhesive to abrasive
may be caused by the graphitization of the DU@diand the formation of their transfer
layers. Investigation of such transition can uncover the nanoscale wear mechanisms of the
DLC films and bridge the gap between their wear at different scales.

The nanotribological behaviors of DLC films are highifluenced by thireparticles
which may be the resultants during the friction process ordasidparticles coming from
the environment. The existence of a small number of the plairticles can highly increase
the contact stresses and largely degradestineace of the DLC films. Moreover, the
interfacial adhesion between such films and their graphitization also highly change their
tribological behaviors bynfluencingthe motion of the thirgbarticles. The tribological
mechanism of the DLC films with th@esence of third particles is not well explored and
thus becomes another motivation in this study.

The atmosphere dependence of the tribological behaviors of DLC films is commonly
attributed to the occurrence of tribochemical reactions, while the effeatimosphere
element diffusions into the films on such dependence is ignéi@ataineet al, 2001;
Fontaineet al.2004) This can be exemplified by the low friction of the DLC films ina H
environment. Such low friction is commordye tothe Hpassivations which result in van

der Waals forces at the contact interface, and it is usually neglected the fact that the H
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atoms can diffuse into the DLC films and highly reduce their shear modulus by enhancing
their viscoplastic properties. Suchfdsions have been rarely considered and thus their
effectstill lacks a clear understanding.

The sensitivity of the tribological behaviors of DLC films to their compositions and
working atmospheres can be eliminated by using other lubricants. Graplsesxchbent
lubrication properties and superior chemical inertness and thus is capable of lubricating the
DLC films with different compositions in various atmosphe(Esleter et al, 2009)
Therefore, graphene has a huge potential to stabilize therfirextid wear of the DLC films.

The lubrication mechanisms of graphene fos#igéms are hardly studied in experiments
due to its atomisize thickness and thus should be investigated at the nanoscale.

It is evident that investigations of the above issues of DLC films are beneficial to
understand their tribological mechanisms and promote their wide applications. These
investigations are difficult to be conducted in experiments due to the nanoscaleusizes
can be easily realized by simulation. This is because the fast development in computer
science and technology has allowed atomistic models to simulate phenomena under a
realistic situation. Many phenomena at the nanoscale can be well predicted sitheing
first-principle simulation or molecular dynamics (MD) simulation. Compared with the
first-principle simulation, the MD simulation is capable of modeling systems with
relatively large sizes and thus has been employed to simulate the tribologroaingmen
at the nanoscale in this study.

In fact, it is always challenginfigr theMD simulation toaccuratelypredict parameters
in experimerd, due to the large gap between the simulation and experiratetmstime

and length scalesdowever, the MDsimulation caninvestigate physical and chemical
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phenomenan a realistic situation and thusgsll able toprovide an atomianderstanding

aboutmechanisms aheseexperimentaphenomena

1.3. Objectives
The present research works are focused on the tribological mechanisms of DLC films
by using MD simulation. Theffects of working conditions and lubrication of graphene on
the tribological behaviors of the DLC films are considered. The main objectivé® of t
present research works are set as follows:
X  To investigate the nanotribological behaviors of DLC films under different working
conditions and with the lubrication of graphene;
X To gudy the friction and wear laws governing the tribological mechanisribd Gf
films at the nanoscale;
X  To explore fundamental mechanismdlittk thetribological behaviorsfoDLC films
at different scales;
X  To provide guidance for applications of DLC films with the lubrication of two

dimensional materials in tough working carahs.

1.4. Dissertation outline

This PhD dissertation contains seven chapters. Following this introduction chapter, a
literature review about the principle of tribology, tribological behaviors of DLC films and
the MD simulation is conducted. Chapter 3 illustrates the investigation of tribological
behaviors of DLC films under a twlmody contact condition. In Chapter 4, the study
focuses on the tribological behaviorstbésefilms under a thredody contact condition.

7
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Chapter 5 presents the influence esfvironmentalhydrogen atoms on the tribolagi
behaviors ofthe films. Chapter 6 deals with the lubrication of graphene for the film
scratched by a diamond tip. Chapter 7 gives the conclusions of this dissertation and the

recommendations for future works.
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Chapter 2. Literature review

Friction and wear of DLC films are caused by the interactions of asperities at their
contact interfaces during their relative sliding. Investigations of these interactions can help
to uncover tribological mechanisms of such films. However, these interacti@sperities
are common at the nanoscale and thus hardly studied in experiment. MD simulation can
model the nanoscale tribology, since they are capable of monitoring the evolution of
contact interfaces and providing information on the element diffasiamd phase
transformations. In this chapter, the fundamentals of tribology are firstly introduced. Then
a review is conducted on tribological behaviors of the DLC films. Finally, the principles
of the MD simulation are presented and their applicationsadeling the nanoscale

tribology are briefly illustrated.

2.1. Fundamentals of tribology
2.1.1. Friction and wear

The wordtribologywas initially derived from the Greek wondbos meaning rubbing,
DQG WKXV WKH OLWHUDO W UDWQVEEL\QURQ, ® HXQW H YWHGY
tribology is defined as the science and technology of interacting objects during their
relative motions and involves friction, wear and lubrication science. Friction is the
resistance to relative motions of objects, aneamwis the surface damage or material
removal from one or both of their surfaces. Lubrication can reduce the friction and wear
by using lubricants.

For components in a machine, high friction and wear highly degrade their surface and

thus decrease theirfétime. Such degradations can be largely suppressed under a
9
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lubrication condition. Therefore, tribology always relates with the reliability of machines
ranging from spacecraft to household appliances. This determines the great economic
significance of trilblogy. It has been reported that losses caused by tribology take about 4%
of gross national product in United States, and about one third of the energy in the world
is consumed by tribolog§Bhushan2013a) Research and better designs of tribology are
able to save about 1% gross national product in an industrialized r(dbsh 1976)
Therefore, tribology has highly attracted worldwide attentions.

The first study of tribology was conducted by the renaissance engineer and artiest
Lenardo da Vinc(Dowson 1979) He firstly deduced rules for the motion of a rectangular
block sliding over a flat surface. Such rules were rediscovered by the French scientist
Guillaume AmontongBhushan 2013a) He found that the friction force has a direct
proportion to the ormal load and is independent of the apparent contact area. The physicist
CharlesAugustin Coulomb further reported that the friction force is independent of
velocity after the commencement of motiqg€oulomh 1821) These pioneering
observations becameundations of tribology and highly promoted its development.

Inventions of microscopes have promoted the rapid development of tribology. With
these microscopies, it was found that many micro and nanoscale asperities exist on a
macroscale smooth surfafdyers 1962) The interactions between surface asperities of
materials dominate their friction and wear. Therefore, investigations of these asperity
interactions are capable of uncovering tribological mechanisms and have been the main
research theme of theaaern tribology(Bhushan2000)

The wear of materials was only empirically described to have a relation of with their

mechanical properties such as hardness and elastic modulus for a long time. The fast
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development of wear happened last century. WitBntiens of many kinds of microscopes,
wear processes can be clearly examined, such as the formatweanfparticles and
transfer layes, crack propagations and delamination pro¢8sset al, 1979; Suh1973;
Suh 1977)

It should be noticed that bofhiction and wear are a systemic response instead of
properties of materials. This is because both the friction and wear are influenced by
operational conditions such as load, velocity, humidity, pairs of tribomaterials and
atmosphergdHolmberg and Mathesy 1994) For example, sometimes a high friction is
assumed to definitely relate with a high wear. The assumption is not universally correct
because the friction is caused by interactions of surface asperities while the wear of
materials relates with themechanical propertieBhushan 2013a) This can be easily
proved by the fact that polymers show low friction and high wear while ceramic materials

exhibit high friction and low wear.

2.1.2. Tribology under twobody and threebody contact
Tribology canbe categorized according to the contact conditions including soliid
sliding, elastohydrodynamic lubrication and boundary lubricg@8trushan2013a) Since
DLC films are mainly used as solid lubricants in machine, their tribology mainly happens
in a solidsolid contact condition. Therefore, the sediolid sliding tribology is reviewed
in the following sections.
The tribology of materials is regarded as the interaction between their surfaces. In
some cases, a third particle from outside or generated during the wear processes can be

present at the interface between these materials. Particularly, for DLC filnsamddust
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environment, the sand particles at their interfaces highly influence their tribological
behaviors. Due to the significance of the third particle on the tribological behaviors of the
DLC films, both the tribology with the twbody contact and theebody contact are
reviewed. This is different from the literature which commonly reviews the-tiodg
tribology as a part of abrasigBhushan2013a)

Friction under a twdbody contact condition is mainly dominated by adhesion and
deformation. The adision friction commonly happens for metals and some ceramic
materialyBowden and Tabgd942; Bowden and Taba973) Under a large load, strong
interactions (even cold welding) of surface asperities of metals can be caused and highly
increase their intéacial adhesins. In this case, the relatigliding of metals requires a
lateral force to overcome their interfacial adhesion. The lateral force that is friction force

Fr can be obtained by

FAWY, (2.1)
where 2is the average shearength of the asperity contact aAdthe real contact area
which is calculated by summing up the area for every asperity contact.

Friction can also be caused by deformation. During the friction process, asperities of
the harder surface penetrate inte tiher soft surface and cause grooves by ploughing. As
a result, thencrease of thériction is inducedbecause of the plastic deformation of the
soft surfac€Rigney and Hirth1979)

The friction caused by deformation can be understood by a simple (Radbahowicz
1965) as shown in Fig. 2.1. Under a large load, the rigid conical asperity penetrates into

the lower material and thus causes its plastic deformations. Assuming thag|thegy
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strength of the lower material is isotropic, the forces along the horizontal and normal

directions and the friction coefficient can be obtained as

F, A, (2.2)

F PA, (2.3)

P i} ﬁ (2.4)
F, A

whereF, is the normal forcekt the horizontal force that is the friction forcethe friction
coefficient,p the yield pressure of material, aAchndAp the projected area of the asperity

contact along the normal and horizontal directions, respectively.

Fig. 2.1. Schematic of a hard asperity sliding against a soft ma(&adinowicz 1965)

The Eqg. 2.4 may be used to simply evaluate friction coefficient of materials
particularly metals when they are experiencing ploughing. It should be noticed that the
piling up of materials ahead of the asperity is neglected in the model. This results in tha
the friction coefficient predicted by Eq. 2.4 is smaller than experimental results in some

casegRabinowicz 1965)
13



Chapter 2 Literature review

Both the adhesion and deformatimaluced friction describe the kinetic friction which
is observed during the stable sliding of surfate$act, when these surfaces are in contact
under a large load, the lateral force required to initiate their relative sliding is commonly
higher than the kinetic friction force and named as the static friction. The static friction is
caused by interfaciadhesions which determine its time dependéRosve 1960) A long
rest time for the contact surfaces highly increases their interfacial adhesions by causing the
formation of metallic or covalent bonds across their contact interface. With the
commencemadrof the sliding, such interfacial adhesion is strong enough to cause plastic
deformations and creeps of materials near the interface, thus highly increasing the friction
force.

When the static friction between two materials is much larger than thetickmetion,
their relative sliding velocity fluctuates largelBhushan 2013a) as shown in Fig. 2.2.
Such fluctuations called stickslip friction and highly depends on the intrinsic properties
of materials in contact as well as test conditidsiing the sticly period, the interfaces
between the materials are strongly bonded, thus highly increasing their friction force by
inducing their deformation. When the stress reaches the strength of the interfacial adhesion,
relatively slip of the materials hppns. The periodic stieslip friction can be seen in many
situations such as squeal and chatter in bearings, jerking of brakes and earthquakes.

Stick-slip friction is undesirable in machines due to the frequent presence of large
friction. Several methodsave been developed to eliminate or prevent the-stipKriction
(Bhushan 1980) For examples, one can design mechanical systems with a small
compliance by using stiff springs and increasing both the inertias of sliding components

and the system dam; lubricants can be used to avoid the s$igg phenomenon by
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reducing static friction and thus eliminating its difference with kinetic fric(@mushan
2013a)

Friction of materials has a close relation with their wear, since their friction ersergy i
partly dissipated by plastic deformation or delamination during their wear. Different
friction mechanisms indicate the existence of various principles of wear. The basic
principles of wear include adhesion, abrasion, fatigue, chemical reactions, inypact b
erosion and percussion and electraatinduced wea(Bisson 1969) Commonly, at least
two or more kinds of wear occur simultaneously, which highly complicates the wear
analysis. It is noticed that two thirds of all wear in the industrial fields majpéae form
of adhesion and abrasion. Therefore, a review of these two wear mechanisms will be

conducted in this dissertation.

Fig. 22. Stick-slip friction force as a function of time or distar{@hushan2013a)

Adhesivewear occurs when adhesion at the interface between materials is strong
enough to deform them. As a result, a surface fragment may detach from the one material

and attab to the other ondéArchard 1953) The adhesive wear commonly happens

15



Chapter 2 Literature review

between metal@rchard 1980) due to the fact that the asperity welding of metals is easily
induced under a large load.

The mechanisms of adhesive wear have been investigated for decades. Among these
investigations, the mechanism proposed by Archard is moskn@in. He suggested that
shearing between two materials occurs at their original inte(faobard 1953) due to
the fact that the interfacial adhesion strength is commonly smaller than the mechanical
strength of asperities. In some cases, the interfacial strength is much higher and can cause
the break of surface asperities, leading to the detachment of a surfacerfragm thus
the formation of wear debris.

The equation of adhesive wear was commonly obtained based on the experimental
results.It is found that the wear volume can be calculated as

KF L
v o= 2.5
H (2.9)

whereV is the wear volumé;, the load L the sliding distance the hardness of the worn
surface andt the wear coefficientHolm, 2013) Eq. 2.5 was later verified by Archard via
a theoretical model in which the contact was assumed to be jasti@ard 1953) Hence,
the formulais also called Archard equation. The Archard equation has been validated by
manyexperimentatesultsand thus used widely to predict the wear volume of materials.
The assumption of plastic deformations in the Archard equation can be verified by
examiningthe wear track. For example, for a stainless steel sample after adhesive wear,
adhesive debris is evidently pullout from the sample, and both its surface and subsurface
experience severe plastic deformations.

Abrasive wear under the twandy contact contibn happens when a hard surface

slides against a soft surface. In this case, the asperities of the hard surface can penetrate
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into the soft one and cause its plastic deformation or fra@Wwere, 1974) The abrasive
wear widely occurs in the mechanicglerations such as cutting, turning and grinding.

The wear volume caused by abrasion can be evaluated based on a simple model raised
by Rabinowicz(Rabinowicz 1965) as shown in Fig. 2.3. In this model, a rigid conical
asperity slides against a soft dtat surface. A groove with uniform depth is ploughed on
the soft surface. By assuming that the soft surface yields during the ploughing, the abrasive
wear volume can be calculated by

v 2F Ltan 7’ (2.6)
@

whereF, is the loadL the sliding distance artd the hardness dhe soft surface.
Eq. 2.6 is obtained based on a simple situation. It was further found that abrasive wear

can also be rewritten with a similar formation of Archard equation as

v % , 2.7)

wherek; is the wear coefficient includes all the influences such as geometry of asperities.
Thek: is commonly two to three orders of magnitude larger than the wear coefficient of
adhesion wear, which indicates that the abrasive wear is quite undesirable in machines and
should be avoided during their working.

The threebody tribology happens with th@resence of third particles. Such particles
may come from the environment such as the desert. Moreover, these particles may also be
the resultants formed during the adhesive and abrasive wear, due to the fact that many wear
debris distributed on the weaatk actually become third particles influencing the friction

and wear.
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Fig. 2.3. Abrasive model of a hard conicperity sliding against a soft surfg8hushan
2013a)

Fig. 24. Schematic of wear process of two relatively sliding surfaces with (a) trapped third
particles and (b) rolling particldBhushan2013a)

Themechanisms of threleody tribology highly depend on the mechanical properties
of third particles. For the particles that are softer than the other two materials, these
particles highly yield and thus become flat or fragmented during the wear process
(Khruschov, 1974) When the third particles are harder than the other two materials, such
particles may be trapped by one of the two materials and plough anoth@&hoisbaret
al., 1985) as shown in Fig. 2.4. In this case, the mechanisms of theltbdsetribology
are similar to those of twbody abrasive tribology. The rolling of the third particles is
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present, when the load is small or the other two materials have smooth surfsoese In
situations, these particles spend almost 90% of the time rolling. In this case, the rolling
particles highly reduce the friction and wear, because such particles act iagéar
lubricate the relativeliding materials. It has been reported thatwear coefficient under
threebody contact conditions is at least one order of magnitude smaller than that in two

body contact condition@abinowiczet al, 1961)

2.1.3. Tribology at the nanoscale

It has been discussed that macroscale tribology ténmas is caused by interactions
between their surface asperities which are at the micro or nanoscale. Investigations of these
interactions can significantly improve the understanding of macroscale tribology and thus
bridge the gap between science ofdldgy and its applications in engineerif@hushan
1999; Bhushan2013b) Moreover, the micro/nanminiaturizations of machines such as
NEMS and MEMS highly increase demands to understand the tribological phenomena at
the nanoscalgBhushan 2000; Bhushan2012) As a result, the importance of the
nanoscale tribology has been long recognized.

The rapiddevelopment of science and technology makes it easy to investigate
nanoscale tribology. Many tipased microscopies invented in the last century such as
surface force apparatus (SFA), scanning tunneling microscope (STM), atomic force and
friction force migoscopes (AFM and FFM) can be used to study the nanoscale tribological
phenomena. The emergence of these microscopes has highly improved the understanding
of the nanoscale tribology by shedding light into atesuale energetics, dynamics,

thermodynamicsstructure of materials and their rheological propefdsishan1998)
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Nanoscale friction is quite different from friction at the macroscale. It has been
reported that the nanoscale friction is sensitive to properties of outermost saytsrseof
mateials instead of their bulk mechanical properties which dominate the macroscale
friction (Kim and Kim, 2009) The outermost surfadayers may be the adsorbed gas,
capillary junction, contamination and oxide layer, and their properties are determined by
many factors such as temperature, humidity, working atmosphere and even sliding history.

Mate et al. (1987)firstly studied the nanoscale friction by exploring the frictional
interactions between a sharp tungsten tipaagcaphite substrate via an AFVhar study
showed a typical sticklip friction behavior and demonstrated that such behavior is an
essence of the nanoscale friction. This was later proved by many studies. For example,
Akamineet al (1990)obtained the saw tooth shaped s#tik friction when using a\FM
tip to scanning an Au filmmFujisawaet al (1993)further found that the stie&lip friction
during the relatively sliding of a $i4 tip and a mica substrate is attributedhe zigzag
motion of such tip

Stick-slip friction is also pesent for a confined liquid film which has a small thickness.
The stickslip friction is attributed to the periodic melt and freeze of the confined liquid
film during its shear deformatiofBhushanet al, 1995) as shown in Fig. 2.5. Under a
small strain, the film stays in a frozen state and exhibits-8kédproperties, leading to
that the sliding hardly happens inside the frozen film and thus causes a sticking friction.
When the strain energy is high enoughnduce the melt of such film, it exhibits liquid
like behaviors and thus causes the slipping friction.

