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ABSTRACT

Coating the joint surfaces with diamond like carbon (DLC) is a promising way to increase the
service lifetime of hip joints made of CoCrMo alldyLC thin films have been attracted the most
interest because of its extreme smoothness, low coefficient aifofri high hardness and
excellent biocompatibilityOne of the key issues that limit the use of DLC is its poor adhesion to
commonly used biomedical alloys like CoCrMo. The low adhesion has been attributed to the
high internal stress, and Nitrogen (N) dap is one of main approaches to minimize it.
Nevertheless Nitrogen incorporation is being investigdtesito the complex mechanism behind

the formation of different chemical species in the amorphous DLC network by using different

deposition techniques.

In the present thesis workyicro-diamond particles were synthesized on CoCrMo alloy sheets by
Microwave Plasma Enhanced Chemical Vapor Deposition (MPCVD) and nitrogen doped DLC
thin films were then deposited on them by Inductively Coupled Plasma dsStstenical Vapor
Deposition (ICPCVD) to improve DLC adhesion on CoCrMo sheefBhe effect of nitrogen
doping and nanodiamond incorporation on the film adhesion was investigat&bdiyvell
indentation Raman spectroscopy and-rXy photoelectron spectragzy (XPS) were used to
analyze the chemical structure of the coatings. Morphology of the films was observed by
Scanning electron microscopy (SEM) and optical profilomé&the mechanical propertiesf the

films were measured by nanoindentatitesting Results showed that Nitrogen doping and
diamond incorporation could improve the film adhesion significaman and XPS spectra
showed an increase in%ponding h N-DLC films with a consequentlecreaseén hardness
according to nanoindentation measueeis.Surface roughness decreased while nitrogen content
increased according to optical profilometer imagése results have demonstrated that the
modified DLC films are promising for total hip joint replacement application.
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CHAPTER 17 INTRODUCTION
1.1 Motivation

One of the most critical and international public health issues is hip joint frg&fjur€he
main cause of hip joint fracture is degeneration of the bf#tjesimited mobility, hospital and
social costs, and impairment in quality of life are some implications of hip joint fraf&lre
Total hip replacement, in which the head of the femur and its sackateplaced, is the main
procedure to restablish functions of fractured hips. The life time of the implants strongly

depends on the design and quality of the materials[d$ed

One of the most common materials used for hip joint replacem@uGsMo alloy because
of its good corrosion and wear resistance, biocompatibility, and high strength. Caoy®
comply the ASTM standard of-¥5 for casting alloys and-F537 for wrought alloys for surgical
implants [5]. Over time, the implants become loose and release toxic ions due to the wear
between moving surfaces and the corrosion in human fluids, which makes the impld8}sifail
order to reduce the ion release and extend the life time of the implafsice modification and
coating have been investigated. Coatings can enhance surface characteristics and mechanical
performance without altering the bulk properties of the implants and very promising to improve

both the performance and the lifetime o implantq6].

Diamond like Carbon¥LC) thin films have been attracted the most interest because of its
extreme smoothness, low coefficient of friction, high hardness and excellent biocompfatibility
9]. One of the key issues that limit the use of DLC is its poor adhesion to commonly used
biomedical alloys like CoCrMalloy [10]. The low adhesion has been attributed to the high
internal stress dDLC due to the ion bombardment, and wegkrface between the substrate and
coating.Surface substrate modification, interlayer between the substrate and coating, and doping
elements into the coating to reduce internal stress are the mawaelpgs to increase DLC
adhesiorf11i 15].

Surface treatment with nitrogen plasma CoCrMo alloyhas formed gassive layeat low
temperature withgood corrosionresistanceof DLC coatingsbut with a negative effect on
tribology performancgl6]. Further studies were performed by using a hip joint simulator wear

test, concluding that neither nitrogen ion implantation nor pure DLC coatings can enhance wear



resistance of CoCrMon polyethylene polymer for hip joint implant applicafibr]. Titanium
interlayerdepositedafter ntrogenion implantation on CoCrMo has improved surface hardness
and wear resistancdut weak adhesionwas observdd8]. A detailed Xray photoelectron
spectroscopy (XPS) analyseporteda formation ofcobalt carbide at the less than 5 nm interface
between the substrate and Dt@ating and suggested that metastable cobalt carbide might lower
DLC adhesioftL9].