Nanoscale friction highly depends on tredocity. Tambeet al. (2005)reported that a

mediate velocity can reduce the friction of silicon by suppngsthe formation of meniscus
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at the contact interface while a high velocity largely increases the friction by inducing
deformation andractures of surface asperiti@hey also found that structures of materials
influence the velocity dependence of theanoscale friction. For example, the friction
force of DLC films decreases with the velocity, due to their graphitization and the

formation of an easghear transfdayer.

Fig. 25. Phase diagram of confined liquid layers during the sflgk friction process
(Bhusharet al, 1995)

Similar to the macroscale friction, nanoscale friction also has a positive proportion to
contact area at the sliding intace(Bhushan and Sundararajd®98) Nair et al. (2008)
reported that nanotexturing of amorphous silicon can reduce its friction coefficient from
0.5 to 0.05, due to the fact that the texturing highly reduces the contact area and thus
decreasedeinterfacial adhesian

The decrease of scales generally reduces friction. This is because a small scale can
increase the indentation hardness and elastic modulus of materials and thus reduce their

contact area under the same Igq&hushan and Kulkarnil99%). Moreover, a small
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apparent contact area at the small scale highly reduces the numberpéthois trapped
at the contact interface and largely avoids the occurrence of ploughambe and
Bhushan2004)

Similar to the nanoscale friction of neaals, their nanoscale wear is also sensitive to
properties of their outermost surfaegers (Bhushan and Kwgk2007; Gnecceet al,
2002) Since the properties of such outermost surfagers are influenced by many factors
such as atmosphere, temperatand contamination, such sensitivity determines that the
nanoscale wear of materials cannot be calculated by Archard equation which only
considers theeffect of their load and hardne¢Bhaskararet al, 2010) Therefore, the
development of a generalized model for the nanoscale wear is always a huge challenge to
researchers.

AFM has been commonly used to investigate the nanoscale wear. This is because the
AFM can accurately measure extremely small forces @whhze surface morphologies
with a resolution below 1 ACha, 2009) Moreover, the tighased scanning technique in
the AFM is efficient to investigate the asperity sliding against a su{fd@amet al, 2010)
Such investigation is beneficial to bridtie gap of tribology at different scales.

Chunget al (2003)studiedthe effectof humidity on wear behaviors of Si andit4
tips. They found that the humidity can accelerate the wear of these tips by increasing
adhesive forces at contact interfaces. The increase of the adhesions is due to the formation
of meniscugLiu et al, 2010) The humidityeffectcan be changed by velocitx high
velocity can highly suppress the formation of meniscus and thus induce the occurrence of

abrasive weafTambe and BhushaB005a)
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Gotsmanret al (2008)investigated the wear behaviors of a single Si tip slidgagjnst
a flat polymer surfacelhey reported that nanoscale wear proceeds as a continuous atom
by-atom attrition without the presence of fracture. This attrition process cannot be well
explained by the Archard equation, thus indicating the essential difference between the
nanoscale and maascale wear. The atcbyy-atom attrition was later verified by
Bhaskararet al (2010) They found that the nanoscale wear can be explained by the
Arrihenius theory which is commonly employed to interpret the givdities of chemical
reactions This theory demonstrates that an atom has a high possibility to be worn if its
NLOQHWLF HQHUJ\ FDQ RYHUFRPH WKH HQHUJ\ EDUULHU
stress enhanced by the friction force can highly decrease this energy barrier and thus

promote he generation of worn atoms.

5

Fig. 26. Schematic of the wear process by atoyratom attritiongBhaskararet al, 2010)
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2.2. Tribological behaviorsof DLC films

Tribological behaviors of DLC films highly depend on the chemical and physical
phenomena at the sliding interfadéu et al, 1996b) Such phenomena can be influenced
by many factors such as doping elements of these films, their working parameters and
environment and lubricatioErdemir and Donne2006) As a result, the tribological
mechanisms of the DLC films are always complidate

Since thisPhD dissertation is devoted to expilog a fundamental explanation of
tribological mechanisms of DLC films, a brief review will be conducted foreffect of
operational conditions including working parameters and environment. The ludrioati
other lubricants on DLC films will also be reviewed, due to the fact that such lubrication
can highly change the chemical and physical phenomena at the sliding interface. The
effectsof other factors such as doping elements will be ruled out, dilese factors can
highly influence the mechanical properties of DLC films and induce complex phase
transformations and chemical reactions, thus largely complicating their tribological

mechanisms.

2.2.1.0Operational condition influence

A high load of DLC films decreases both their friction coefficient and wear rate. These
decreases can be explained by graphitization and formation of traysfer (Wanget al,
2013) Thehigh load can improve the graphitization level ofsgfdms by increasing their
friction temperaturédWanget al, 2013; Baiet al, 2011) Moreover, under the high load,
transferlayersare easily formed on the counterpart surfaces of these DLC films (Fig. 2.7).

Thesdayersexhibit easyshear properties due to thieigh graphitization leve(Bai et al,
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2011; Liy 1997; Erdemir2004; Liuet al, 1996b) As a result, the transféayersare
capable of isolating the DLC films and their counterparts, leading to the sliding inside such
layers

The effectof loads on wear behaviors of DLC films can be well explained from the
point of energy dissipatioffrouvryet al, 2003) At a large load, more friction energies are
dissipated by graphitization of the DLC films and the thermal conduction due to the large
contact area. In this case, the friction energy dissipated by wear including crack
propagations and kinetic energies of wear debris highly decreases, thus leading to a

significant reduction of the wear rate at the large ([Gamalho and Mirand2006)

IN 2N 3N AN 5N
6N 7N 8N 9N 10N
50 m

Fig. 2.7. Optical image of transfdayerson the surface of counterpart at different loads
(Wanget al, 2013)

Wear behaviors of DLC films under different loads can also be interpreted by an
entropybased theory(Ling et al, 2002) It has been reported that the entropy is
proportional to the wear rate, due to the fact that the friction and wear are actually a non
equilibrium thermodynamics procegsghdam and Khonsar2011) For the DLC films,

their entropies decrease with their load, mainly due to the high friction temperature which
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reduces entropy consumptio@smiri and Khonsari2010) The small entropies of IGC
films at a large load keep corntgst with their small wear rate

Besides a high load, a higiklocity of DLC films also reduces their friction force and
wear rate This is because the high velocity can induce a rapid deformation of surface
asperitiesind generate a large amount of friction energy in a short tineselenergiesre
mainly dissipated by temperature rising on the surface of the DLC films and their
graphitization(Fouvryet al, 2003) This highly promotes the formation of transigyers
and ensurgtheir easyshear proerties, thus reducing wear rated friction coefficient of
the DLC films.

The chemical reactions at sliding interfaces between DLC films and their tribopairs
influence the velocity dependence of their tribological bedravThis can be demonstrated
by exemplifying wear tests in different atmospheres. With a high velocity, the friction
coefficient in air decreases while that in nitrogen almost keeps cof\éemoammeret al,
1999) This is because surface oxidationstle¢ DLC films in air can increase their
interfacial adhesion. At a high velocity, the time is insufficient for the chemical absorptions
of oxygen molecules and thus suppress oxidations of the DLC films. This suppression is
beneficial for the decrease afterfacial adhesions of teefilms and thus reduces their
friction forces. However, their interfacial adhesions almost keep constant in a nitrogen
environment due to the chemical inertness of nitrogen molecules, thereby leading to a
constant friction fore (Erdemiret al, 2000)

It is evident that the atmosphere highly changes the tribological behaviors of DLC
films by influencing their chemical and physical states at their contact interfaces.

Hydrogenated DLC films commonly exhibit low friction force and wear rate in an inert gas
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atmosphere such ag,NAr and CQ (Erdemir and DonneR006) This is because these
inert gas molecules hardlgfluencethe Hpassivations of danglingbonds at contact
interfaces of the DLC films. As a result, thepldssivations always cause a small interfacial
adhesion, thus ensuring a low friction force (R@).

The nonhydrogenated DLC films commonly exhibit short lifetime in an inert
atmospheréErdemir and DonneR006) This is due to the fact that the dangliigonds
exist at the contact interface of #edfilms. Such bonds are difficult to be efficigy
passivated by the inert gas molecules and thus can cause strong interfacial adhesion

strengths, resulting in a high friction of the DLC films and their failure.

I Loac Load

Partially dihydrated

surface carbon atoms
providing highedevels
of surface passivation
or chemical inertness

Superhydrogenated H-terminated C atoms

_ sliding DLC surfaces

Fig. 28. lllustration of the friction reduction mechanisms bypeissivations of DLC films
(Erdemir and Donne2006)

Tribological behaviors of DLC films in vacuum highly depend on their H content. A
high H content causes a low friction and even the presencpeiigbricity which means
the friction coefficient is smaller than 0.QAnderssoret al, 2003b) This low friction is

due to the Hpassivation of interfacial danglingbonds. Although a high H content of the
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DLC films is beneficial to their tribological behaviors, such high H content also degrades
their mechanical properties and may influence their wear behaviors. This indicates the
existence of an optimal H content in the DLC films.

Due to the significanceof H-passivations to low friction of DLC films, their
tribological behaviors in a+énvironment have attracted wide attentions. It was found that
a high pressure ofttan largely reduce the friction force of the DLC fil(#g1derssoret
al., 2003a; Donneet al, 2001) This is because thexlfholecules can be decomposed into
active H atoms during the friction process. Such H atoms efficiently passivate the
interfacial dangling bonds of the DLC films and thus largely reduce their interfacial
adhesion.

Oxygen highly influences the tribological behaviors of DLC films by degrading their
H-passivations. This is because the oxidation reactions at the sliding interface can easily
remove the H atoms, increasing interfacial adheg@fom et al, 2006) The oxidatbns of
carbon atoms also enhance their departure from the DLC filmshasdncreases their
wear rate

Water molecules also significanilyfluencethe tribological behaviors of DLC films.

It has been reported that when the pressure of water vaporsesyeae friction force of

the hydrogenated films increases while that of themairogenated films decreases (Fig.
2.9) (Enkeet al, 1980; Tagaweet al, 2004; Anderssort al, 2003b) These different
friction behaviors are due to the effect of wateslecules on the interfacial adhesion. For
the hydrogenated films, the absorption of water molecules on their intedaceemove

H atomsand increase their interfacial adhesion, leading to the increase of friction force

(Donnet and ErdemiR007) For hie nonhydrogenated films, the absorbed water molecule
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passivates their danglinjoonds at the interfaces and reduce their bonding strength. Such
absorption actually induces the formation of water Iagethe interface of the DLC films
(Donnet and Erdem 2007) Theselayers actas liquid lubricants for the films, thus
decreasing theifriction force and wear rate

Sanddust environment has attracted intense attentions due to the worldwide
explorations to outer space. For example, when the robotim@aes on moon, the sand
particles can attach to bearings and gears of the car and thus cause their severe wear and
even failure(Wickman 2007) Moreover, the desertification of earth also raises the

significance of machine reliability in a saddst envionment(Reynoldset al, 2007)

Fig. 29. The humidityeffecton the friction coefficient of DLC filmgDonnet and Erdemjr
2007)
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Table 2.1 Friction coefficients and wear rates for diamond coatings and various DLC films.
(Erdemir and Donnet, 2006).

Diamond Hydrogen free Hydrogenated Modified/doped
coatings DLC DLC DLC
Atomic 3 3 3
structure sp? S’ & sp sp’ & sp S’ & sp
Hydrogen i >1% 10-50%
content
in vacuum 0.021 0.30.8 0.0070.05 0.03
indry N 0.03 0.6-0.7 0.0010.15 0.007
indry air 5
15% RH 0.080.1 0.6 0.0250.22 0.03
in humid air
15:95% 0.050.15 0.050.23 0.020.5 0.030.4
in water 0.0020.08 0.07-0.01 0.01-0.7 0.06
in oil 0.03 0.1 0.1
k in vacuum 1-1000 60-400 0.0001
kindry N 0.1-0.2 0.1-0.7 0.0000%0.1
kindryair5
15% RH 1-5 0.3 0.01-0.04
k in humid air
15-95% 0.04-0.06 0.000%400 0.0:-1 0.0%-1
k in water 0.00011 0.0020.2 0.15
kin oil - - - 0.1

*k referes to wear raf@0®mn?(Nm)1].

DLC films exhibit an excellent lubrication for the components in a Shsd

environment. Such lubrication performance depends on the parameters such as load and

the radius of sand particl¢Qi et al, 2010) The presence of sand particles can generally

decrease the friction force of the DLC films, due to the rolling movement of these particles.
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The largesized sand particles can highly reduce the friction force of these films but
increase their wear mtThis is because the largeed particles can roll easily during the
friction process while also causa high contact stress to the films and thus cause their
severe abrasive wef@i et al, 2011a) It has been found that a high load can reduce the
wear rate of the films by causing the fragmentation of the sand paftigles al, 2011b)

This is because these fragmentations make the sand layer become smooth and thus reduce

the contact stress of the films.

2.2.2.Lubrication influence

The sensitiity of tribological behaviors of DLC films to their composition and
working atmosphere determines that only few of them can work alone during their
applications for a long time. These sensitivities indicate that the employment of other
lubricants is neceasy to improve and stabilize the friction and wear of the DLC films.
Therefore, it is significant to investigate the tribological behaviors fagethlns in a
boundarylubricated condition. This investigation is also pursued due to the real working
condtions of the DLC films. Commonly, it is not economically viable to coat all
workpieces in a machine. As a result, the Dtdated workpieces still work under the
lubrication condition and use the lubricants supplied for uncoated workpieces.

Tribological béaviors of DLC films under a lubricated condition follow a standard
Striebeck curvgCzichos and Habijg2010) as shown in Fig. 2.10. It is evident that
compared with steel the DLC films can highly reduce the friction coefficient in a boundary
lubricated ondition and ensure a fast transition of lubrication from bounhlgmycated to

elastohydrodynamics (EHD). Therefore, the DLC films generally exhibit a better
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tribological behavior than bare workpiece surfaces in either dry sliding or lubrication
conditions. For extreme cases such as complete loss of lubricants and the malfunction of
lubricating system, the DLC films can efficiently improve the friction and wear resistance
of components over a wide range of the load, velocity and temperature and thys highl
extend their lifetime.

It should be noticed that DLC films coated on the surface of steel have negligible
effectsof its friction and wear under EHD and hydrodynamics conditi@wnnet and
Erdemir, 2007) This is attributed to that solid/solid contact is absent in the EHD and
hydrodynamics conditions and the friction is determined by physically intrinsic properties
of lubricants as liquid.

Under a boundarubricated condition, the DLC/steel pairs exhibit a smooth and low
friction coefficient at the beginning of frictiofiPodgorniket al, 2003; Podgornilet al,

2005) This is due to the fact that the steel surface can be smoothed rapitily bard
DLC films and thus cause the formation of graphitic transdgers However, the
DLC/DLC pairs show a relatively long runniig period (Donnet and Erdemir2007)
which is attributed to that two hard surfaces in contact take a long timecimmoclate to
each other.

Under boundarjubricated conditions, the friction and wear of hydrogenated DLC
films are insensitive to the liquid lubricants, their additive type and concent(Riomet
and Erdemir2007) This is due to the fact that these films are inert and hardly react with
the lubricants and their additives. However, a high dependence can be observed for the
metatdoped DLC films. When the liquid lubricants contain the sttfased additives,

such addives can react with the graphitic transfeyersand form a new type of tribofilm
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such as Mosand WS for Mo- and W-doped DLC films, respectivelfPodgorniket al,
2005; de Barros' Bouchet al, 2005; Miyakeet al, 2004) These new tribofilms have

laminar structures and are easy to shear, thus highly reducing friction.
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Fig. 210. Effect of DLC films on the friction coefficient of components in a lubricated
condition(Donnet and Erdemi2007)

Additive concentration largely influences the tribological behaviors of the metal
doped DLC films. For example, when concentration ofthitur-based additive is low, its
guantity is insufficient to support the formation of dense MSWS films; when such
concentration is high, sulfuich films that have high shear resistances are fofidednet
and Erdemir2007) Both the extremely low and high additive concentrations can largely
increase the friction force. As a result, a mediate concentration of the additive is commonly
required to achieve the low friction by causing the fast formation of densesleasy
tribofilms.

Recently, the emerging twdimensional materials such as graphene have attracted

wide attentions due to their superior mechanical properties and superlow friction
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coefficient. It was found that such tvdimensional materials can work as additivés o
lubricants for DLC films to largely reduce their friction coefficient and increase their
lifetime (Liu et al, 2012; Liuet al, 2011a; Liuet al, 2011b) This is due to the fact that
flakes of the twedimensional materials tend to agglomerate at thexfecce between the

DLC films and their counterparts. Such agglomerates are easy to shear and thus highly

reduce the shear resistance.

2.3. MD simulation
2.3.1. Principles

MD simulation is a technique to determine the evolution of a system basedeon giv
initial positions of atoms and their velocities and predict its fastaguilibrium processes
(Rapaport 2004) As a result, the MD simulation has been widely used to investigate
material properties such as tribological behaviors, deformation mechanisms and atomic
diffusions.

MD simulation is conducted based on the Newton equation of motion

, (2.8)

wherem , and are themass of the-th atom, its position and force vectors,

respectivelyt is the time. For the WK DWRP LWV DFFHOHUDWLRQ REWDLQH
equation of motion can help to update its velocities and positions by performinglg-step

step numerical integration of such equation. As a result, the velocities and positions of all

the atoms in a sy@m can be obtained by repeating such calculations and integrations. The

whole process of the MD simulation is to repeatedly predict movements of the atoms and
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monitor the thermodynamics states of systems and will be stopped when the quantities of
interestsuch as the trajectory, temperature, pressure and density of materials have been
recorded. The procedure of the MD simulation is shown in Fig. 2.11.

It is noticed that the acceleration of an atom is calculated based on the forces imposed
by its surroundig neighbors. Such calculation is significant to ensure the accuracy and
simplicity of MD simulation. These forces can be obtained according to their relation with

interatomic potential as

, (2.9)

with

, (2.10)

whee V is the interatomic potential, and, V- and Vs are one, two- and threebody
interactions, respectively. Thé is commonly absent unless an external field is present.
TheV:is purely pairwise interaction which is sufficient to describe the atomic interactions
in some cased/z usually considers theffect of the bonding environment of atoms and
thus is capable of evaluating many physical and chemical properties of matgrials b
evaluating their bond breaks and formations.

In this dissertation, interactions among carbon atoms are described by Tersoff and
AIREBO potentials. This is because these potentials can accurately describe phase
transformations in carbelbased materialand their physical and mechanical properties.

Both the Tersoff and AIREBO potentials are briefly introduced as follows.
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Assign positions and velocities of atom

J

Calculate forces on each ato

J

Update positions and velocities of atof

J

Save newpositions and velocities of atoms and th
new properties to a file

J

No . . .
Reach preset simulation time?

ﬂ Yes

Save/analyze data and print resu

Fig. 211. Flowchart of MD simulatiorgLi, 2005)

(a) Tersoff potential

The Tersoff potential was firstly developed by Tersoff based on the concept of bond
order (Tersoff 1988; Tersoff 1989) He found that the strength of a bond between two
atoms is varied and depends on their local environment such as their coordination number
which indicates the number of nearest neighbor atoms. The atoms with many neighbors
possess weaker bonds than thegl few neighbors. The Tersoff potential is capable of
describing interatomic interactions within semiconductor systems such as silicon and
carbon materials.

The Tersoff potential has a form shown as

, (2.11)
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with

, (2.12)

where thd. is the cutoff function to ensure that only the nearest neighbor interactions are
considered in the Tersoff potenti®d;andD are parameters used to to justify the nearest
neighbors; thev®(rj) and VA (rj) functions are terms to represent the repulsive and
attractive interactions, respectively. Detailed expression of these two functions can refer to

the literaturgTersoff 1988)

(b) AIREBO potential

The adaptive intermolecular reactiven@rical bond order (AIREBO) potential was
developed to model chemical reactions and physical transformations in congbased
hydrocarbon systems such as polymers, graphite, diamond and amorphous carbon
materials(Stuart et al, 2000) This potential islerived from the reactive empirical bond
order (REBO) potential which can model breaks and formation of covalent bonds in the
carbon and hydrocarbon syste(@enneret al, 2002) The AIREBO potential further
considers the nonbonded and dihe@magle irteractions which are also the Torsion
contribution. The nonbonded interactions are represented by van der Waals interactions
which exist between two passivated molecules or atoms. Inclusion of the nonbonded
interactions into the AIREBO potential ensuresattit can help to simulate chemical
reactions in which interactions between two atoms may change from van der Waals forces

to covalent bonds. The AIREBO potential has a form as
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: (2.13)

with

, (2.14)
where theVr(rij) and Va(rij) are the repulsive and attractive terms, respectively; the
parameteBj represents the atomic environment which influences the bond order; the LJ
term indicates the Lennatlbnes potential which represents van der Waals otiens.
More details of the REBO, LJ and Torsion terms can refer to the lite(&@turartet al,
2000)

In this PhD thesis, the MD simulation is conducted by the l-acgée
Atomic/Molecular Massively Parallel Simulator (LAMMPS) which is an epearce code.
LAMMPS is capable of simulating sokstate matter, soft materials and coagssned or
mesoscopicystems and can also work as a parallel simulator to model phenomenon at the
atomic, meso and continuum scéimptonet al, 2007) Moreover, LAMMPS is easy to
be modified or extended with new capabilities such as new force fields, atom types and
bounday conditions. Therefore, LAMMPS has a high efficiency and flexibility and thus

has been widely used to simulate many chemical and physical phenomena.

2.3.2. Simulation of tribology at the nanoscale

MD simulation is capable of tracking the trajectorieatoims and studying nanoscale
phenomena which are hardly observed in experiment, and thus can be used to investigate
the nanoscale tribology and uncover its mechanisms. Many studies by MD simulation have

been reported to investigate the nanoscale tribolyggonsidering theffect of factors
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such as lattice orientation, load, velocity, temperature and conta¢Zheesy and Tanaka
1997; Donget al, 2013a; Familyet al, 2000; Braun and Naumove®006; Szldarskaet
al., 2008; Vanosset al, 2011) It has been reported that the lattice orientation of materials
influences their friction by inducing the contact interface with commensurate or
incommensurate patter(Bonget al, 2013a) The commensurate contact pattern usually
induces a high friction, while the incommensurate contact pattern can cause a low friction
which is also called structural lubricity. The difference between these two contact patterns
can be seen in Fig. 2.12 whkdroth the upper and lower layers are graplieod, 2012)
Different contact patterns can be obtainbg rotating the upper layerFor the
commensurate contact patterhe tatompositionsof two layers coincidédrom an upper
view. However, such coincideads absent for the incommensurate contact pafiong
et al, 2013a)

Donget al (2011)elucidated thenechanisms dfiction dependent onontactpatterns
by analyzing the stress distributions on the contact interfahey found thatthe
commensurate contact only shows homogeneous positive sheaesstigsie the
incommensurate contact exhibits positive and negative sheaesiredgferent regios.
These positive and negative stresses caiude a partial slip in subset of the
incommensurateontact interface, thusasily causingliding at the contactinterface and
highly reducing the friction.

Contact area at the nanoscale still highly influences the frictioretib(2009)found
that the real contact area at the nanosealet a circular or continuum area but discretely
distributes aroundtoms on the contact interfadeid. 2.13. The real contact area can be

calculated by summing up all the discrete areas and has a linear proportion to the friction
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force.Therefore, tbk friction law at the narssale can be denoted as
, (2.15)

whereF; is the friction force,2shearstressat thecontactinterface andA the real contact
area.The Eq. 2.15 has a same form as the Bowavor term at the macroscale and thus

demonstrates its validation at the nanos(@tvden and Tabod942; Edeeet al, 2015)

Fig. 2.12. lllustration of the commensurate contact (gp) and incommensurate contact
(c) - (d), where (a) and (b) are tilted view, and (c) and (d) are upper(iHed 2012)

Load also highly influences friction at the nanoscaldak been found that the load
has a linear relation with the friction when the adhesion at the contact interface is weak
while such relation becomes nonlinear for a strong interfacial adhesion. This is because the
increased interfacial adhesion can chatigerelation of the load and contact area from
linear to nonlinear. Moreover, a zero load cannot eliminate friction, due to the fact that
contact area is nonzero because of the interfacial adhesions. Elimination of the friction

requires a negative loala is a pull force toovercome the interfacial adhesiaiesobtain
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azero contact area

@) (€)

(b)

Atoms in contact
Surface area per atom
Contact edge

Fig. 2.13. Atomic configuration of contact at the nanoscod@® et al, 2009) (a) and (b)
are atomic configuration, (c) is the outliokthe contact area.

A high temperature commonly caugksfriction reduction. This is due to the fact that
such high temperature can highly reduce the shear modulus of nsatstaakover, the
high temperature can largely decrease the energy barrier to realize sliding at contact
interfaces and thus reduce the shear resistance and the frictio(Clongget al, 2013b)

A high velocity may reduce the nanoscale friction by increasing the friction
temperature at the contact interface. However, this is not true and caftubacedby
details in the MD simulation such #se potential defined, test conditions and materials.
For example, in &u/Fe systenthe friction force increases for the velocity below a critical
value while decreases when the velocity is larger than such (katuet al, 2012)

MD simulation has also been used to investigate tribological mechanfsBisCo
films in past decades by considering thHect of their element passivations and

graphitization.
41



Chapter 2 Literature review

For nonhydrogenated DLC films, many danglinibonds exist on their surface. The
contact of such films can cause the formation of many coval€htbGds across their
contact interface by tribochemical reactions. These bonds induce a strong interfacial
adhesion and highly increase the friction force of the DLC fi{®shall et al, 2009;
Harrisonet al, 2008; Gacet al, 2002) It was further found thiahe unsaturated sp atoms
are initiation sites for the tribochemical reacti¢g@soet al, 2002; Schalkt al, 2009)

The interfacial adhesion can be highly reduced when the surface of DLC films is
passivated by H atoms. This is because suglassivations can highly reduce the amount
of surface danglinglbonds(Hayashiet al, 2011; Baiet al, 2012) as shown in Fig..24.

In this case, the interactions at the contact interfaces of the DLC films are dominated by
van der Waals forces between H atoms, thus causing a low friction force. It was found that
the Hpassivations also promote the cleavage of Hi@lidnds acroghe contact interface
(Hayashiet al, 2011) Such cleavages also contribute to the friction reduction. Moreover,
the tribochemical reactions also cause the low fricfdaoet al, 2002) These reactions

may induce the formation of Hnolecules at the terface between DLC films and thus
significantly reduce their interfacial adhesion.

Gaoet al (2002)found that friction forces of thick and thin DLC films are almost
identical and demonstrated that the thicknesghetefilms hardly influences their
tribological behaviors at the nanoscaléis indicates that the friction of the DLC films is
dominated by their structures near their surfaces.

The graphitization of DLC films is also responsible for their low friction et t
nanoscale. Such graphitization can induce the presence of a soft layer which has a small

elastic modulus and thus is easy to shear, resulting in the friction red(Gaoret al,
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2002; Harrisoret al, 2008) It is alsofound that the graphitizatioran induce the presence
of a graphendike layer (Fig. 2.15) at a large logllla et al, 2014; Maet al, 2011; Maet
al., 2009) Such layer highly reduces the friction force of the DLC films, due to the weak

interfacial adhesion dominated by van der Waglksractions.

C
Sliding H Sliding Sliding
_ Generation of Kl
DLC film by tribochemical
reactiors
0.0 ps 2.0 ps 3.5ps

Fig. 2.14. Mechanisms of friction reduction of DLC films by-phssivationgHayashiet
al., 2011)

The graphitization of DLC films was commonly caused by the instability of their
structure at high temperatures. Kureteal (2014)reported that Spsp? transitions of the
DLC films can also happenudng their elastic deformatiort waslater found that sp
atoms with spneighbors are the initiation sites for thesé-s$ transitions(Bai et al,
2016b)

The wear mechanisms of DLC films have only been studied in few MD simulation
studies. Kunzet al (2014)reported that the soft layer caused by graphitization of the DLC
films is the precursor to their wear debris. hal (2013)found that wear of treefilms

is linearly proportional to their normal load and sliding distance and is mainly caused by
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sheattractions. Such tractions can induce mass accumulations at the trailing end of contact

and leado a cluster detachment process

(a) (b) (©)
Sliding interface

Upper graphene layer Lower graphene layer

Fig. 2.15. Formation of graphenkke layers at interfaces between DLC filrfida et al,
2011)
2.4. Summary

The fundamentals of tribology including friction and wear are reviewed and the
tribology under twebody and thredody contact are discussed in detailnidie
phenomena of nanoscale tribology are also briefly presented. Particular attentions are
devoted to the tribological mechanisms of DLC films in different operational and
lubricated conditions. The principles of MD simulation as well as its applicaitiotie

nanoscale tribology are introduced.
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Chapter 3. Tribological behaviors of DLC films under two-body contact

A fundamental analysis of the tribological behaviors of DLC films is hardly conducted
in experiment. This is because their friction and wear are caused by the interactions
between nanoscale surface asperities that are difficult to be evaluated by equijmsent
chapter investigates the tribological behaviors of the DLC films at the nanoscale by
considering theeffect of the load, velocity and their surface roughness. The interactions
between surface asperities are investigated in details, and the facttbrvear laws

governing the tribological behaviors of the DLC films at the nanoscale are demonstrated.

3.1. Modelling
3.1.1. Atomistic configuration

The simulation system consists of a diamond tip sliding against a DLC film, as shown
in Fig. 3.Db. The diding is realized by setting the diamond tip with a velogitglong the
x-direction and a normal loaé along thez-direction. The periodic conditions of the
system are set along tkendy-directions.

The diamond tip that is a hadphere with a radius of 15 A is located in the middle of
the DLC film along they-direction. Moreover, this tip is set as a rigid body to keep its
geometry unchanged during the simulation. The DLC film has dimensions of
A3, Such film is divided into three layers along thdirection according to their functions.
The bottom layer with a thickness of 3 A is always fixed to keep the film static. The middle
layer with a thickness of 3 & coupled to ghemostatthatkeefs a constant temperature
at 300 Kby recalling the velocities of atom§he rest that is the top layer keeps in contact

with the diamond tip. Atoms in the top layer are free to move according to the forces of
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their neighbors. More details of the simulation model can refer to our previous $Balies

et al, 2015; Baiet al, 2016a)

(a) Generatestructures of Constr_uct th? fr|ct|o_n Definedifferentlayersin
DLC film model with a diamod tip the DLC film
fms and a DLC film

Run MD simulation by
applying a lateral
velocity tothetip

Postprocess the
simulation results

Equilibrate the ontact
underthe appliedload

(b)

Fnl Vs

<—Diamond tip /DLC film

Z —Newtonian layer
—————————— —Thermostatic layer

! L — Fixed layer

y

Fig. 3.1. (a) flowchart of the simulation processes anp ginfiguration of the friction
model witha front view

The DLC film is obtained via a metjuenching procedure that is commonly employed
to obtain amorphous structures. The procedure is comprised of four steps. Firstly, a
crystalline diamond block with periodic conditions along all xhg and z-directions is
generated in a canonical NVT ensemble at 300 K. The temperature of the block rapidly
increass from 300 K up to be above the melting point of crystalline diamond. The high
temperature can easily melt the crystalline diamond block. Secondly, the tengefatur
the block is kept constant for about 20 ps to make the liquid carbon thermostatically
equilibrated. Thirdly, the temperature decreases to 300 K with a rate of 1000 K/ps which

allows proper relaxations of the amorphous structure. Finally, the resiless in the
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block is eliminated by relaxing its amorphous structure in an isothetlsobbaric NPT
ensemble at 300 K. More details of the procedure can refer to previous ¢8idiesal,

2013; Baiet al, 2016a; Baet al, 2016b)

3.1.2.Simulation methods

As discussed in Chapter 2, th&MMPS is used to conduct the MD simulation
(Plimpton 1995) The interactions between carbon atoms in the simulation are described
by the AIREBO potentia(Stuartet al, 2000) Particularly, the longangedispersive
interactions are neglected, since the diamond tip is easily bonded with the DLC film and
thus the shoftange interactions determine the friction and wear behaviors of the film and
its sp-sp? transitions(Ma et al, 2011) The time step of the simulation is set as 1 fs, and
their molecular visualizations are conducted by using the software O{STiBowskj
2009)

Prior to the friction simulation, a loal (2.9, 29, 145, 203, 246.5 or 290 nN) is
maintained on the diamorigb to make it in contact with the DLC film and the contact is
to be equilibrated within 30 ps. Following the contact equilibration, the diamond tip starts
to slide with a velocitys (1, 2, 4 or 8 A/ps) to realize the friction simulation and the sliding

lasts about 160 ps. The surface roughness of the DLC film is generated by tailoring its

morphology based on the combination of two sine functions that are and

(Hu and Martinj 2015) whereA is the amplitude andl is the period. In

the simulation,T is always set as 18 and A is changed to obtain various surface
morphologies which correspond to the root mean square rougRpe$<0.707, 1.414,
2.122, 3.537 and 4.958 respectively In partcular, thevs is set as B/ps in the cases
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with differentFn, and theF, is kept as 246.8N in the cases with various. TheF, andvs

are set as 246N and 1A/ps in the cases with different surface roughness, respectively.

Table 3.1 Variables irthe simulation and their values

Variables Values

Fn (NN) 29, 29,145, 203, 246.290
Vs (A/ps) 1,2,48

Ry (A) 0.707 1.414, 2.122, 3.53%.952

In the simulation, the friction fordes is evaluated by calculating the tangential forces
of the diamond tip in the-direction. The temperature of atoms is calculated according to
its correlation with their kinetic energi@Rapaport2004) Hybridizations states of carbon
atoms in the DLC fih are characterized by calculating their coordination number which
represents the number of the nearest neighbors within a cutoff length of 2.0 A
corresponding to the position of first minimum in the radial distribution function of
amorphous carbon systemascribed by the AIREBO potenti@Chenet al, 2015) The
fourfold, threefold and twofold carbon atoms are regarded 3ssgpand sp bonded,
respectivelyShaet al, 2013)

The number of worn atontéin MD simulation has been only evaluated in few studies
(Zhonget al, 2013; Hu and Martini2015) According to the fact that the wear of materials
commonly refers to the loss of their volume or mass at the macroscale,&trad{g013)
defined the war atoms as those removed from substrates. Such definition is improper to

characterize the wear at the nanoscale, since the nanowear includes not only the removed
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materials but also all erosions or sideways displacements of atoms from their original
position (Stachowiak and Batchelo2013) In particular, this definition is inaccurate to
calculate the number of worn atoms at a small load, because in this case these worn atoms
are still bonded to the substrate instead of removed from it.

Recently, Huet al (2015) qualified worn atoms byvaluating their displacements
Such qualification can avoid many limitations of the wear definition discussed above.
Therefore, this qualification is employed in this study.

For a mild wear which is determined by attwyratom attritions(Bhaskararet al,
2010) a worn atom can be conveniently defined as the one whose bonds with its nearest
neighbors beak during the friction processSuch breaks can be caused when the
displacement of the atom is larger than4wemd lendgh. Since the maximum length of a
C-C bond in the DLC films is about 2 A which corresponds to the first minimum in their
radial distribution functions, the length of 4 A can be chosen as the displacement criteria
to estimate the worn atoms. This criteris also useful to estimate the severe wear of
materials that is determined by their plastic deformations. Previous studies defined the
worn atomsas those removed from the wear tré€konget al, 2013; Xuet al, 2015) It
is evident that these atoms have displacements larger than 4 A. Therefore, the present
criteria can provide more information of wear than the method employed in the literature
(Xu et al, 2015; Zhonget al, 2013)

It should be noticed that the atonsplacements larger than 4 A may also be caused
by the elastic deformation of DLC films under the indentation of the diamond tip. Such
deformation can cause errors in the calculation of the worn atoms. In order to eliminate

these errors, the calculation thie worn atoms is conducted after the completion of the
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wear process. In this case, the elastic deformation of the DLC films has recovered and

hardly influences such calculation.

3.2. Results and discussions
3.2.1. Contact interface

Fig. 3.2a shows the effect &f on the number of bonds, at the contact interface
between the diamond tip and the DLC film prior to the sliding of the diamond tipaThe
increases with thEn. It is noticed that the increase rate of thés high at a smalF, but
decreases at a larg®. The variation of this increase rate is due to the presence of the
interfacial adhesion, which keeps consistent with observations in the models of JKR and
DMT (Szlufarskeaet al, 2008) Moreover, it shouldthe noticed that when th& approaches
to zero, then, is nonzero. This nonzem indicates the existence of bonds at the contact
interface even at the zeFo, agreeing well with results in the literatyo et al, 2009;
Szlufarskeet al, 2008)

The sliding of the diamond tip highlinfluencesthe ny. Fig. 3.2b shows that th®
increases largely with th&, and the increase rate always keeps high. Moreovem, tiso
becomes large during the sliding regardless oFth@herefore, it is demonstrated that the
sliding significantly changes the contact configuration between the diamond tip and the
DLC film.