Recent studies haveported that diamond incorporation Titanium alloys can enhantiee
interface with DLC and increasiés adhesiofR0,21] Reduction of internal stress has been
achieved by mrogen dopingDLC depositedon silicon steel and glass substratgz?,23.
Consequently, the combination of diamond particles deposited on CoamtVatrogen doped
DLC deposition can be very promising for adhesion improvement and wear resistance of

CoCrMo on polyethylene faartificial hip joint replacement.

1.2 Objectives

The primary objective of the present thesis work is to improve adhesion of DLC on CoCrMo
alloy. In order to accomplish this goal, specific saltjectives include the following:

1. Improve DLC adhesion on CoCrMo alloys fmycrodiamond particle deposition by
Microwave Plasma Chemical Vapor Deposition.

2. Depositnitrogen doped DLC coatings with different nitrogen conterdiamond
predeposite€oCrMo samples by PlasateEnhanced Chemicalapor Deposition.

3. Analyzethe chemical structure and morpholagfyN-DLC samples at different nitrogen
concentrations.

4. Measurghemechanical and tribological properties of the coatings, to understand the
relationship between chemical structure and praggedf the synthesized films.



1.3 Thesis Organization

Chapter 1covers motivation andbjectives of the presemesearch work and the
organization of the present thesis

Chapter 2 presensscomprehensive review @oCrMo alloy and DLC coatings. This
chapter explainshe chemical nature of carbon bondtefines DLC and its properties, and
describes the deposition techniques and mechanism of DLC growth.

Chapter 3ntroducesthe experimentalechniques and parameters ugethis research
related withdepositionand characterization of the coatings.

Chapter 4 consists in two sections. The first section 4.1 shows the results of adhesion
improvement by diamond and nitrogen incorporation with an analysis of bonding structure,
morphology and mechanical properties. The second section 4.2 explains further the effect of
nitrogen doping DLC at different concentrations on chemical structure, morphology,
adhesion, mechanical and tribological properties.

Chapter 5 concludes thesults presented in Chapter 4, and suggests direction for

future work on this topic.



CHAPTER 2 - LITERATURE REVIEW

Due to the extreme smoothness, low coefficient of friction, high hardness and excellent
biocompatibility Diamond like Carbon (DLGQhin films have been attracted the most interest for
biomedical applicatiorj$-3] such as hip joint replacemer®ne of the key issues that limit the

use of DLC is its poor adhesion to commonly used biomedical alloys like Co{I®foThis
chapter will provide a comprehensive review o@oCrMo alloy, diamondrelated carbon
materials structure and deposition techniquaetiamond based coatings oGoCrMo, and

principles and descriptions of characterization techniques.

2.1 Overview of CoCrMo alloy

Globally, me of the most sevemnd public health issues is hip joint fractud. Themain
cause of hip joint fracture is degeneration of the bd8gsRestrictedmobility, hospital and
socialexpensesanddecayin quality of life are some implications of hip joint fractui®.Total
hip replacement, in which the head of the femur and its socket are replaced, is the main procedure

to re-establish functions of fraated hips.

Before After
y #w’h

FADAM.

Figure 21 Injured hip joint and its artificial replacemé§zv]



The life time of the implants strongly depends on the design and quality of the materials used

[4]. One of the most common materials used for hip joint replacem@udsMo alloyas a

femoral head while Ultra High Molecular Weight Polyethylene (UHMWP) is used as ddmner

the cup both materialsarein contact.CoCrMo has been widely used the heador hip joint

replacementbecause of its good corrosion and wear resistanasoimpatibility, and high

strength.CoCrMo alloys comply the ASTM standard of7b for casting alloys and-F537 for

wrought alloys for surgical implan{§]. Table 21 shows the composition and Tabl® Zhows

the magnitude of selected propert@#CoCrMo ASTM F1537 alloy[25]which was used in the

present studs

Table 21 Composition of CoCrMo ASTM HA537[25]