The contact configurations (Fig. 3.3) prior to the sliding of the diamond tip show that
the largen, at a large-n is caused by the penetration of the diamond tip into the DLC film.

These bonds distribute symmetrically around the diamond tip.
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Fig. 32. Number of bondsi, at the contact interface with different lodéls(a) before and
(b) during the sliding.

During the sliding of the diamond tip, a large number of bonds are formed at the
contact interface, and these bonds distribute asymmetrically around the diamond tip. Such
asymmetrical distribution highly depends on Fre At a smallF,, a tail formed byhe C
atoms of the DLC film follows the diamond tip. However, at a l&gea chip is formed
in front of the diamond tip due to its penetration into the DLC film. The different
distributions demonstrate the presence of diverse tribological behaviorsillihditates

the occurrence of adhesive friction and wear, while the chip formation shows the
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occurrence of abrasive friction and wear. It is found that the chip attaches to the diamond
tip and highly increases timg, which is responsible for the highciease rate af, during

the sliding (Fig. 3.2b).

0A L=100A

—
1]

@)

L=100 A
(b)

z

p
Fig. 3.3. Evolution of the contact between the diamond tip and the DLC film with the load
of (a) 2.9 nN and (b) 290 nN when the sliding distanagcreases from 0 A to 100 A.

3.2.2. Load effect

The relation offFs with Fn is present in Fig. 3.4a. TH& increases as a nonlinear
function of Fy instead of its linear function as observed in the literatM@ et al, 2009)
This may be due to the fact that the presarfabout 290 nN) is larger than that (about 100

nN) in the literaturgMo et al, 2009) TheF; at such a smalF, only exhibits a linear
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proportion instead of a nonlinear function. Moreover Rt the zerd- is still quite high.
This highFt is due to the nonzem, in this case, which keeps consistent with results in the
previous stug (Mo et al, 2009)

The F¢ also increases with the, (Fig. 3.4b). Due to the friction transition from
adhesive to abrasive, the increasd-omay be different from the BowdeFabor model
which shows a linear dependence of adheBjwan ny. Since the adhesive friction occurs
at a smalF, in the present study (Fig. 3.3a), the proportional constant ¢ befweadny
can be calibrated at a smBll The functiorFs = cnp of the BowderTabor model is plotted
as the dotted line in Fig. 3.4lbis evident that at a lard&, the value on this line is higher
than theFs in the MD simulation, indicating that the Bowd&abor model is inapplicable
for the abrasive friction of the DLC film.

To explore more details of the inapplicability of the Bi®w Tabor model, comparison
between this model and the MD simulation is further conducted through the friction process,
as shown in Fig. 3.4c. At a smé&li, the BowderTabor model keeps consistent with the
MD simulation through the whole friction procesés.a largeFn, the consistence is present
during the runningn period (the distande< 50 A), butF¢ in the MD simulation decreases
in the following sliding. It is noticed that the disappearance of the consistence is initiated
by the formation of the ¢p in front of the diamond tip.

The friction reduction after the formation of chip can be elucidated by analyzing the
microstructures at the contact interface (Fig. 3.5). At a $mathe sliding of the diamond
tip only moves few atoms of the DLC filntherefore, the sliding happens at the contact
interface and thé&+ is proportional to the interfacial adhesion strength which is linearly

related tan,. As a result, th&: exhibits a linear dependence on tie
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Fig. 34. (a) LoadFn dependence of friction fordg and (b) its correlation with the number

of bondsny, at the contact interface; (c) comparison of the MD simulation (solid line) and
the BowderTabor model (dashed or dotted line). The prediction of this model is also
plotted as the dotted line in (b).
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At a largeFn, however, the diamond tip moves manyt@nas of the DLC film in front
of or beneatlthetip. These moving C atoms actually form the transfer layer, which attaches
to the diamond tip and isolates it from the film. As a result, the sliding occurs as a relative

movement between the transfer layed #he film.

@)

20 A

(b)

.

Fig. 35. Contours of atom displacement with the load of (a) 2.9 nN and (b) 290 nN during
stable friction. The large atoms belong to the diamond tip, and the small atoms are those
of the DLC film.

Since the sliding happens as the internal friction of the DLC fteF: in this case is
determined by the rheological properties of this film instead ohgh&@he rheological
properties of amorphous solids highly depend on their microstructures and temperature

(Alexander 1998; Chattoragt al, 2010) The microstructures of the DLC film can be
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characterized by the fraction of’stomsfi, as shown in Fig. 3.6a. Tlfighighly increases
with theFn.

Fig. 3.6b further shows that the friction temperaflires largely raised at a lard®.

The largef; of the DLC film commonly indicates its small elastic modul8avvides and
Bell, 1993) and the hig; of such film can further soften its microstructure and degrade
its mechanical propertié&errariet al, 1999) As a result, the DLC film with a lardé is
easy to shear and thus fisis highly reduced.

It has been discussed that the Bowdeaor model can only predict tife in the
runningin period which is the stage before the formation of the transfer layer (Fig. 3.4c).
This indicates that even a same friction process the friction mechanism also evolves. The
validation of the BowdeiTabor model is due to the Ioly and a smalf: in the runningin
period. In this case, the bonds between the diamond tip and the DLC film hardly cause the
collectve movement of film atoms to form transfer layer. As a result, the sliding of the
diamond tip happens at the contact interface and thus tedinearly proportional to the
Nb.

The invalidation of the Bowdemabor model for the abrasive friction in thsgudy is
different from results in the literatu&der et al, 2015) It has been reported that this
model can well predict the abrasive friction of iron at the nanoscale. This validation of the
model may be due to the weak interfacial adhesion becwsa ader Waals interactions
at contact interfacg&deret al, 2015) This weak adhesion hardly induces the formation
of transfer layers, and thus the sliding still happens at the contact interface.

The significance of the transfer layer on the frictreduction of DLC films keeps

consistent with many experimental studiBai et al, 2011; Wanget al, 2013) It is found
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that suchlayer is commonly spdominant and exhibitsasyshear properties. Since this
layer can efficiently prevent the direct contact between the film and its counterpart, the
sliding actually happens as the relative movement of the transfer layer and the film, leading

to the friction reduction.
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0.68 Fn =290 NN
0.64
0 40 80 120 160
L (A)
b) 25
_. 20
h'd
S
Z
F 15
1.0
0 100 200 300
Fn (nN)

Fig. 36. (a) Evolution of the fraction of spatomsf; in the DLC film with sliding distance
L, and (b) the dependence of average friction temperatorethe load.

57



Chapter 3 Tribology under twebody contact

The present study demonstrates that the increade, @an change the friction
mechanisms. At a smdth, Fr linearly depends om,. At a largeFn, such linear dependence
is absent due to the formation of the transfer layer which promotes the sliding inside the
DLC film.

In the previous simulation studies mdnotribology(Mo et al, 2009; Kim and Kim
2009; Ederet al, 2015) the number of contact bonds as well as the real contact area are
commonly responsible to the determination of the In the experimental studies of
macroscale tribology of DLC filmgErdemir and Donnet2006; Liuet al, 1996b) it is
found that their friction reduction at a largeis due to their high fraction of $atoms.
Present study shows that both of these friction mechanisms are addressed together in the
nanotribology of DLCfilms.

The loadFn influences not only the friction ford& of the DLC film but also its wear
volume which is represented by the number of worn atdmss shown in Fig. 3.7a. A
largeFn significantly increases th. In particular, the increase rateis the wear rate
k. At a largeFy, thek is large in the runningn period but decreases after the formation of
the transfer layer. The change of thkeeps consistent with the variation of fhe(Fig.
3.4c). Therefore, it can be seen that the layereticiently reduce both thigr andk. After
the formation of the transfer layer, thstabilizes.

The wear performance of DLC films can be further studied by comparing their stable
k at differentFn (Fig. 3.7b). Thek increases as a quadratic functiminthe Fn, which is
different from their linear relation in literatufelu and Martinj 2015) The difference is
attributed to that the smd, in the previous study determines that the wear is dominated

by adhesion.
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Since wear is essentially caused thg friction, the relation betweek and F+ is
commonly significant to understand the tribological mechanisms of the DLC film. Fig.
3.8a shows that thie quadrically depends on tt&. This dependence can be explained
from the point of energy dissipatigBinger 1994; Huet al, 2013) When theFs is small,
the friction energy is mostly dissipated by phonon vibrations and heat diffusions and thus

only a few amount of such energy is left to cause worn atoms.
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Fig. 3.7. (a) Evolution of the number of worn atonié in DLC films with the sliding
distancd., and (b) the dependence of the wear kaie loadF.
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When theFs is large, a large amount of friction energy is dissipated by the formation
of worn atoms. Moreover, the friction energy dissipated by heat diffusions causes high
friction temperature which softens the DLC film by inducing its structural transformations
and thus reduces its wear resistances. As a resukjibesases faster than a linear function
of F.

The wear highly depends on the interfacial adhesion strength which is proportional to
np. This dependence is also the fundamental for Archard lawdecptlke macroscale wear
(Archard 1953) The comparison between the Archard law and the present simulation is
significant to demonstrate that whether this macroscale law still prevails at the nanoscale,
as shown in Fig. 3.8b. The Archard law thaihisially developed to predict the adhesive

wear can employ the calculation of , WhereV is the wear volume, 5 the

proportional constanA is the contact area ahds the sliding distance. By differentiating

theV to x and corredting A with np, the wear raté; in the Archard law can be obtained

with the form of . The constantxxcan be calibrated by using the results with a

small loadF, of 0.29 nN, since at sudf, the wear is purely adhesive wear.
The GLITHUHQFH EHWZHHQ WKH $UFKDUG ODZ DIQG WKH SUH?
W FDQ EH V¥id BQosW\zErD Whet tha is smaller than a critical value of 100.
+ R ZHY H W highly lhciieases when thg > 100. This criticah, corresponds to Bn
of 90 nN (Fig. 3.2c¢). Therefore, it is demonstrated that the weaFw#90 nN is adhesive
and can be determined by Archard law. However, the wear Rith 90 nN highly

increases and is contributed by both the adhesion and abrasion.
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Fig. 3.8. (a) Dependence of the wear r&®f DLC films on their friction forcess; (b)
comparison between MD simulation and the Archard law in term of the relatlowitf
the number of contact bondws; (c) the sliding deptth dependence of the difference
between MD simulation and the Archard law.
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7KH DEUDVLYH ZHDU FDQ EH I Xknwhdie Qlidihy epti{,2sVHG E\ UHO|
VKRZQ LQ )LJ kincfeas@sas auadratic function oftth&his keeps consistent
with the calculation of abrasive wear at the macrog&tlashan2013a)and thus indicates
the validation of macroscale abrasive law at the nanoscale.

The wear analysis above shows that the nanoscale wear can still be evaluated by using

the macroscale vee laws. The adhesive wear rate has a changed expression of
and the abrasive wear rate can be denoted by . Therefore, the total wear rate at

the nanoscale can be obtained as , Where gandcsare proportional constants.

The loadinduced transition of wear keeps consistent with experimental results in the
literature(Ma et al, 2003; Zhanget al, 2008; Charitidis2010) It has been reported that
mechanisms of nanoscale wear highly depenthe load. At a small load, the DLC film
mainly experiences the elastic deformation, and the wear mechanisms are dominated by
the adhesiorfYoon et al, 2005) When the load is larger than a critical value, the DLC
film undergoes a mixed elasftastic deformation, and in this case the wear is dominated
by both the adhesion and the ploughjbm and Bhushaj2002)

The critical load in the present study isoat 90 nN which can cause an average
contact stress of about 50 GPa. This stress is within the hardness range of DLC films.
Therefore, it is demonstrated that the critical load at which transition of wear happens
corresponds to thsurface hardness of tid_C film (Bhushan and Kulkarnil996) The
literature predicted that microcomponents under a light load may experience ultralow
friction and neazero wealBhushan and Kulkarnil996) The prediction is absent in the

present study. This is because t@stbe literature are commonly conducted in the ambient
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conditions. As a result, the interfacial adhesion under a small load is highly reduced
because of interface passivations by air molecules.

In particular, the previous study shows that the mechapicgderties of materials
contribute less to their adhesive wear and fric{idnanget al, 2008) This agrees well
with the validation of the Bowdehabor model and the Archard law at a snialin this

study.

3.2.3. Velocity effect

Besides the loaén, the velocityvs can also influence the tribological behaviors of
DLC films, as shown in Fig. 3.9a. The friction forEedecreases withs. This decrease
keeps consistent with the macroscale and nanoscale experiment observations in the
literature(Hauert 2004; Erdemir and Donneg2006; Tambe and Bhusha0D05c; Tambe
and Bhushar?005a)

Fig. 3.9b shows that the, also decreases with the. The decrease of tha is
attributed to that with a high large resistant forces are generated by the DLCtfilresist
the penetration of the diamond tip. As a result, the sliding degédtreases with the high
Vs and causes the decrease ofrihehus resulting in the friction reduction.

Thevs can also influence the relation betwdemndn,, as shown in Fig. 3.9c. The
increases with thay, which is similar to the observations for the cases with diffdfent
However, a nonlinear relation exists betweenrihand theFs. The increase rate of tfe
is high for a smalhy, but decreases rf@ largen,. The change of the increase rate offhe

is due to the structural responses of the DLC film tosthe
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Fig. 39. Effect of sliding velocitiess on (a) the friction forcé&t, (b) the number of bonds
Ny at the contact interface and (c) the relation betweeRsthed then.
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The highvs represents a high strain rate. At such rate, the DLC film exhibits high
elastic modulus, because the film has insufficient time to release the external stress by
experiencing the structural transformation. As a result, the film exhibits more rigid
behaviags with the high/s and shows a high increase rate offhe

The vs significantly influencesthe wear behaviors of DLC films, as shown in Fig.
3.10a. The wear rate of the film decreases with the. This decrease of thie keeps
consistent with the deease of thé. The varied wear behavior closely relates wihas
shown in Fig. 3.10b. Thieincreases as a nonlinear function ofithd.e., the increase rate
of thek is high for smalin, while becomes small for large. This nonlinear dependence
of k on theny is also attributed to the structural responses of the DLC film to diffesent

The effect of vs on the tribological behaviors of DLC films has been studied in the
literature(Liu and Bhushan2002; Tambe and Blshan 2005c) The friction reduction is
observed at a large and caused by the formation of a graphitic transfer layer with- easy
shear properties that are due to the phase transformation of DL@Kilmand Kim, 2009;
Tambe and BhushaB005a) This friction reduction mechanism is verified in the present
study. It is found that the higix can induce a higis which causes a high level of
graphitization of the transfer layer. The high graphitization level is beneficial for the
occurrence of shear.

The present study also shows that the high velocity can reduce the friction and wear
by inducing a smaller sliding depth of the diamond tip and thus reducing the formation of
bonds between the tip and the DLC film. This friction reduction mechanism is seldom
reported in the literaturélambe and Bhusha@005c; Tambe and Bhush&005a; Tao

and Bhushar2007; Kim and Kim2009) This may be because the velocity in these studies
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which commonly employ atomic force microscope to conduct friction tests is quitle sma
As a result, the reduction of the sliding depth caused by the small velocity is negligible and

hardly measured.
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Fig. 3.10. (a) Effect of sliding velocitiess on the wear ratk and (b) its relation with the
bond numbeny, at the contact interface.

3.2.4. Surface roughness effect
The surface roughness is another significant factor to determine the tribological

behaviors of materials. leffecton the friction forca~ and wear raté& of DLC films is
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given in Fig. 3.11&. With the increase of the root mean square roughRgsthe Fy
increases monotonically while tHe firstly decreases to a minimum value and then
increases. The presence of the minimuidicates that the nanotribology is different
from the macrotribology in which a high surface roughness commonly causeBlarge

k.

The surface roughness can also influence the adhesion strength at the contact interface
by influencingthe real contact aredacobset al, 2013; Ryanret al, 2014) Fig. 3.11c
shows that, firstly decreases to a minimum value and then increases. The decregse of
at a smalRy indicates the decrease of the adhesion strength. The increasat af large
Ry is attributed to that the surface asperities in this case easily yield duringcttoa f
process and become chips attaching to the diamond tip.

The varied trend afi, is similar to that of th&. This demonstrates that the increase of
surface roughness can induce transitions of wear from adhesive to abrasive. This
demonstration keepesonsistent with results in the literatu(ghang and Tang2013;
Gneccoet al, G 1 $ F2QD¥y Rhese studies reported that the increase of the
surface roughness can highly suppress the adhesive wear but promote the abrasive wear.

Hu et al. (2015) even proposed an equation to combine both the adhesive and abrasive

wear in term ofRg, that is , WhereV is the wear

volume, R, bp, s and h are constantsThis equation shows th&tandk surely have a
minimum value when the surface roughness increases, thus validating the results in the
present study.

However, the physical mechanisms for the presence of the miniknsiitl lack

detailed explanations. Since such minimkiappears for botthe DLC film in the present
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study and other materials in the literat@u and Martinj 2015) it is evident that the
mechanisms responsible for this appearance should be attributed to common properties of
materials.

It is found that the presence of tinimumk can be interpreted by the dependence
of wear performances of materials on their mechanical modulus. The adhesive wear of
materials is dominated by their shear modulBera 2013) while their abrasive wear
FORVHO\ FRUUH O DW H ¥dlus {Ma¢risdhiét-al, 19 2ORBoOhbMYgePeous
PDWHULDOV WKHLU <RXQJYV PRGXOXV LV ODUJHU WKDQ WK
EHWZHHQ WKHVH PRGXOXV (Bkame¥1RIV)AR § teBulty RHRNtHV OD Z
roughnessnduced transition of wedrom adhesive to abrasive happens, materials become
GLIILFXOW WR EH ZRUQ GXH WR WKHLU KLJK <RXQJYV PRGXC
adhesive wear plus a slight increase of the abrasive wear induce the presence of the
minimumk.

For DLC fiims, WKHLU <RXQJTV PRGXOXV LV PXFK KLJKHU WKDQ \
is because the structures of these films are sensitive to their shear defor(Gagmtsiet
al., 1998; Giman 1995; Cay1996; Gogotset al, 1999) Bai et al (2016)reported that
the shear strains can highly promote the propagatiorf@lsgters in DLC films and thus
degide their mechanical propertiessf KHUHIRUH WKH KLJKHgsdiIRXQJIJTV PRGXC
further ensures the presence of their minimum

The increase of thk with a largeR; is due to the fact that the wear in this case is
dominated by the abrasive wear. The asperities of the rough surface of DLC films become

worn atoms under the sliding of the diamond tip, thus highly increasirg the
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Fig. 3.11. Effect of surface roughness of the DLC film on (a) its friction fdtc€b) wear
ratek and (c) number of bonds at the contact interface.
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It is noticed that thés always increases even when the minimkinm present. The
increaseoFf LV DOVR GXH WR WKH KLJK <RXQJYV PRGXOXV RI WKH
can ensure that the surface asperities of the film can largely resist the sliding of the diamond
tip and thus increase tffe.