Element

Composition (Wt%):

C
Mn

Si

Cr

Ni

Mo

Cu

Co

Fe

0.05

0.83

0.64

0.003

0.0005

27.82

0.07

5.48

0.01

64.68

0.163

0.02

0.14



Table 22 Properties of CoCrMo ASTM-B537[25]

Tensile Yield Elongation Reduction
Strength [MPa] Strength [MPa] [%0] of Area [%]
1338.0 965.0 31.0 25

Over time, the implants become loose and release toxic ions due to the wear between moving
surfaces and the corrosion in human fluids, which makes the implants] fai order to reduce

the ion release and extend the life time of the implant, surface modification and coating have

been investigated

2.2 Carbon materials

Among other elements in the periodic table, carbon is one of thealmastantlements and
principal component o€ a r tifb. &arbon can form different covalent bonds usitsgfour

valence electrons @&s and 2p atomiorbitals.

Ground state of Carbon

Tl
-

1s

Energy

Figure 22 Ground state of Carbon



The combination of 2s and 2p orbitals originates the hybrid orbitals Spnépsp. Figure
2.3 shows the sp configuratiolVhen 2s orbital combines with one of the 2p orbitals, the
hybridization results ir2 sporbitals. This configuration allowgorming triple bonds with other

carbons of the same configurati@ikines)

Carbon sp configuration

f 7 ¢ 1L M. «
1 t Free delocalized
| | electrons <=
2sp 2p 2p G

180°

2sp

1

Figure 23 spconfiguration of Carbon

Sp? hybridization takes place when two 2p orbitals mix with 2s orbital, resulting irf-3 sp
orbitals and one p orbitaThe 3 sporbitals are in the santegonal plane with an angle of 120°
among them. A hexagonal arrangementhig sg configuration originates graphene in a single
atom plane. The remaining 2p orbital can form a week anWaals bond with another 2p
orbital from another plane, the accumulaton di my pl anes wi t h fornifsese we
graphite.Graphiteis soft, it can be used as a dry solid lubri¢amd itsfree electron migrates

alongthe plane making it a good electrical condudt®y13].

Carbon sp? configuration

DONN P

delocalized

i 2sp? 2sp? 2sp? 2p electron / 7

1 X

1s

Figure 24 sp’ configuration of Carbon



The formation offour sp’ orbitals takes place when the 2s orbital hybridize with all the 2p
orbitals This hybridization is characterized bstrahedralgeometry Diamondis based orthis
configurationand its properties are unique. Diamond is the handatral material on Edrt
because of its str ong[28] andhantde smaltestrthgrmal expaasioe n t
coefficienf29]. Because all the electrons are wused

electron to travel, thus it is an electrical insulator.

Carbon sp? configuration

Figure 25 sp’ configuration of carbon

This variety inchemical bondsnakes carbon very unique among other elements in the
periodic table.Consequently arbon can formup different atomic structures withamazing
different properties Some of the allotropes of carbon anéerenes (buckyballs: C60, C540 and
C70) and carbon nanotubes presentirfgespfigurationid0], Lonsdaleite (hexagonal diamond) is
based on shconfiguratioi31], and amorphous carbon {@) has a mixture of both $@nd
sp’[32]. Amorphous carbon has different categories according to its structure and conteént of sp

and sp bonding.

a



Figure 26 Different atomic structures @frbon a) Graphite b) Diamond , c) C60
(Buckminsterfullerene)l) Singlewall carbon nanotube, and e) Grapl88¢

Amorphous carbon films are disordered networks constituted of a mixture® @idpsp
hybridized bonds. -& properties are strongly related to the ratio of (gpaphite like) to sp
(diamond like) bonding configuratif@4]. Among all the allotropes of carbon, just Diamend
Like Carbon is investigated in detail in the present thesis work.

2.3 DiamondLike Carbon Thin Films

When the amount of sp3 bondscansiderabldigher than the sp2 bonds ttleemicalnature
of the amorphous carbon is more inclined to diamand metastab)eat is called Diamondike
Carbon (DLC)35].

2.3.1 Structureand Propertiesof DLC

DLC has been classified intbwvo main categories of DLC: hydrogémee DLC and
hydrogenated DLC (&€:H). Furthermore, when the Spontent is significantly high (90%it is
called tetrahedral amorphous carbor@}B6]. Fig. 2.7 illustrates different types of DLC.



SP 3 Diamond-like

ta-C ta-C:H

HC polymers

sputtered a-C(:H) TR
AL2Cit no films

glassy carbon
graphitic C

sp’ B H

Figure 27 Ternary phase diagram of amorphous carbon with differénsppand H conent[35]

It can be seen that graphitic and glassy carbon are located in the bottom left hand corner with
the highest spcontent and fre of hydrogen. DL@an be created with sputtering techniques by
increasing the Spcontent. Further escalation of*dmndswill lead to tetrahedral amorphous
carbon (taC) which is hydrogen freeBy using hydrocarbons as precursors, the presence of
hydrogen is inevitable. This hydrogen leads two regions in the middle of the diagram, tetrahedral
hydrogenated carbon (&:H) andhydrogenated amorphous carborQi#d). If the hydrogen
content is increased even more, the formation of polymers takes place. Finally, when the amount

of hydrogen is higher than carbon (bottom right hand corner) there are no formation of films.

DLC hasbeen investigated in the last fodecades for its high hardne@pproximately 80
GPa in taC and 50 GPa in #&€:H), chemical inertness (to acids and alkalis), optical transparency
(approximate refractive index of 2high electrical resistivitylow cosdficient of friction (0.05 to
0.2 on steel depending on test conditiprsyh wear resistancand biocompatibility Fig. 2.8
simulates the structure of DLC with 10% of hydrogen, it can be setansbsp chemical
bond$37].
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Figure 2.8 Molecular dynamic simulation of atomic structure € ad film [37].

2.3.2 DLC deposition techniques

DLC was synthetized fathe first time by using ion beam deposition 197138]. Since that
time, differentchemical vapodeposition(CVD) methodsand physical vapor deposition (PVD)
have been developed for bothboratory and industrialscale production. DLC can be
manufactured by a wide variety of deposition techniques suclass selected ion beam (MSIB),
sputtering, filtered cathodic vacuum &ifeCVA), pulsed laser deposition (PLDand plasma
enhanced vapor deposition (PECVD)

MSIB has a well control over the i@pecies and itenergy a filtering out of neutral species
and specific ions, and the ability to dope by switching the ion spéd¢e8 drawbacks aréow
deposition rate, high cost and voluminous apparatuf39zé-or industrial production sputtering
is the mostcommonmethoddue to its adaptability to scale apd versatility to sputter different
many materialglO]. Magnetron sputtering is usuakyppliedto increase the deposition rate of the
processnevertheless this technique usually has low ratio of energetic ions to neutral spaeties,
asa consequence the®smntent in the films is lowFCVA provides highly ionized plasma and

high deposition rates, but the cathode spot is unstable and thecdiesffiltering limits its
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applicationsPLD techniquevaporizes many different materials including graphite to produce ta
C (high sp content).This method is used mainly for reseapmirposessince itis a laboratory
scale technique, thus it has vdmpited industrial applicatiorjid1]. The most used method to
deposit DLC at laboratory scale is PECMB description is given in Chapter 3
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Figure 29 Diagrams of different DLC deposition techniq[85.
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2.3.3 Deposition Mechanism

Bombarding the surface with energetic particles during the deposition is the key in the
formation of high fraction of spC-C bonds, which provides the unique clagaistics ®
metastable DL{3542]. Subplantation is the process in which energetic carbon ions are
bombarded and implanted into atomic sites under the surface of the substrate. At the beginning of
the process, thbombarded ions penetrate into the subsurface, then the incorporation of carbon
and/or hydrogen induces local stress in the subsurface, followed of the creation of pure carbon
level due to sputtering and dilution of target atoms, and the film continuesngrovith the
formation of a new DLC layer from the successive bombardd@nt