The effect of surface roughness has been widely istldThe macroscale surface
roughness can increase the friction and wear due to the interlocking between the surface
asperitiegErdemir and DonneR006) At the nanoscale, a large surface roughness can also
cause the increase of the friction and wear due to the occurrence of plo(Ramyand
Bhusha, 1994; Bhushan2005; Gupteet al, 1994) These observations keep consistent
with the large increase & andk for a largeRy in this study.

The minimumk caused by the surface roughness is never reported in the experimental
studies. This is due to the fact that the surface roughness corresponding to the nkinimum
is hardly obtained during the fabricatiof DLC films in experimen{Penget al, 2001,
Moseleret al, 2005) However, the presence of the minimksstill demonstrates the nen
monotoniceffect of the surface roughness and may provide a guidance for the wear

resistance improvement of DLC films by tailoring their morphologies.

3.3. Summary

The nanotribological behaviors of DLC films are studied by MD simulation. The
friction mechanisms of the film highly depend on the load. At a small load, the friction is
determined by the adhesion force and thus keeps consistent with the Bbatmbermodel
However, at a large load, the friction is reduced by the formation of graphitic transfer layer

and deviate from the Bowdérabor model. Such reduction is due to the fact that the
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transfer layer is easy to shear because of the high fractiohatbsps ad the high friction
temperature. The wear mechanisms of the DLC film also exhibit the load dependence. At
a small load, the film wear is almost pure adhesion and thus follows the Archard law. At a
large load, the wear is contributed by both the adhesmh abrasion, which keeps
consistent with the experimental results in the literature.effeetsof the velocity and
surface roughness of the DLC film are also investigated. It is found that the high velocity
can reduce the friction force and wear raterégucing the number of bonds formed
between the tip and the film. The large surface roughness can inthredsietion force

but cause minimum wear rate by causing the transition of wear from adhesive to abrasive.
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Chapter 4. Tribological behaviors of DLC films under threebody contact

The tribological behaviors of DLC films are highly influenced by third particles which
may be formed during the wear process or come from the environment. Suchcefisie
hardly studied in experiment due to the fact the difficulty to observe the movement of the
third particle and the evolution of contact interfaces between the DLC films. This chapter
investigates theffectsof the third particle by considering iteape and size, the load and
velocity. The simulation results are helpful for the understanding of the tribological

mechanisms of the DLC films under a thmmly contact condition.

4.1. Modelling
4.1.1. Atomistic configuration

The simulation systermaonsists of two relatively sliding DLC films and a particle
located at the interface between them (Fig. 4.1). The relative sliding is realized by setting
the upper and lower film with a velocity of ®s5and -0.5vs along thex-direction,
respectively. Durig the sliding, a load is applied by maintaining a fdfg¢o the upper
film along they-direction. The periodic boundary conditions of the system are set along its
x andz-directions.

The particle has the diamond crystalline structure and is setgd bady to avoid its
wear during the simulation. The spherical, cubic and cuboidal particles are generated to
study the effect of their shapes. The spherical particle has a rafiti@ A. The cube and
cuboid particls have dimensions of A% and A3, respectively. A

small spherical particle withraof 10 A is also generated to study its size effect.
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The DLC films in the simulation are obtained by the ngelenching procedure
discussed in Chapter 3 and have dimensions of A3. Each of the films is
defined into three different layers from the contact interface to subsurface aéopg th
direction: Newtonian, thermostatic and rigid layers. The Newtonian layer with a thickness
of 18 A'is in contact with the diamond ball and contains atoms that are free to move under
the forces of their neighbors. The thermostat layer with a thickn@s8 kées a constant
temperature of 300 ko dissipate the friction energyhe rigid layer with a thickness of 4
A can help to maintain velocity. Moreover, the rigid layer in the upper film is set to take
Fn along they-direction while that in the lowdiim is prohibited to move along the same
direction. More details of the simulation model can refer to our previous s{Baiet al,

2015; Baiet al, 2016a)

Fn 05/5 Fn
(a) l —> (b) 1
<—Diamond ball DLC film
y y
I—> ;—p
7 X 05/5 X Z

Fig. 4.1. Atomic configuration othe simulation model with (a) the front view and (b) the
side view. The model consists of two relative sliding DLC films with a third particle located
between them.
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4.1.2.Simulation methods

The atomic interactions are described by the Tersoff potential due to its efficiency in
modelling large systen(Stuartet al, 2000) The time step of the simulation is set as 1 fs,
and their molecular visualizations are conducted via the software OY$Tidxowskj
2009)

Prior to the friction simulation, a lod (7.8, 39.2, 78.4, 117.6 and 196 )nBlapplied
to the upper DLC film to cause contact between the particle and the films. The contact is
equilibrated within in 30 ps. After the equilibration period, the films start to relatively slide
and the relative velocitys is set as 2, 5, 7 and 105, respectively. In the cases with
different Fn, vsis kept as 2 A/ps. ThE is set as 196 nN for the cases with variausn
the cases with different shapes and sizes of particleB, duadvs are set as 196 nN and 2
Alps, respectivelyThe total $iding distance is always kept 890 A. Hence the sliding
tracks overlap in each simulation due to the periodic condition irx-theection. The
overlapping hardly changes the wear rate and the friction force, thus indicating that this
study actuallyinvestigates the phenomenon in the runamgeriod of wear tests in

experiments.

Table 4.1. Variables in the simulation and their values

Variables Values
Fn (NN) 7.8,39.2,78.4,117.696
Vs (A/ps) 2,5,7,10
r 10, 12
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The friction forceFt is calculated by summing up the forces of atoms in the rigid layer
of the upper DLC film along the&-direction. The number of worn atonisis simply
calculated by evaluating their displacements based on the criteria discussed in Chapter 3
(Hu and Martinj 2015) The wear raté&is calculated as , WwhereN is the number
of worn atoms andl is the sliding distance. The averdgef two DLC films is employed
to indicate their wear performance. The hybridization states of C atoms are also evaluated
by calculating their coordination number, as discussed in Chafei &t al, 2016b) The
temperature of atoms is calculated acawgdio its correlation with their kinetic energies

(Rapaport2004)

4.2. Results and Discussions

4.2.1. Contact interface

The load effect is considered in the cases with a spherical particle. The sliding
configuration in Fig. 4.2 shows that many covalent bonds are formed at the interface
between the particle and the DLC films, indicating that the sticky DLC networks attach to
the spherical particle. These bonds cause the strong interfacial adhesion and thus influence
the movement of the particle that can be evaluated by calculating itserdes velocity.
It is found that with such strong adhesion the spherical particlesgmgure rolling in the
friction process. This is consistent with observations in the liter§8ueet al, 2013a)
The sliding configuration demonstrates that the friction and wear of the DLC films with a

rolling third particle may closely relate wigdhesion.
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y

L.

z

Fig. 42. Atomic configuration of the friction process with a spherical particle.

4.2.2. Load effect

When the loadFn increases, thes of the DLC films increases (Fig. 4.3a). The increase
of Fr is because a lardgé, can penetrate the particle into the films and thus increase the
interfacial adhesion strength. This can be verified by the increase of the number of bonds
np at the contact interface with the (Fig. 4.3b). The is the total number of bonds formed
between the particle and the films, due to the fact that all these bonds contribute to the
interfacial adhesion.

Recent theoretical studies showed that at the nandsdalnearly proportional to,
which represestthe real contact area, indicating the validation of the macroscale Bowden
Tabor model at the nanoscéldo et al, 2009; Edeet al, 2015) The configuration in Fig.
4.2 has shown that the friction and wear highly depend on the interfacial adheston due
the pure rolling of the particle. Therefore, #en the threebody contact condition should
also be closely related witis. In this case the relation between Ea@ndny in the three
body contact condition is firstly studied, as shown in Fig. .4l3can be seen that this
relation can be regarded as linear with a smabut becomes nonlinear when thegis

large. Such relation evolution indicates that at a small athe friction is simply
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determined by the interfacial adhesion strength vdtikelargd=n the friction is dominated
by both the adhesion and other factors.

At a largeFn, the spherical particle highly penetrates into DLC films, which can be
verified by the increase of the sliding depth of the spherical particle (Fig. 4.4a)eddta
the large deformations of the films can be caused by the spherical particle and highly resist
their sliding, thus increasing tire. This keeps consistent with results in the literafues
et al, 2009) It has been reported that the rolling friction can be highly generated by the
energy dissipation involved in the deformation of mate(idisira et al, 2003) Sunet al
(2013a)further found that the ploughing is a significant factor in determininghies
body friction and wear whin the elastigplastic regimeBhusharet al.(2004)also reported
that the thredoody friction is caused by both the adhesion and plastic deformakiih
represents the ploughingherefore, it is evident that the nordar relation between tife
andny at a largdrn is caused by the plastic deformation of the films.

Moreover, it is noticed that the is still high whenF, = 0. The highF is due to the
presence of interfacial adhesion at the Zgrand indicates thighe Fs in the threebody
contact condition has a direct proportion with tiaenstead ofFn. This keeps consistent
with observations in the previous studies under theldaay contact conditio(Mo et al,

2009; Edeet al, 2015)

The loadrn also significantly influences the wear performance of DLC films, as shown
in Fig. 4.4b. The wear rateincreases with th&,. Since wear induced by adhesion is
proportional to the real contact area that can be representgdtbg relation between the
k and n, is meaningful in the investigation of adhesive wear. Fig. 4.4c shows that the

relation can be regarded as linear at a smdlut becomes nonlinear when thgs large.
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The linear relation is due to the fact that the wear at a dfmal deternrmed by the
interfacial adhesion while the nonlinear relation is attributed to the plastic deformation of
the films when thé&, is large.

It is noticed that th& is nonzero whefk, = 0. Such nonzerbis different from results
in the literature. Zhangt al. (1998)reported that aegligiblewear can be obtained at a
small load that only induces elastieformation of material surfac&his neglected wear
should be due to the von der Waals interactions at the sliding int€&Ztseeg and Tanaka
1998) In the present study, however, the interfacial forces caused by the strong covalent
C-C bonds are quite high and thus can induce worn atoms everFwheh

The contribution of the deformation of DLC films to their wear can be examined by
analyzing thesliding depthh of the particle. Fig. 4.4a shows that at the maxinkintihe h
approaches to A which is higher than the displacement criteria for the definition of worn
atoms. Because the surface of the films deforms locally, many atoms are worn by such
huge deformation even without the sliding. This keeps consistent with the worn atoms
caused by lastic deformation in the literatur@Hu and Martinj 2015; Bhushn and
Nosonovsky, 2004; Leet al, 2009)

It is noticed that the wear of DLC films caused by their deformations is neglected when
the Fnis small. In this case, the wear is determined diyeaion and can be predicted
according to the proportion betweleandn,. This proportion is commonly obtained in the
two-body contact conditiofArchard 1953) Validation of this proportion indicates that it
is the essence of the adhesion wear regardies the twebody or threebody contact

conditions.
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Fig. 4.3. Effect of loadsF, of the DLC film on (a) its friction forc&s, (b) the number of
contact bonds, and(c) the relationFs betweems.
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0 0.5 1.0 1.5 2.0
Fn (102 NN)

©) 20

0 0.5 1.0 1.5 2.0
Fn (102 NN)

0 0.5 1.0 2.0
Np (102)

Fig. 4 4. Effect of loads» of the DLC film on (a) its wear rate (b) the sliding depth of
the spherical particlke and(c) the relation betweekandh.
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4.2.3. Velocity effect

Besides the load, the velocity also highly influences the tribological behaviors of
DLC films, as given in Fig. 4.5a. The friction forEgincreases with the. This is different
from the observations in the twWmmdy contact conditions. It has been observed thdtithe
commonly decrases with thgsdue to the fact that a highcan largely increase the friction
temperature and reduce thg(Bai et al, 2016a) However, in the present study the
almost keeps constant when thevaries (Fig. 4.5b). This constand seems to conttit
with the increase d¥, indicating the existence of a unique friction mechanism.

The friction mechanism can be understood by analyzing the friction configurations, as
shown in Fig. 4.6. When th& increases, although thm is constant, many networks of
DLC films attach to the particle. These networks can highly resist the sliding of the film
and thus largely increase the The attaching of these networks to the particle is due to
the structural response thie DLC films to vs. With a highvx which indicates a high strain
rate, the micrecracks in the DLC films have insufficient time to be initiated and propagate,
thus increasing their yield strains. This keeps consistent with dotanical theory of
solids(Hutchinson 1977) and has also been proved by our tensile simulswbthe DLC
films. As a result, more networks can attach to the third particle at ashiglading to the
increase of+.

The wear performances of DLC films are also influenced bydhees shown in Fig.
4.7a. The wear ratedecreases with the. This trend agrees with the decrease of the sliding
depthh at a highvs. The decrease of ttendicates the suppressed deformation of the films

and thus contributes to the decreask loy highly reducing ploughing.
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Fig. 45. Effect of velocitiesvs of the DLC film on (a) its friction forcd~ and (b) the
number of contact bonas.
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Fig. 46. Atomic configuration with different velocities: (a) 2 A/ps and (b) 10 A/ps.
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Effect ofvs on the adhesive wear also contributes to the reductiknFod. 4.8 shows

that at a highvs many DLC networks attach to the spherical particle. The relative sliding

between the films largely deform their networks. When the strain energy is high eaough t

break the bonds between these networks and the spherical particle, majority of them return

to the films while only few atoms are worn and still attach to the particle.

@ 20
1.9

1.8

k(A

1.7

1.6

4 6
Vs (A/ps)

10

10

Fig. 4.7. Effect of velocitiesvs of the DLC film on (a) its wear rateand (b) the sliding

depthh of the spherical particle.

The return of the networks is determined by their flexibility and the instability of their

atoms attached to the spherical particle. The flexibility of the DLC networks can be
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characterized by the fraction of?’sptoms. This fraction can be represented by the total

number of new spatoms in the friction process. A highetn_ , indicates a larger

sp2
fraction of sg atoms in the film. Fig. 4.9a shows that tha,__, increases with the;, i.e.,

the film exhibit more flexible behavior at a high

On the other hand, the instability of the network atoms attached to the spherical particle
can be simply characterized by their temperature which can be regardedfragtitime
temperaturdt. The atoms with a higF are active and easily influenced by external forces.

Fig. 4.8b shows that the highly increases with the.

y

L.,

z

Fig. 48. Formation process of worn atoms at a high velogityf 10 A/ps. The darked
color in the figure highlights the networks attached to the third particle.

The combination of the flexibility of the DLC networks and the higlean raise an
interpretation of a new wear mechanism. When the films relatively slide, their flexible
networks can largely attach to the spherical particle (Fig. 4.8a). These networks deform
during the sliding (Fig. 4.8b). As a result, such networks agimyhdraw the atoms bonded
to the particle and make them tend to return to the film. Moreover, the tendency is further
enhanced by the higft, since it can highly improve the possibility of the breaks for the
bonds formed between these atoms and thecfmriiherefore, the high can reduce the
wear rate ofthefilms by improving their flexibility and the friction temperature.
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Fig. 49. Effect of velocitiesss of the DLC film on its (a) number of new%satoms ‘N,
and (b) friction temperaturg.

The tribological mechanisms of DLC films with differewtin this study are quite
different from results under the twipdy contact condition in the literatu(Bai et al,
2016a; Erdemirrad Donnet, 2006; Liet al, 1996b; Liuet al, 1996a) It has been reported
that the highvs can reduce the friction and weartbg films by improving their level of
graphitization and promoting the fornmt of a transfer layer which msasy to shear and

capdle of isolating thdilms from their counterpéas.
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The present study shows that although DLC networks attaching to the third particle
are actually the transfer layer, the friction reduction by such layer is neglected. This is
attributed to that the friction reduction by tlageris caused by their slar deformation
due to their easghear properties. However, in this study their shear deformations hardly
occur because the pure rolling of the spherical particle mainly causes tensile deformation
of the networks.

Therefore, the present study generaligws that the wear reduction at the higim
the threebody contact conditions is caused not by the formation of transfer layer but by
suppressing the ploughing and improving the flexibility of the DLC networks and the high

friction temperature.

4.2.4.Particle effect

The effect of the particle size is considered by changing the radius of the spherical
particle, as shown in Table2d The friction forceFs increases with a smadized particle.
Such increase is attributed to that under the same leagihihlsized particle can cause a
high contact stress and thus largely penetrate into the DLC films. Such penetration can
largely cause the deformation of the films and thus increadeé:.tidis keeps consistent
with results in the literature which stdtéhat the ploughing is significant in determining
the threebody friction at the nanosca(8unet al, 2013a; Suret al, 2013b) The large
deformation of the films with the smadized particle also increases their wear rate.

The largeFs and k of DLC films with a smalsized particle is different from
observations in the previous stud{€s et al, 2014; Qiet al, 2010; Qiet al, 2011a; Bai

et al, 2013) Qiet al (2010)reported that smalized sand particles can reduce the friction
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and wear ofthefilms mainlyby reducing the contact stre3is is because in their studies

a large quantity of sand particleerelocated at the interfaces betwebaDLC films. The

small size of such particles coutthke them form a relatively flat layer between the films

and thus reduce the contact stress. The present study demonstrates that a small number of
particles surely exhibit a different abrasive behavior and may severely damage the film and

influence theitribological behaviors.

Table 42. Effect of particle radius on the friction and wear of DLC films.

Fr (NN) k(A7)
r=10A 204 2.67
r=12 A 181 1.92

The particle shape can also influence the tribological behaviors of DLC films. Fig.
4.10 shows that the cubic particle also purely rolls when the films relatively slide. However,
the cuboid particle hardly rolls and is initially attached to the lower f8och cuboid
particle highly ploughs the upper film. This can be proved by the chip formation in front
of the cuboid particle. Moreover, the chip exerts a high force to the cuboid particle. When
this chip becomes large, this force plus the adhesion fovoethe upper film can cause
the movement of the cuboid particle. As a result, such particle is in turn attached to the
upper film and ploughs the lower film. It can be seen that the shape of particles highly
influences their movement modes whiofluencetribological mechanisms of DLC films.

This keeps consistent with observations in the previous study which stated that the

nanoparticle exhibits an optimum shape to realize its rolimgntheshwarat al, 2012)
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Fig. 4.11a shows that the cuboid padichuses a highk while the spherical and cubic
particles cause a lot. The dependence &f on the particle shape is due to the transition
of the friction mechanisms. For the cuboid particle, the ploughing is present and highly
increases the&s. For the spherical and cubic particles, the friction is determined by rolling
and theFs is caused by the adhesion instead of the ploughing. The varianceFofftne
cubic particle is due to the varied interfacial adhesion strength when the particle rolls.
Therefore, it can be seen that the presence of ploughing is a significant reason for the high

friction in the threebody contact condition.