The energy needed for carbon ions in order to penetrate the surface of the substrate is called
penetration threshold, Ep. An ion particle needs a minimum energy in order to displace a surface
atom from its original location and create a stable vacanterstitial pair. This minimum energy
is called displacement threshold, Ed. Besides, the energy that keeps surface ions tightly together
is known as binding energy, Eb. Thus, the total penetration threshold for a group of carbon ions

with certain criti@al energy is defined by
Ep ~ Ed- Eb (2.1)

If an ion does not possess enough energy to overconpeie¢ratiorthresholdenergy it will
not be able to infiltrate into the subsurface layer. Thigéomainson the surface in its low energy
spf state.Only thoseions with higher energy than Ep witle able to penetrate throughe
subsurface layer. Tts, this dynand penetration of ions will increase the loa®nsity and
energy, resulting irsp® bonding. While increasing the ion energy, ions will atge enough
energy to penetrate deeper into the surface, therefore, gobupss are involved irdifferent
atomic effects such as displacement, therraatia and relaxatidB85]. This redues the local
atomic density and declinesp® bonding. Robertson42] has reported an optimum ion energy
value of 100 eV in order to forLC thin film with high sp fraction In this way, ions have
enough energy to penetrate the surface of the substrate and ingehsading sitegl4]. In
others research work, it has reported 100 eV as the best approximate ion energy to achieve high
sp’ fractionsregardless of thdeposition techniquas,37].
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2.3.3.1 Growth of Diamond-like carbon thin film

The growth mechanismof hydrogenated DLC is more complex than tetrahedral DLC.
Although hydrogenated amorphous carbéormation follows the suiplantation model, an
important research effort is been focused to understand the growth mechanism and the role of
hydrogenin the mechanismWhen it comes to-&:H deposition, different hydrocarbon sources
can be utilizegsuch as benzene, methane, ethane, propane and acetylegeowthemechanism
of hydrogenated®LC is divided into three major stages

1.-Dissociation and ionization of precursor gasplasma formation.
2.-Reaction of plasma with tlggrowing film in thesurface
3.-Reacion in the subsurface lay ofthefilm.

It is necessary to understand the physical processlgflantaton, as well as the chemical
proces related to theanteraction of ions, neutral species, radicals, and dehydrogenation f
studying the complex growth model ofCaH. lons, reutral speciesunionized precursor gas,
mono and dradicals other unsaturated species such agHLor GH, interact during the

formation of plasmand deposition

Growth rate isusually thermalindependentneverthelessit can affect &hing and
consequently minimizegrowth. It has been suggested that tbeergetic surface might be
guenched due to the thermal difference between the surface anchdeltlying substrateThen
metastable DLC is frozemm by this process, suggesting tleatondensatiomechanism is the
reason why DLC cannot be obtainedahgeratures higher than 400°Oiamondlike carbon net
has been proposed to arise due to the transitory high pressure and temperature spikies when
ion flux is impacting the surfa¢é5].

The presencef hydrogenduring the condensation of the film has been suggested to
facilitate the formation of a carbonaceous amorphous structure with an average coordination
number as close as a fully constrained network. Hydrogen can penetrate deeper through the sub
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layers of he surface due to its small radical size. Since it has weak interaction with other atoms
due to its chemical nature, it plays the role of a network terminator, decreasing the level of
crosslinking and promoting theearrangement of the netw@4k]. Hydrogen radicals can also
form hydrogen moleces by bonding with other hydrogen atoms, leavirmghind unsaturated
dangling bods on the subsurface. The ovenalbcess of &:H growth includeghe physical
processof subplantation condensation of species in the subsurface, chenmtzkctions of
different species in the plasmbosed to the surfagcanddehydrogenatiorrecombinationFigure
2.10illustratesthe growth malel of aC:H thin film suggested by Roberts@5].
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Figure 210 Growth mechanism of-&:H[35].

2.3.4 Stresses in DLC

A significant amount of compressive stresses is introducdte film due to the energetic
ion bombardmentThis stressncreasesn parallelwith film thickness[47]. The introduction of
stress irDLC is extremelyadverseas it conduct$o poor adhesion antbnsequent delamination
of the coatingGood adhesion dDLC film is the basis ofts successful industrial applications.

Residual stressl, appeaed in amorphous carbon films depends timee different classe
accordingo itsorigin[48]:
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The quantity of residual stresses can be calculated as follows:

O 00 0e (2.2)

2.3.4.1 ThermalStress

The origin of this stress is due to significant differences betwbermal expansion
coefficients between theubstrate and the filnit is important to consider the difference between
the deposition temperature of the film and the temperature of the sample during determination of
stress. Two main solutions have been investigated to nzeithermal stress in the films. The
first approach is to deposit at room temperature, and the secoiitopee-deposit an interlayer

with a thermal expansion coefficient beewmethe film and the substr{48].

2.3.4.2 Intrinsic Stress

Intrinsic stresses arereated during deposition and are relatedhe morphology and
microstructure of thefilms. Thus intrinsic stresss strongly dependedn the deposition
parameters. Intrinsic stresses thin films can be classified into two types: tensied
compressivantrinsic stresses. Tensile intrinsicestses areegularly originated by defects such
as voids and vacanciés the films which are related to lownergetic particles (0-1eV)[50].
Compressive stressggadually riseto a certain value as thmpact energy per atonmcrease
(from 1eV to 25eV|B4,36] Fig 2.11shows the idealized behavior of intrinsic stress related to
impact energy per atofb0].
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Figure 211 Idealized behavior of intrinsic stress with different impact energgioarf50].

In orderto explain the origin of compressive intrinsic stress in the gad model was
proposed known as knoaa processlin this model theimplanted atomsunder the surface
through knockon impacts create compressie intrinsic stressesThen the energetic ions
embedded into the subsurface transfto a metastable locatioon the other hand, energetic
bombardnent ofother specieprovokesrapidlocal heating in certaimoneswhile the energy is
transmitted among surroundimgoms. Locaheatingenergyor thermal spikesuppliesenergy to
the neighbor atoms to escape froh&ir metastable positionAfter relaxationthe subsurface

started tacool down.

The balance between implantation and relaxagilarys an important role in compressive
intrinsic stress becauss proportional to the ratio of ion fluxe() to deposition rate€) [48],
[50]. In order to minimize the compressive intrinsic stress in the films, two approeahdse
chosen.One of them is to ngpae films with low normalized fluxes € /€d), low energetic
particle flowand high deposition ratdlternativelyfilm preparation with either high normalized
fluxes (e /<€d), or low deposition rates with high ion fluxes can reduce compressive intrinsic
stres§ol].
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2.3.4.3 Extrinsic Stress

Extrinsic stresses are generated thg interactionbetween thefilm and external factors.
These external factors can be impurities of oxygen and/or hydrogen, grain surface energy
reduction and reactions generating a new phase with a different molar volume. This changes

leads tdattice deformation anfilm volume expansiojconsequently stregermation.

2.4 Adhesionimprovement of DLC on CoCrMo

As mentioned previously, CoCrMo implants become loose and release toxic ions due to the
wear between moving surfaces and the corrosion in human fluids, which makes the implants
fail[5]. In order to reduce the ion release and extend the life time ofmjplant, surface
modification and coating have been investigated. Coatings can enhance surface characteristics
and mechanical performance without altering the bulk properties of the implants and very
promising to improve both the performance and theinifetof the implant$]. Diamond like
Carbon (DLC) thin films have been attracted the most interest because of its extreme smoothness,
low coefficient of friction, high hardness and excellent biocompatif@ity One of the key
issues that limit the use of DLC is its poor adhesion to commonly hisetedical alloys like
CoCrMo. The low adhesion has been attributed to the baghpressiventrinsic stress of DLC
due to the ion bombardment¥lany approaches have been studied in order to minimize the
stres§39i 43]. Doping an element that reduces the stress is one of the main approaches
investigated and positive results have been achig¢vexce doping ofDLC will be discussed in

the following sections.

2.5 Doping of DLC

Doping is the mcorporation of elements into films withiferentbonding statesn order to
modificatethe structure and improve specific properties. Some elements can be doped into DLC,
creating more flexible bonda the coatingandconsequentlyeducingcompressive stresgé4].