(a) (b)

y

L.

V4
Fig. 410. Atomic configuration with (a) cubic and (b) cuboigairticles during the friction
process.

The shape of the third particle also highly influences the wear performance of DLC
films (Fig. 4.11b). It is evident that theavith the cuboid particle is much higher than those
with the cubic and spherical particles. The Hidbr the cuboid particle is attributed to the
occurrence of ploughing. However, the adhesive wear in the cases with cubic and spherical
particles is muclower due to the adhesive wear which is highly reduced by the flexibility

of the DLC networks.
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Fig. 411 Effect of the shape of the third particle @) the friction andb) wear of DLC
films.

The effect of the particle shape indicates that the presence of ploughing can highly
increase the friction and wear of DLC films. Moreover, seffactdemonstrates that the
rolling wear rate of the films in the thitobdy contact condition is lower than their sliglin
wear rate. This is consistent with results in the previous guiyet al, 2013a;Fanget
al.,, 2009) It has reported that the ploughing dominates the thoely wear at the
nanoscaléSunet al, 2013a) Experimental results also found that grooving movement of
particles shows a higher contribution to wear volume of workpiece than their rolling mode

(Fanget al, 2009) The ploughing caused by the cuboidal particle actually reflects the
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properties of theéwo-body abrasion which cannot be well explained by the mechanisms
for spherical and cubic particles. Therefore, it is evident that the shape of the particle can
directly determine its movement mode and the friction and wear mechanisms of the DLC

films (Anantheshwaraet al, 2012)

4.3. Summary

The tribological behaviors of DLC films with a third particle at their contact interface
are investigated via MD simulation. The influence factors such as th&jpaélocity vs,
shape of the particle and its size are considered. It haddiewithat the friction forcd-
and wear rat& of the film are determined by adhesion at a siRatiut dominated by both
adhesion and ploughing at a lafge This can be verified by examing the relation of the
Fr andk with the number of bonds, at the contact interface.

With the increase ofs, the Fr increases an#l decreases while tha almost keeps
constant. This is because with a lakgehe DLC networks exhibit a large straiefbre
their yielding and thus many networks can attach to the third particle to resist the relative
sliding of the DLC films. These attached networks highly increasEstiiéhe decrease of
k at a largevs is caused by the decrease of the sliding depthtantlexibility of the DLC
networks. The smaBized particle can increase theandk by enhancing ploughing.

The shape of the third particle highly influences its movement mode and thus changes
the friction and wear of the DLC films. It is found thhe spherical and cubic partisle
purely roll without sliding. However, the cuboidal particle highly increaseBstardk by
purely sliding and ploughing the films, indicating that the cuboidal particle can induce the

transition of tribological mechanisms from thileedy rolling to twebody sliding.
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Chapter 5. Influence of the hydrogen atmosphere on tribological

behaviors of DLC films

DLC films exhibit a low friction in a Hatmosphere. Such low friction may be caused
by the diffusion of H atoms into the subsurface ok#féms, due to the fact that such
diffusion canlargely reduce their shear strength and thus cause their friction reduction.
This chapter investigates tleffectof the H atmosphere on the tribological behaviors of
the DLC films. Theeffectsof the H atom diffusions on the contaeterface evolutions are

examined, and the mechanisms of the friction reductions are discussed in detail.

5.1. Modelling

The simulation model consists of two DLC films and a random distribution of
hydrogen atoms at their interface, which is located atxtheplane of the Cartesian
coordinate systemy-z. The upper film slides against the lower film along xkairection
with a velocityvs. The addition of H atoms instead of iolecules at the contact interface
of these films ensures that their relative sliding after the complicated tribochemical
reactions from BEmolecules to H atoms in experiment can be directly simul&eth the
films are obtained by the meltiguenching procedure and have dimensions of

A3,

The periodic boundary conditions are set inxtandz-directions. In the/-direction,
both the upper and lower DLC films are divided ititcee layers with differerfunctions
The upmost one of the upper film is defined as a rigid body to keep its structure undeformed.
The velocityvs is applied to such layer to conduct the sliding of the upper film, and such
layer also take the lodeh along they-direction. The lowest layer of the lower film is also
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defined as a rigid body but with fixed locatioiiie other layersonsist of théNewtonian

atoms whose movements are determined by the interactions of neighbors according to
1HZWRQ TV oHmoXidn W heRayers adjacent to each rigid one in the both films have

a constant temperature of 300 K to dissipate the friction energy generated during the

friction process. The rest films and the H atoms are contained into the Newtonian layer.

Fig. 5.1. Schematic of the simulation model.

The atomic interactions are described by AIREBO pote(fialartet al, 2000) Its
long-range repulsive forces are ignored because such forces cause the happening of gas
lubricated friction instead of solidontact friction by largely raising the distances between

H and C atoms. The time step of the simulation is set as 0.5 feaghdsimulation lasts
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250 ps. Visualization of the simulation is realized by the software O\(BtOkowskj
2010)

The friction forceFs is calculated by summing up the tangential forces of atoms in the
upper rigid layer. The microstructural evolutiortioé friction system is studied by dividing
it into multiple strips along thg-direction. For each strip, the quantities including the
number of H atoms, the average temperature and the fraction$hoftsjalized C atoms
are evaluatedlhe sg fraction is defined as the ratio of the number of th&Gm@mtoms in
such strip to the number of all the C atoms iflite hybridization states of carbon atoms
are calculated by evaluating their coordination numbers. Such coordination numbers are
obtained by calcating the number of nearest atoms within a cutoff o#2for C-C pairs

and 1.5A for C-H pairs(Chenet al, 2015)

Theeffectsof the H density {f onF¢ are studied in three different conditions. THig
with a unit of atom number per area of the contact interface increases ftOn6 1@, 27.6
nm~. In the reference case, tAgand thevs are set as 100 MPa and 1 A/ps, respectively.

Such two parameters separately increase in thevalgitity casef, = 100 MPa ands =

5 A/ps) and in the highoad caseRn = 1 GPa ands = 1 A/ps).

5.2. Results and discussions
5.2.1. Friction forces and atomic configuration

Fig. 5.2 shows theffectof {/on theF underdifferent conditions. The sliding can
increase th&+, and its maximum value can be obtained and followed by a sharp drop. The
increase of th&r is due to the high adhesive force caused by tkeaBGvalent bonds across

the interface between DLC films. &uadhesive force can induce the shear deformations
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of these films during their relative sliding. The sharp drop after the maximum &% the
indicateshebreakings of interfacial € covalent bonds. Afterwards, tRestabilizes and

become larger with the presence of sttib patternsThe averagely stabilizdel is about
250 nN for bothFn= 0.9 nN and~, = 9 nN whervs = 1 A/ps and {/=0. Suchstabilized

F is close to those in the previous studi®shallet al, 2009; Maet al, 2014; Macet al,
2010) which helps to validate the accuracy of this simulation model.
The presence of H atoms highly reducesRhboth before and after its stabilization

(Fig. 5.2a). Moreover, the H atoms also delay Fhatabilization. Such stabilization is
reached at the time of about 40 ps for= 0 but is realized at 60 and 80 ps f&f=10.6
and 27.6 nm, respectively.

At a largeFn (Fig. 5.2b), theFs before its stabilization increases fdg = 0 and 10.6
nm2 but is almost unchanged fotf= 27.6 nn¥. After theF; stabilization, the magnitude

of the stickslip patterns slightly increases fot/= 10.6and 27.6 nrt while is constant

for /= 0. This slight increase reveals that the effect of the H atoms df thduction

tends to be weakened at a large
With the increase ofss, the Fr significantly decreases either before or after its

stabilization (Fig. 5.2c). Such decrease should be attributed to the high friction temperature

Tt induced by the highis. In particular, the stabilizele for /= 27.6 nn?is only slightly

smaller than those forl/= 0 and 10.6 nri This indicates that theffectof the H atoms

on theFs reduction is largely eliminated with a high
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Fig. 52. Effect of H atoms on friction forces with various velocities and loadsis@)L
Alps, Fn = 100 MPa, (bys= 1 A/ps,Fn =1 GPa and (0)s = 5 A/ps,Fn = 100 MPa.

97



Chapter 5. Influence of hydrogen atmosphere

Atomistic configurations of DLC films is helpful for the understanding of the
mechanisms of the friction reduction caused by H atoms, as shown in Fig. 5.3. The film

deformation is highlighted by defining an inner straight red maker before the sliding

commercement. For {/= 0, the inclined maker indicates that the films are under shear

deformations and no sliding occurs at their contact interface. Howevet/ferl0.6and

27.6 nn?, the maker is interrupted at the irigee, thus revealing the presence of the sliding

at such interface. This presence of the sliding indicates that the H atoms can significantly
decrease the interfacial adhesion strengths between the films. Such decrease is due to the
fact that the H atomisrgely reduce the chemical activity of the films by passivating the
dangling bonds of C atoms on the film surfa@@sulmieret al, 1993; Erdemir2004)

Atomistic configurations of DLC films with different(/ after theF; stabilization are
shown in Fig. 5.4. Such films are merged together, indicating the disappearance of their
interface. The H atoms originally at the interfaeeomewidely distributel, thus revealing
the occurrence of their diffusions.

The interfacial penomenon of DLC films after thigs stabilization is analyzed by
defining an inner straight marker during the sliding. After a short simulation time, each

marker has a mediate segment becoming inclined. Such inclined segment indicates the

region in which he sliding occurs. The sliding region fa/ = 0 nm?has a large widtiw,

and the increase of thé/ caussthe decrease of the. It is evident that the H atoms are

only distributed inside the sliding region. Therefore, the decrease wfithplies that the

H atoms can degrade the mechanical properties of the DLC films. Moreover, the width of

the Hdistributed region determines the degradation effect, i.e., a smaller
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represents a denser distribution of the H atoms in the sliding region and thus indicates the
significant degradation of the mechanical strength of the DLC films. Theéepends on

the testing parameters including faeandvs, which will be discussed later.

The degradation of mechanical properties of DLC films by H atoms is consistent with
results in the previous studies. Fontagtbal (2004)staed that H atoms in DLC films can
significantly increase their viscoplastic behaviors which indicate a small shear resistanc
and thus a low friction forceSanchez.opezet al (2001)found that such viscoplastic
behaviors othefilms are essential to tiresuperlow fiction in a vacuum environment

The atomistic configurations are capable of interpreting the evolution & .ther

/= 0,before the~; stabilization, the & bonds across the contact interface of DLC films
connect them and induce their shear deformations during the sliding, thus increasing the
Fr. Breakings of such bonds are subsequently induced, and the mechanical mixing
promotes the atn diffusions across the interface, resulting in the mergence of upper and
lower DLC films. This merged structure is most stable for the sliding and thds ibe
stabilized.

The F+ stabilization is largely delayed by the presence of H atoms. Thic@ibe
such atoms can passivate the dangling C bonds at the interface between DLC films and

significantly reduce the number of€bonds across such interface. This reduction is much
more significant for a highl/, due the fact that arge number of the H atoms almost

isolate the DLC films and suppress the formation-@ Gonds across the contact interface
(Hayashiet al, 2011) Such suppression highly reduces the mechanical mixing of the
interface and thus delay the stabilization offheTlhis keeps consistent with the results in

Fig. 5.2.
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(a) =0
—

(b) =10.6nm?
=

(c) = 27.6nm?
—

Fig. 53. Atomistic configuration of the interfacial evolution before the friciton
stabilization forvs = 1 A/ps andF, = 100 MPa. A thin straight slab is highlighted in red
color as a marker to indicate the material deformations caused by sliding.

It should be noted that in Figs. 2a and 2bRhicreases after its stabilization. This
is attributed to that the mergenmieDLC films makes them thoroughly connected and thus
induces a higher adhesion strength between {Bauet al, 2002) The decrease of the
after its stabilization in Fig. 5.2c may be due to the figh

The stickslip pattern of the~s after its stabilization is attributed to the periodic
deformationyield of DLC films in their sliding regions. The period and the magnitude of
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such pattern decrease witf. This is because the-phssivations highly decrease the

mechanical strengths of these films.

@ =0

(b) =10.6 nn¥

(c) =27.6 nn?

Fig. 54. Atomistic configuration of the interfacial evolution after the friction stabilization
for vs = 1 Alps andF, = 100 MPa. A similar marker is defined to show the material
deformation as in Fig. 5.3.

The discussions above can help to roughly understand the mechanismsFef the
reduction caused by environmental H atoms. Before the stabilizatinitsf reduction is
attributed to that the #gassivation of the dangling bonds at the contact interfawecba

DLC films can highly reduce their adhesion strengths. However, the reduction mechanism
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of Fr after its stabilization iglifferent In this case, th&s reduction is due to the fact that

the H atoms can soften the films in their merged regions. Tp@&sdivations make C atoms

less bonded with their neighbor C atoms, thus significantly degrading the carbon networks
of the DLC films and their mechanical jperties(Fontaineet al, 2004) The degraded

films are easy to shear and thus exhibit a few

5.2.2. Friction temperatures and element diffusions

The T can highly change the microstructures of materials and their mechanical
strength and thus is sigicant in the analysis of tribological phenomena. Fig. 5.5 shows
that the evolution of; of the DLC films is divided into two stages by thestabilization.

Before such stabilization, a loWis observed, due to the fact that the sliding only causes

elastic deformations of these filnfer {/ = O is zero or induceghe relative sliding

between H atomfor (/= 10.6 and 27.6 nrh After theF; stabilization the Trincreases

and changes periodically. Such periodic changes are due to thelsgtifriction patterns
which induce periodic storages of strain energy and its re(@sest al, 2015) Each
release of the strain energy can cause a temperature rise. The makimumeaningful
(Baiet al, 2015) since it largely induces the graphitization of the DLC films and promotes
H-atom diffusions into these films. For convenience, Theéiscused below refers to its

maximum value.

102



Chapter 5. Influence of hydrogen atmosphere
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Fig. 55. Efffect of H atoms on the friction temperature with various velocities and loads:
(@) vs = 1 Alps,Fn = 100 MPa, (byvs =1 A/ps,Fn = 1 GPa and (c)s = 5 A/ps,Fn = 100
MPa.
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The presence of H atoms can significantly reduceTihevhich is due to thd~
reduction. Thdls closely relates with thEs, i.e., a largdt always follows a larg€&s. This
is attributed to that the lardge significantly deform the DLC films and thus cause a large
amount of energies stored and released.

Fig. 5.5b shows that th&, hardly influences the patterns and values ofThé& his
keeps consistent with the sligetfect of the F, on theFs (Fig. 5.2). Fig. 5.5¢ further
depicts that a highs significantly increases th& without large variations. This increase
is due to the fact that more energies are generated and subsequently thermally dissipated
by the DLC films(Bai et al, 2011) It can be seen that the snfalls observed the large.

The fact that this higfis corresponds to the sm&llis different from the trend that a large
Tr always follows a larg&: discussed above, thus indicating existences of a complicated
tribological mechanisms that cannot be interpreted only byithe

Such complicated tribological mechanisms may be interpreted by the diffusion of H

atoms. This is attributed to the phenomenon that théokh diffusions highly degrade the
mechanical properties @LC films (Fig. 5.4). Therefore, the evolution of the with
variousFn andvs needs to benvestigated (Fig. 5.6).

It can be seen that the slidiogn increase the . For the reference cagFig. 5.6a),
the  is almost same for the differend . Thereforethe passivation level of C atoms in
the Hdistributed region is high for a highy. Such high passivation level is beneficial for

the Fs reduction.
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Fig. 56. Evolution of the width of Hdlistributed regions with simulation time for various
sliding velocities and loads: (&= 1 A/ps,Fn= 100 MPa, (bys= 1 A/ps,Fn= 1 GPa and
(c) vs=5 A/ps,Fn = 100 MPa.
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With the increase of thEn, the for (/= 10.6 and 27.6 nrhslightly increases

compared with that in the reference case (Fig. 5.6b). This increase of thkghtly

reduces the passivation level of C atoms and tends to raiSg é&md keeps consistent with
the slight increase of its amplitudes (Fig. 5.2b). Hence, théokh diffusions into DLC

films well interpret their friction behaviors in the reference case and thddagthcase.

Thevs can highly increase the for /= 10.6 and 27.6 nrh(Fig. 5.6c). The

for (/= 10.6 nn? sharply increases after tife stabilization. This is because tfigat a
high vs is quite high and significantly promotes the diffusions of H atoms. SuchThigh
also makes with (/= 10.6 nn¥always larger than that withl/ = 27.6 nn?. Since the

H-passivations cause a significant reduction ofRhehe Hatom diffusions can highly
suppress this reduction. However, the siRaié observed for the higla. This reveals that
the friction of DLC films in the higtvelocity case may beodhinated by other mechanisms

rather than the ¥atom diffusions.

5.2.3. Graphitization and atom density

The friction mechanisms of DLC films can also be interpreted by their graphitization.
The graphitization represents the transitions of C atoms frértosg# bonding states.
Therefore, it is convenient to denote the graphitization level of the films the fractioh of sp
bonded atom®&. A smallf;indicates a high graphitization level.

Fig. 5.7 shows thdkis small in the sliding region of DLC films and is large at their
outmost regions. This is attributed to that theas highest in their sliding region and
gradiently decreases along the direction from such region to the subsurface of these films,

thus casing the lowest temperature at their outmost regions. Since &tigh increase
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the graphitization level ahe DLC films, the temperature gradient along thdirection
determines a gradiefit It is noted that the region with ldfaghas a width abowt0 A (from

y =20 Ato y = 60 A) which is larger than that of the sliding region about 20 A (Fig. 5.4).
Such large width of the Iosg region is attributed to that the gradient temperature is much
higher than the phadeansition point (about 900 K) fohé graphitization of DLC films

(Liu et al, 1996a)

In particular, Fig. 5.7a shows that thewith various {/fluctuates around a same

value, indicating the independenceadn (. With the increase of theé,, thef.is almost
unchanged, thus keeping consistent with the unchang@ag. 5.5b). It is noted that the
increase of th&s only slightly decreasedef,. This is due to the fact that tiieat a small
Vs is already high enough to induce a high grapdtion level of DLC films. As a result,
the highT; induced by the larges is difficult to highlyraisethe graphitization level. This

agrees well with other theoretical worthda et al, 2014)
The independence bfon {/can be observed in all the test conditions. This indicates

that the graphitization level of the DLC films cannot explain their friction behaviors under
the effectof H atoms.This independence is different from results in the literature which

stated thatite H atoms tend to be bonded witR €patoms and increase th¢Donnet and
Erdemir 2007) In fact, the independencef f> on {fis attributed to that the shear

deformation easily promotes the transition of C atoms frohtosg¥ bonding(Car, 1996;
Chacham and Kleinma2000) Moreover, under shear deformations of DLC films, the H
atoms tend to be bonded with?sgtoms to form @bonds that are beneficial to the
occurrence of such shear deformations. This is verified by analyzengoordination

number of C atoms bonded with H atoms.
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Fig. 5.7. Effect of H atoms on the fraction of $ptomsf, for various velocities and loads:
(@) vs = 1 Alps,Fn = 100 MPa, (bys =1 A/ps,Fn = 1 GPa and (c)s = 5 A/ps,Fn = 100
MPa.
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In fact, for amorphous solids, their nanoscale friction behaviors closely relate with
their rheological propertie¢Bai et al, 2015) Such rheological properties can be
characterized by calculating the atom density in the sliding regions. A smaltlatwsity
represents a packless network which is easy to shear and exhibits a low friction force. For
the DLC films, with tle presence of the H atoms, tHgassivations of C atoms can make
them less bonded with their nearest C atoms. Hence, the carbonmksetivthe films in
the Hdistributed region would be damaged and become packlesss. The density of C atoms

can help to roughly describe such networks, i.e., a higheommonly represents a
denser networks. Thedlribution of  through the DLC films (Fig. 5.8) shows that the
is generally low in thie sliding regions due to the high friction temperatlirand the

graphitization and increases gradually from the interfadbdv subsurfaces due to the

decrease oft.
The in the sliding region is highly dependent on tli¢. This dependence can be
exemplified by the reference case. With the increasé/fofthe  significantly decreases

in the slidingregion. This is due to the fact that the H atoms are distributed in this region

and thus expand its volume, leading to a small As a result, DLC films become packless

and tleir networks are highly degraded. Their mechanical properties are significantly

weakened and their easiiear properties are obtained, thereby leading to &dothis is

consistent with the dependenceFaefon {/discussed before. Belgs, the width of the
region with the small is quite small and almost similar fot/= 10.6 and 27.6 nrh

This corresponds to their similar evolution of thewith sliding.
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Fig. 58. Effect of H atoms on the density of C atoms for different velocities and loads: (a)
vs = 1 A/ps,Fn = 100 MPa, (bys = 1 A/ps,Fn =1 GPa and (0)s = 5 A/ps,Fn = 100 MPa.
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When theF, increases, it can slightly increase thethrough the DLC films, since a
high pressure can induce a denser structure. The width of the region with the small
increases, due to the diffusion of H atoms promoted by theFaigh

When thevsincreases, the in the sliding region highly decreases for the DLC films
with different /. This is attributed to that the highin this case can increase the volume
of the films by their thermal expansions as well as their graphitization. Tha the
sliding region is low and the width of the region with such lowbecomes large. The

large width keeps consistent with the significant diffusions of H atoms at th&higbth

the low and the large width contribute to the I&wobserved.
Combination of the analysis 0%, the diffusions of H atoms, and the distribution of

in the DLC films as well as their graphitization can help to clear their tribological
mechaisms. TheFs is highly reduced when the is small in the sliding region. Such
small can be obtained by Hassivations of C atoms in the films and their thermal
expansions as well as graphitization, dependingheit The lowTs hardly induces an
evident diffusion of H atoms and thus they are mainly distributed in a narrow region. The
H-passivations highly reduce the in this region and thus lead to a I&w On the contrary,
the highT; can highly promote the diffusion of H atoms into the films and also thermally
expand such films and slightly increase their graphitization level. The significantly

reduced by the thermal expansions and graphitization with trsteasse of Hpassivations,

leading to the reduction of the.
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Such tribological mechanisms for the staBl@re also applicable for the explanation
of Fr before its stabilization. In this case, the H atoms are distributed at the interface
between DLC fims. In the Hdistributed region, only a few C atoms exist. As a result, the

strong interactions inside such region are absent and the& isvabtained.

It should be noticed that the highdlf can always reduce thH& whatever theT. In

experiment, this higher{f can be obtained by increasing the pressure of environmental H

gas. Donneet al found that the high friction of hydrogenated DLC films in high vacuum
could be highly reduced by introducing at least 1 &4 gas in the test chamb@onnet

et al, 2001) The friction reduction was attributed to the formation of carbonaceous transfer
layersduring these tests. Fontaiaeal (2001)reported that the intermediate and high H
pressures could provide the healing effect on the tralasfersto reducehe friction force

of DLC films. This is because thelayerswith a high fraction of H atoms exhibit low
shear strength that is attributed to the weak Van der Waals interaetiwadn flexible
hydrocarbon chains along the sliding direction. Erdesnal (2014)further verified the

high fraction of H atoms in the transflayer and the existence of-passivations of C
atoms by usinglement distribution techniquén the presensimulation, the films in the
sliding region where sliding happens can be regarded as the tiaystasbserved in the
experiment. The atomic configurations in Fig. 5.4 demonstrate that the environmental H
atoms can highly degrade mechanical propeoti€i_C films by passivating their C atoms.

This degradation of the mechanical properties is highly related with the law the
sliding region as shown in Fig. 5.8, since the hydrocarbon materials with l@xhibit

coarse networks. Therefore, it can be concluded that the simulation results correspond well

to those of experiments.
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The effectof high temperature on the friction force of DLC films in éhvironment
has been reported in literature. Doneétl. (2001) found that a relatively high test
temperature can thermally assist diffusion of environmental H atoms into the carbonaceous
network, resulting in the reductiaf friction force oftheDLC films. In the present study,
it is demonstrated that ghreduction is caused not only by the diffusions of H atoms but
also by the expansion tiefilms as well as their graphitization.

In experiment, theffectof test parameters on the friction behaviors of DLC films in
H2 environment has been rarely rejgal. Most of relevant studies focused on the effect of
the H pressure. The present study indicates that for an appointed pressureadétge
applied load can lead to an increase of the friction force by reducing the density of H atoms
in the slidingregion via promoting their diffusion. Moreover, the high sliding velocity may
help to reduce the friction force by causing high friction temperature to accelerate the
diffusions of H atoms and reducing the density of C atoms in the sliding regions. These
phenomena caused by high applied load and high sliding velocity need the experimental
verification in future.

For the friction mechanisms of DLC films, the present study further suggests that the

at the sliding interface may be a talle parameter to accurately characterize the

friction behavior. This is because the smallcan represent the coarse networkshef

films as well as their good viscoplastic behavior. Both such coarse networks and
viscoplastic behavior demonstrate the easy shear propertlesfihs and thus their low

friction force. As a result, application of the to indicatethe friction behavior ofheDLC

films is not only suitable in Henvironment but also applicable in other environment.
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It should be noticed that in the present simulation the H atoms are only added into the
interface prior to the sliding. On the congrain experiment the surfaces of DLC films are
always exposed to Hatmosphere; the H atoms can be continuously absorbed on such
surfaces during the sliding after the tribochemical reaction fromdlecules to H atoms.
According to the present simulatidhg sliding can promote the diffusion of continuously
absorbed H atoms into DLC films and thus improve theadsivation level of C atoms,
resulting in the low friction force. This force will be much lower than the one obtained in
the present simulatiomd even exhibit superlow as reported in literaiibennetet al,

2001; Fontainet al, 2004; Fontainet al, 2001)

In general, although the simplification of experiment tests is implemented in the

present simulation, the conclusions obtained are meaningful and capable of improving the

understanding of the friction mechanism of DLC films and extending their applications

5.3. Summary

The effect of environmental H atoms on the tribological behaviors of DLC films is
investigated via MD simulation. The friction forEeincreases with the commencement of
sliding and becomes stable after a sharp drop. The stabilizattbe Iefis accompanied
with the disappearance of the interface between films and the formation of their mixing
region. The H atoms can highly reduce the Its reduction before its stabilization is
attributed to that the H atoms can passivate the dan@limgnds at the interface between
films and thus highly reduce the adhesion force at such interface. After the stabilization of
Fs, its reduction is due to the fact that the H atoms can soften the DLC films in their mixing

region by passivating C atomsruake them less bonded with their neighboring C atoms.
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Such passivations can significantly degrade the networks of films and weaken their
mechanical properties, thus inducing their esisgar properties.

Further study indicates that the reductiorFeéfter its stabilizatiomesults from the
H-passivation and thermal expansioh DLC films as well as their graphitization,
depending on the friction temperatdreAt low T, the H atoms are distributed in a narrow
region in which the sliding occurs. Thisgion has small densities of C atoms and can be
easily sheared. At higl, it not only induces the significant diffusion of the H atoms but
also thermally expands the DLC films and slightly increase the level of their graphitization.
Such thermal expansis can induce a wide region with low densities of C atoms under the
assistance of Hpassivations and graphitization, ensuring the Fewlhe mechanisms of
friction reduction in the present study provide a new understanding for the superlow

friction of DLC films in H2 atmosphere.
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Chapter 6. Influence of the graphene lubrication on tribological

behaviors of DLC films

Sensitivity of the tribological behaviors of DLC films to their compositions can be
efficiently eliminated by using other lubricants. Graphene exhibits excellent lubrication
properties and superior chemical inertness and thus can lubricant materialgfenémtd
compositions. Because of the nanoscale thickness of the graphene, its lubrication
performance for the DLC film has been seldom studied in experiment. This chapter
investigates such lubrication performance by consideringffieet of hydrogenatios of

the DLC film, layer number of the graphene, its flakee and defects.

6.1. Modeling

The modeling system is comprised of a crystalline diamond tip scratching the surface
of a DLC film (Fig. 6.1). The scratch is realized by setting the diamond tip with a lateral
velocity vs and a normal velocity, and pinning the bottom of the film to adoits free
movement. The surface of the film is passivated by H atoms. Moreover, the film is fully
covered by graphene that is located between the film and the diamond tip to isolate their
direct contact.

The periodic boundary conditions are applied axtAndy-directions of the modelling
system. The DLC film is generated via the reglenching and has dimensions of 66.31 A,
63.81 A and 16 A along the y andz-directions, respectively. The bottom of the film is
pinned by fixing positions of the atoms in its lowest layer with a thickness of about 3 A in
the z-direction. The rest atoms in the film and all atoms in the graphene can move freely
under the interactits of their neighboring atoms. The diamond tip that is adpdiére
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with a radius of 10 A is located in the middle of the graphene iny4tieection. The

diamond tip is set as a rigid body to keep its geometry unchanged during the scratch tests.

(@)

Vs
Vhn
Diamond tip—>
<— Graphene layer
. <—H atoms
! DLC film
X
y

(b)

y

L.

z

Fig. 6.1. lllustration d the atomistic model with (a) the front view and (b) tiye view. In
the model, a diamond tip scratches a DLC film which is passivated by H atoms and fully
covered by graphene.

The interactions between atoms are the AIREBO poteg8tabrtet al, 2000) This
potential is able to determine the transition of force between C atoms from van der Waals

interaction to covalent bond, and thus help to realistically describe the lubrication of

graphene for DLC films. The molecular visualization of the simulasaealized by the
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software OVITO(Stukowskj 2010) The simulation step is set as 0.5 fs and each scratch
test lasts for 40 ps.

Prior to the scratch test, a minor loading force alongrtiieection is applied to the
diamond tip to allow it to come in contact with the DLC film. To conduct the scratch tests,
the lateral velocitws and normal velocityn of the diamond tip are set as 1 A/ps and 0.3
Aips, respectively. The total lateral shigj distancé. of the diamond tip and its maximum
indentation deptih are 36 A and 11 A, respectively. During the scratch test, the system is
evaluated by constant NVE integrations to update positions and velocities of atoms. The
temperature of the system ¢onstantly kept at 300 K by recalling the velocities of atoms.
The force undertaken by the diamond tip alongxrend z-directions is calculated as
friction forceFs and normal forcé&n, respectively.

The effects of factors including the layer numbei the graphene, its boundary
condition andhepresence of defects on theandF, are studied. The boundary condition
of the graphene includes the pinned boundary and the free boundary. The pinned boundary
is accomplished by fixing the positions of thaundary atoms of the graphene and is useful
to study the behavior of a larg&zed graphene that is commonly pinned to the surface of
a substratéKlemenzet al, 2014) However, the free boundary indicates that the atoms at
the boundary of the graphene are free to move according to the forces of their surroundings.
Such free boundary helps to simulate the behaviors of graphene flakes that can move freely
during their fiction. To distinguish the graphene with different boundary conditions, the
layer number of the freboundary graphene is denotednas while the layer number of
the pinneeboundary graphene is denotedrasThe defects (or porosities) of the graphene

are generated by randomly deleting its atoms with a fracfiai 2%, 5% and 10%,
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respectively. The bond formation across the contact interfaces is evaluated based on a
cutoff of 2.0 A. This cutoff corresponds to the firstinimumin the radial distribution
function of carbon materials and indicates the maximum length-forcGvalent bonds.
Therefore, a bond is defined to be formed between two C atoms when their distance is
smaller thar2.0A.

The nonhydrogenated DLC film with Fbassivation on its surfacg used to represent
the hydrogenated DLC film to save computational time, since friction of the graphene is
mainly influencedby the H atoms on the surface of the film. In the following section, the
nonthydrogenated DLC film without the-Hassivation isismply denoted as DLC film and

the one with the Hbassivation is denoted as Dfilm.

6.2. Results and discussions
6.2.1. Friction force

When the graphene is absamg € 0), the diamond tip directly scratches the DLC film.
The friction forceFs almost increases simultaneously with the commencement of the
scratch (Fig. 6.2a). This increase is attributed to that dangling bonds on the surfaces of both
the diamond tip and the DLC film can form covalent bonds across their contact interface.
These coalent bonds are sufficiently strong to cause the high interfacial adhesion.
Moreover, the~ increases linearly during the scratching. This linear increase is due to the
penetration of the diamond tip into the DLC film. This higltan be significantly iuced
by graphene.

When the singldayer graphene is presemiy(= 1), theFris superlow ah < 3.5 A,

The Frincreases rapidly at a larde For the bilayer graphenend = 2), theF: remains
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superlow until thén of 5 A. Whenh > 5 A, theFrwith mg = 2is much lower than that for
mg = 1 andmy = 0. Therefore, the graphene with more layers exhibits a much Fbaed
better lubrication performance, which is consistent with results in the lite(8m@manet
al., 2014)

The superlowFs indicates the superlubrication of the graphene. This superlubrication
is attributed to the chemical inertness of the graphene that can ensure van der Waals
interactions instead of covalent bonds at the interface between the diamond tip and the
DLC film. As a result, the interfacial adhesion is highly reduced and the sliding at the
interface easily happens, thus leading to the significant decrebse of

The lubrication behavior of graphene highly depends on its boundary condition. Fig.
6.2a shows that theinnedboundary graphene exhibiis much higher than that for the
free-boundary graphene. This higla demonstrates that a large size of the graphene may
degrade its lubrication performance.

The Hpassivation of the DLC film can highly influence its o behavior. Fig. 6.2b
shows that the DL film without graphene shows a much lowethan that of the DLC
film (Fig. 6.2a). This loweF evidently shows the dependence of the friction behavior of
the DLC and DLGH films on their compositions. The DLEB film exhibits a superlow#s
ath < 1.5 A This superlowF; is due to the fact that the H atoms passivate all dangling
bonds on the film surface and suppress the formation of covalent bonds between the DLC
H film and the diamond tip. The increase of aath > 1.5 A is due to the failure of such
suppression. In this case, the penetration of the tip into the film removes the H atoms on
the film surface. As a result, the covalent bonds between the film and the diamond tip can

be formed and significantiycrease their interfacial adhesion and thusihe
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The highF+ of the DLGH film at the largeh can be highly reduced by the graphene
(Fig. 6.2b). It is observed that a largey causes a lowdfs. Similar observation is also
made earlier for the caséthe DLC film (Fig. 6.2a). Moreover, with the sammg, theFs
of the DLGH film is slightly lower than that of the DLC film, which may be due to the
interactions between the H atoms and the graphene.

In general, Fig. 6.2 shows that both the DLC and BHL@ms exhibit lowFs with the
presence of graphene. Therefore, it can be concluded that these films can be significantly
lubricated by the graphene and the dependence of their friction behaviors on compositions
can also be efficiently eliminated.

The lubrication of the graphene can be further understood by investigating the
evolution of its structure. Such evolution is studied here by exemplifying the scratch
process for the DLC film with a singlayer graphene, as presented in Fig. 6.3. At alsmal
h of 2 A, the graphene becomes curved. It is observed that no covalent bonds are formed
at the contact interfaces between the graphene and the diamond tip and between the
graphene and the DLC film. As a result, contact forces at these interfaces ae main
contributed by van der Waals interactions.

However, with the increase of thérom 2 Ato 3.5 A, the covalent bonds are formed
at each of the contact interfaces. The formation of such covalent bonds indicates the
occurrence of tribochemical reactions of the graphene. The relation of these tribochemical
reactions to thé in Fig. 62a shows that #se covalent bonds highly raigee friction
force and are responsible for the disappearance of the supgeridote further increase of

thehinduces damages to the graphene structure.

122



Chapter 6. Influence of graphene lubrication

10
10

= — m=o
2 6 L - mg:]_
NC - =1
S o h (& ! -
< 4 mg=2

2

0

0 2 4 6 8 10
h (&)

10(b)

8 -- mg=1
~ e nb:z
< 6
“o
—l
< 4
L

2

0

0 2 4 6 8 10
h ()

Fig. 62. Effect of graphene on the friction forde of (a) the DLC film and (b) the DLC
H film.

The superlowFs before the tribochemical reactions (Fig. 6.2a) is nonzero and mainly
caused by the curvature of the graphene (Fig. 6.3a) that is also called the puckering effect
(Li et al, 2010) The pucker formed in front of the diamond tip can resist its lateral
movenent and thus generate friction. TlReincreases with the indentation deptand is
quite close to those in previous studf¥e andMartini, 2014; Yoonet al, 2015) thus
validating the code in the present study. In addition, it is noticed that theddrgun

condition of the graphene can highly influence skglilue to the effect of such condition
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on the movement of the graphene. The free boundary allows the graphene to move freely
following the lateral sliding of the diamond tip, thus significantly sepping the formation
of pucker. However, the pinned boundary of the graphene can largely hinder its movement

and is beneficial to the formation of its pucker.

(@) (b)

(€)

Fig. 6.3. Atomic configuration of the simulation system with sintgdger graphene at an
indentation depth of (a) 2 A, (b) 3.5 A and (c) 6 A, respectively. The bonds are generated
with a cutoff of 1.9 A which corresponds to the firsinimumin the radial distrihtion
function of carbon materials.

The effect of the boundary condition of graphene on its puckering effect can be
demonstrated by its crosgctional profile, as shown in Fig. 6.4. The profile is almost
symmetric around the indentation location for the -tveendary graphene, but becomes
asymmetric wth the formation of a high pucker in front of the indentation location for the
pinnedboundary graphene. In fact, when this small, this puckering effect is observed
in all the simulation with graphene.

124



Chapter 6. Influence of graphene lubrication

1.0

05 Free boundary

Pinned boundary

z(A)

-1.0

-1.5

-15  -10 -5 5 10 15

0
x (A)

Fig. 64. Crosssectional images of atom position in graphene.

The puckering effect of the graphene is responsible for the supérkwsmallh but
is unable to explain the highk at the largéh. The configuration (Fig. 6.3b) indicates that
such highFs is most probably caused by tribochemical reactions of the graphene. This
indication can be validated by investigating the number of covalerisbbatween the
graphene and the DLC film and between the graphene and the diamona,ti@s shown
in Fig. 6.5. Boththe n; and n, simultaneouslyincrease with the~ (Fig. 6.2a). The
simultaneous increase is observed in the simulation with the graphene regardless of its
boundary conditions.

Fig. 6.5c further shows that after the tribochemical reactions of the graphene its
structure keeps pristine but with changeddangles. Therefore, it is evident that the DLC
film and the diamond tip form covalent bonds with the graphene before its rupture. This

configuration can help to understand the damage process of the graphene (Fig. 6.3c).
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boundary and (b) pinned boundary; (c) configuration of the bond betthhegnaphene
andtheDLC film.
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A small indentation depth only causes a concave of the graphene. The increase of
theh induces the tribochemical reactions of the graphene by causing the formation of the
covalent bonds between it and the diamond tip and between it and thellDLGuch
bond formation promotes the transition of C atoms in graphene frota sp’ hybridized
bonding. As a result, the symmetries of these atoms are broken and distribution of their
bonds changes from planar to tetrahedral. These changes highlgel#dgeamechanical
strength of the graphene. As a result, with the further increase bf the graphene can
be easily torn by the diamond tip.

The chemical reactions of the graphene are useful to explaeffdatof its pinned
boundary condition onts lubrication behavior (Fig. 6.2a). For the pinfezlindary
graphene, it&: increases highly at a smalbf about 2 A. Such increase is due to the fact
that the high stress caused by the high pucker can make atoms in the graphene chemically
active by inducing its structural instabiliti€Sharmaet al, 2001; Chung2006) As a result,
these active atoms the graphene can easily form bonds with those in the diamond tip and
the DLC film, thus significantly increasing tie.

Therefore, it is demonstrated that the superlubrication of the graphene is terminated
by its tribochemical reactions. This demonstrathas been seldom reported. In the
literature (Ye and Martinj 2014) the repulsive potential is commonly used to describe
atomic interactions between graphene and substrate and between graphene and tip. As a
result, the formation of covalent bonds isy®nted at the contact interfaces.

The excellent superlubrication of the bilayer graphene may be due to the fact that the
interlayer van der Waals interactions between the graphene layers highly minimize their

puckering effects and thus reduce their foict(Bermanet al, 2014) Furthermore, Fig.
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6.5 shows that a minimized pucker can release the stress of atoms in graphene under the
indentation and thus reduce the possibility for the occurrence of tribochemical reactions.
This can be verified by invesagng the bond formation in the simulation of the bilayer
graphene, as shown in Fig. 6.6a. The bonds between the graphene and the diamond tip and
between the graphene and the DLC film are formed at tifeabout 4 A which is much
larger than that for thi@m with the singlelayer graphene. Therefore, the bilayer graphene
exhibits better chemical inertness than the sHagfer graphene.

It is noticed that the formation of covalent bonds between the graphene layers
commences at a lardgeof about 5.5 A. $ice the corresponding: shown in Fig. 6.2a
highly increases at the sarngthe superlubrication for thebetween 4.0 to 5.5 A should
be dominated by a different mechanism instead of the puckering effect of the graphene.
Fig. 6.6b shows that at tieof 5.0 A the contact force between the graphene lagest|
dominated by von der Waals interactions. In this case, the lateral sliding during scratching
occurs as the relative movement of concaves of the graphene (bagerst al, 2010;
Smolyanitskyet al., 2012) Whenh > 5.5 A, the covalent bonds are formed between the
graphene layers. The further increase offitdamages the structures of these graphene
layers and thus highly increases Fe

The above discussion of the tribochemical reactions of graphene is also applicable to
explain its lubrication improvement by H passivation of the DLC film. With the increase
of h, many covalent bonds are formed between the tip and the graphene, whilenigss
are formed between the graphene and the DLC film due to-pigskivation. As a result,

the number of bonds at the sliding interface is reduced, leading to the decread&.of the
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Fig. 66. (a) The bonchumberbetween graphene and the DLC fitm) between graphene
and the diamond tip> and between graphene layegsand (b) the configuration of the
system with bilayer graphene at the h of 5 A.

6.2.2. Load capacity

The evolution ofFs with Fy is significant to evaluate the lubrication performance of
graphene, as shown in Fig. 6.7. The direct scratch of the diamond tip against the DLC film
(mg = 0) cause$: to be almost linearly proportional to ti. This linear proportion is
significantly influenced by the presence of the graphene. Under an appBitieelF: is

highly reduced with a largeng, thereby indicating that the graphene can efficiently
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lubricate the DLC film even in extreme conditions. This is attributed to the formation of
covalent bonds between the graphene and the diamond tip and between the graphene and
the DLC film only in the contact area. As a result, the van der Waals interactions still exist
at the contact interfaces outside this area. Hence, a laggeduces strongenteractions,

which can lower the adhesion force and thus the friction force.

Moreover, when the graphene is present, the supé&r@iobserved at sméf,. Such
superlowF corresponds to the van der Waals interactions at the contact interfaces between
graphene, the diamond tip and the DLC film. A thresheldat which theF; starts to
increase determines the commencement of the formation of covalent bonds at the contact
interfaces. Such threshafd increases with they, due to the better chemical reess of
the graphene with more layers.

This threshold=n also shows the limitation for superlubrication of the graphene. The
thresholdF, for my = 1 causes an average contact stress of about 90 GPa which is lower
than the ideal rupture stress of thepgrang(Klemenzet al, 2014; Menget al, 2014) The
lower contact stress indicates that the superlubrication of the graphene disappears and its
structure is damaged far before its rupture. This indication is consistent with results in Fig.
6.5c where the graphene is torn by the diamond tip, butfeselift from the observation in
the literature(Klemenzet al, 2014; SandoRosadoet al, 2012) In these studies, the
LennardJones potential is employed to model the interactions at the contact interfaces
between graphene and tip and between graphehsudostrate. This potential leads to that
the structure damage of the graphene is only caused by-ibé-plaine deformation.

Although the contact stress that initiates the disappearance of superlubrication of

graphene is lower than its ideal ruptur@ss; such contact stress is still much higher than
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those reported in the experimental studigschado and Cavalc2015; Kulchytsky
Zhyhailo and Bajkowski 2012; Wang and Zhqu2014) Therefore, the excellent
lubrication of graphene can be realized in expents, which agrees well with
experimental observation®ermanet al, 2014; Bermaret al, 2013a; Bermaret al,
2013b)

It can be seen that the lubrication of graphene is highly influenced by its boundary
condition (Fig. 6.7a). When its boundaryisned, the thresholl, initiating the increase
of theFs decreases, and at a lafgsuchFs can almost reach the value for the absence of
the graphene. The decrease of the thresheld due to the effect of pinned boundary of
the graphene on the formation of pucker in front of the diamond tip. Thé-higlcaused
by the ruptured graphene. At the latgehe diamond tip contacts with the DLC film by
crossing the ruptured graphenes &result, the sliding of such tip is hindered by not only
the DLC film but also the ruptured graphene that is unable move laterally due to its pinned
boundary condition. Both the decrease of the threskeldnd the increase of the
demonstrate that éhgraphene with a large size is unsuitable to be solid lubricants.

Besides the friction forc€t, the scratching can alsofluencethe normal force=.
Under the maximurh that is constant in all the simulation, the DLC film without graphene
undertakes auite largeFn. This Fy is significantly reduced with the presence of the
graphene, i.e., a larger layer number of grapmey@mmonly causes a lowEk.

The effectof the graphene on thH&, can be interpreted by the contact configurations
(Fig. 6.2a) After the initial equilibrium procedure before scratch tests, the presence of the
graphene can highly increase the distance between the diamond tip and the DLC film by

replacing covalent bonds between them with van der Waals interactions. Since the covalen
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bonds are commonly much stiffer than the van der Waals interactions, underia gane

increase oFn caused by the van der Waals is lower than that caused by the covalent bonds.
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Fig. 6.7. Evolution of the friction forcd= with the normal forcé=y for (a) the DLC film
and (b)theDLC-H film.

The Hpassivations of the DLC film can influence the dependenEeaft theF, (Fig.
6.7b). When graphene is absent, such passivations can evidently reduce the increase of the

F:. The reduction is due to the fact that these passivations can suppress the formation of
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covalent bonds between the diamond tip and the DLC film, resulting in a low adhesion
force between them and thus the IBw

The superlowFr observed in Fig. 6.2a igearly absent in Fig. 6.7. This is due to the
weak van der Waals interactions between H atoms and C atoms. These weak interactions
only cause a smak, at a small indentation depthat which the superloW: is present,
i.e., the superlow: is actually dtained at a quite smédt.

When the graphene is present, the@assivation of DLC film has a negligibéffect
on the threshold, for the increase d¥s but slightly reduces its increase. Such reduction
is due to that the Hpassivation can degradenetworks at the interface between the
DLC film and the diamond tip and make lateral sliding easily happen at such interfaces

(Erdemiret al, 2014)

6.2.3. Effect of defects in graphene

The excellent lubrication of graphene significantly relies on its perfect structure which
guarantees its properties such as good chemical inertness and supreme mechanical strength.
However, in the fabrication of graphene, its defects are commonly preseoaa highly
degrade these properties and may influence its lubrication behavior. The porosity is a
typical defect of the graphene and thus can be exemplified to investigatéebieof
defects on its lubrication.

Fig. 6.8a shows that the graphene wdéfects becomes uneven and easily forms
covalent bonds with the diamond tip and the DLC film during the equilibrium procedure,
indicating the strong chemical activities of the graphene. Such chemical activities are

induced by the symmetry breaks of C asom graphene by its defects. The C atoms
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dangle outside the plane of the graphene, thus increasing the chemical activities of the
graphene. These dangling bonds cands#lyesaturated by those dangling bonds of the tip
and the film.

Fig. 6.8b shows that the graphene with a larger fraction of defestisibits a higher
Fr at a smalh. This indicates that the defects of the graphene highly degrade its lubrication
perfomance. This degradation is mainly due to the fact that these defects can largely
decrease the mechanical strength of the grapfieseepes and Vatista®015)and promote
the formation of covalent bonds between the graphene with the diamond tip and between
the graphene and the DLC film. As a result, the diamond tip can easily tear the graphene
with the degraded mechanical strength even at a sirthllis leading to the increaserof
With the increase of the fraction of defects in graphene, more covaleds lare formed,
thus causing a high& even at a smah.

At a largeh, Fr is almost same regardless of the fraction of defects in graphene. This
is because at the largeahe structure of the graphene has been significantly damaged. The
scratching actually happens as the diamond tip directly scratching the DLC film regardless

of the presence of the graphene.
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The presence of defects in the graphene can also influenteggbiedence d¥: on Fp,
as shown in Fig. 6.8c. Fé#h < 250 N, a larger fraction of defects can induce a higher
due to the formation of more covalent bonds at the sliding interfaces. Howevét, ithis
still lower than that for the DLC film without the graphene in Fig. 6.7a. This is attributed
to that theFn is not large enough to highly damage the structure of graphene and thus the
graphene can still isolate the diamond tip and the film. Hencegréphene with defects
can still lubricate the film at a smddh.

Moreover, Fig. 6.8c shows that when thas larger than 250 N, th& for graphene
with different fractions of defects almost reachesRhef the DLC film without graphene
(Fig. 6.6a).This is because the diamond tip directly scratches the film after the thorough
damage of the graphene structure.

In general, graphene can significantly reduce the friction of the DLC films regardless
of the presence of their-plassivations and eliminatedir composition dependence of
friction behavior. Moreover, the chemical inertness of the graphene indicates that it may
help to control the environment sensitivities of friction behaviors of the DLC films. The

reduction of such sensitivities by grapheri# e further studied in the future.

6.3. Summary

The lubrication of graphene for DLC films scratched by a diamond tip is simulated by
MD simulation. Theeffect of factors including layer number of graphene, its boundary
conditions and defects on thectron behavior of the film is studied. The graphene can
lubricate the film with and without {gassivations by preventing the formation of covalent

bonds between it and the diamond tip. Under a small normal Farciperlow friction
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forceFt is presentiad dominated by the puckering effect of the graphene. However, under

a largeFn, theFs highly increases, due to the tribochemical reactions of the graphene that
cause the formation of covalent bonds between the graphene and the diamond tip and
between th@raphene and the DLC film, respectively. These bonds help the diamond tip
to easily tear the graphene during the scratching.

The increase of layer number of graphene can significantly improve its lubrication
performance, since the graphene with more layers is capable of keeping its chemical
inertness at a much largéh. The presence of defects in graphene can degrade its
lubrication performance, due to the fact that these defects can degrade its mechanical
strength and increase its chemical activities. The phHnoechdary condition of the
graphene can degrade its superlubrication and increadé:.thteis suggested that the
grgphene with a large size is unsuitable to be solid lubricants. In general, both the DLC
film with and without Hpassivations exhibit lowét: under the lubrication of the graphene.
Therefore, it is concluded that the graphene can highly reduce the ffartverof the DLC

films and thus eliminate their composition independence of friction behaviors.
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Chapter 7. Conclusions and recommendations

This chapter presents main conclusicarsd contributionsbased on the works

conducted during this PhD study and also gives recommendations for future works.

7.1. Conclusionsand contributions

MD simulationis conducted to investigate tribological behaviors of DLC films at the
nanoscale. The effects of contact conditions includingtiady and thredody on the
friction force and wear performances of the films are considered. effeet of
environmental H atonis studied to explore the superléviction mechanisms of the films
in H> atmosphere. Moreover, the lubrication of graphene for the films is evaluatedde redu
the composition dependence of their friction behavidise main conclusiongnd
contributionsare listed as follows.

For the DLC film under the twbody contact conditions, its wear rate increases with
the load which can indu@ransition of wear from adhesive to abrasive. The friction force
of the film follows the BowdeiTabor model at a smdthad, but deviates from the model
at a large load due to the formation of transdgers.Since the formation of these layers
is commonly regarded as the main factor inducinddtefriction of the DLC film at the
macroscalgthe present work demonseathat thesemacroscale friction mechanisms are
still valid at the nanoscal&he high velocity can redte the friction force and wear rate of
the film by reducing sliding depth of the diamond tip and number of bonds at the contact
interface. With the increase of surface roughness, abrasive wear is highly promoted,

leading to that the friction force of tHidm increases while its wear rate firstly decreases
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and then increases. A minimum wear rate is thereby observed, which is attributed to
competitions between the adhesive and abrasive wear.

For the DLC film under threbody contact conditions, its fricmoand wear are
determined by adhesion at a small load but dominated by both adhesion and ploughing at
a large load. A high velocity can increase the friction of the film but reduce its wear, due
to the response of its carbon networks to a high strainn@itzted by such velocity. The
shape of the particle highipfluencesits movement mode and thus chasiges friction
and wear of the film. It is found that a smsilted particle can increase the friction and
wear of the film by enhancing ploughing.

The environmental H atoms can significantly reduce friction force of the DLC films,
and the reduction mechanisms depend on the friction temperature. At low friction
temperatures, H atoms are concentrated near the contact interfaces, and their passivations
highly reduce the interfacial adhesion, resulting in low friction forces. However, high
friction temperature induces significant diffusions of H atoms and thermal expansions of
the DLC film and also increases its graphitization level. As a result, a wite regh
easyshear properties is formed at the high friction temperature, thusimggdiow friction
forces Therefore, i canbe concludedthat besides the passivation of the H atoms their
diffusions are also responsible foetbw friction of DLC filmsin theH2 environment.

The graphene can efficiently lubricate the DLC film, and its lubrication performance
can be improved by the increase of its layer number but degraded by its defects and the
increase of its size. The frichianechanisms of the graphene during its lubrication highly
depend on the normal force. Under a small normal force, superlow friction force that

represents the superlubrication of the graphene is obtained due to its puckering effect.
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Under a large normal foe, the friction force increases due to the tribochemical reactions
of the graphee. Such reactionsappen before the rupturegrfaphene, which indicates the

limitations of the superlubrication of the graphena mealistic situation

7.2. Recommendations

It has been discussed that the tribological behaviors of the DLC films can be influenced
by many factors such as testing parameters and environment. Such influences highly
complicate the tribological mechanisms ofgb&lms and induce té instability of their
friction and wear and degrade their reliabilitiesture works are recommended here to
understand such complicated mechanismb®DLCfilms at the nanoscale

Firstly, the effect of doping elements on the tribological behavib®BLEL films
should be investigated. The films in this PhD study are pure and intact, thus exhibiting
relatively simple tribological mechanisms. Experimentally, different elements such as
titanium, silicon and silver have been doped into the DLC films tprawe their
mechanical properties. Téefiims with doping elements may exhibit a nanocrystalline
structure. Such structure can possess different mechanical strengths as compared to the
carbon matrix and highly influence the graphitization of the filmsthnd the generation
of wear debris. Moreover, during the friction process, the high friction temperature and
mechanical mixing can cause the diffusions of the doping elements. These diffusions would
largely change the properties at the contact interfandsthus influence the mechanical
properties in the subsurface of the DLC films.

Secondly, it is of significance to investigate the effect of active gas on the tribological

behaviors of DLC films. The active gases such as oxygen and water vapor can induce
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tribochemical reactions at the contact interface between the films and their counterparts.
The experimental studies have demonstrated that such reactions carirtfigahcethe
formation of transferlayers and their shear properties and thus changefrih&on
mechanisms of the DLC films. Simulation of these tribochemical reactions can help to
uncover the mechanisms underlying the experimental observations.

Thirdly, the effectsof multiple particles on the tribological behavior of DLC films
should be ansidered. When the multiple particles are present, the tribological mechanisms
of the films are influenced not only by the interactions between films and particles but also
by the interactions between the particles. Such interactions highly dependpantitie
size, shape and mechanical properties. These interactions can cause the particle
fragmentations which highlyfluencethe contact stress of the DLC films and their wear
mechanisms.

Finally, the lubrication of other lowlimentional materials maglso help to reduce the
sensitivity of the DLC films to their compositions and the test environment. The low
dimentional materials such as carbon nanotube (CNT) and fullerene can work as lubricants
of the films and are capable of reducing their frictiod aear. Moreover, these materials
have excellent chemical inertness and can highly reduce the chemical sensitivities of the

DLC films, leading to the stabilization of their friction and wear.
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