It has been reported thdopingdifferent elements int®LC can minimizecompressive stress
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without sacrificingits admirablepropertie§37]. Nevertheless it has been presented that hardness
can be reduced or increased even with the same doped elementhbudiifigrent deposition
techniquepl4i 46].

One of theadvantages of DLC is that due to its amorphous structure is possible to incorporate
different elements in the carbonaceous net. As a result of doping DLC, diffdventical
bonding combinations leads to magnified properties for specific applicatiorss crucial to
considerthe introducedamount, dispersiorand chemical naturef dopants during deposition in
order to achieve thpreferablepropertiesand preservig the diamondike characteristics in the
film. As mentioned previously, according to the desirable property, different elements can be
used to doped DLC. Some dopants can be light elements such as Boron, Silicon, Nitrogen, and
Oxygen, also metals can beped such aNlickel, Titanium, Tungsten, Silveand Cobalt Even
it is possible to mix elements and dope them at the same figeare 2.12illustrates different
dopants antheir effect on improving DLC propertigy].

Figure 212 Scheme oknownDLC dopants tomprove particular properti¢37].
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2.6 Nitrogen doped DLC

Among other elements, Nitrogen iseof the most studieelements to dope DL@ue to its
diverseapplicationswhich it has been attracted research attentiopast decad§s5]. The first
carbon nitridefilms were synthesized bg€ohenand hiscolleaguesd u r i n g[56]L JHeyw 6 s
anticipated that crystallinb-C3N4 structure could be hardehnan diamond. Despitef intense
research effort, successful synthesis wfra-hard b-CsN, has not yet been conclutje
nevertheless nitrogenated DIfitns became popular since thdhis possible to form spand/or
sp’ sites by incorporating Nitrogen in DLC films because Nitrogen @am fmany bonding
configurations. Neverthelesshen Nitrogen does not deg DLC structure;it can formnon

doping species such Ryridine, pyrroleand nitrileas shown in Fig. 2.13.
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Figure 213 Different NitrogerCarbon configuratior§85].

Whena certain amount afitrogenis dopedinto amorphous carbgmpentagonal rings can be
formed anccrosslinking betweergraphiticplanes enbepromotedas shown in Fig. 2.18€ue to
the strong thredimensional covalently bonded netwpfikms with high elasticity and enhanced

toughnesgouldbesynthesize[b7].
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Figure 2.14 Crosslinking of graphitic structures with formation of pentagons by increasing
nitrogen concentration in the filnfikom a) 5% to b) ~15%7].

Less than 50 vol% of Nitrogen doping couiorm of spf configuration due topossible
formation of isocyanate (N=C=0) or nitril&€ [ Ngroups,nitrile triple bond may terminate a
chaif58]. Nitrogenated amorphous carbwith low sp* contentwould be softeand with better
tribological propertiegshan undopedDLC[50i 52]. Under the appropriate deposition conditions
and nitrogen content, other species with afaracter can be present suctCaC and C=N62].
Increasing the $pcontent by Nitrogen dopingjecreases the average coordination number of
carbon andconsequentlyreduces the internal str¢S8]. Thus Nitrogen doping is a potential
approach to reduce residual stresd anprove DLC adhesiofd4-45]. Although many studies
have been carried out on nitrogenated DLC due to its exceaidechanical properties and
biocompatibility, limited studies have beemported usingPlasmaEnhanced Chemical Vapor
Deposition on CoCrMo substrat@herefore,by changing the content of Nitrogen inINLC
would be benefitial to understaride relation between structure apdoperties and adhesion on
CoCrMo.
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2.6 Structural characterization of DLC thin films

2.6.1 Raman spectroscopy

Raman spectroscopy & non-destructivestructural characterization technigbased on the
inelastic scattering of light by specific mattef63]. Raman scatteringomes fromincident
radiation irducing transitions in the atoms or molecules that create the scattering medium. These
transitiors can be rotatioravibrational, electronic, or thegombination[64]. In a Raman test
the sample is irradiated with monochromatiadiation. The inelastically scattered light is
collected and idpersed. Te resultingRaman spectrunplots the intensity of the inelastically
scattered light as a function of the shift in wavenumber of the radiation. The praatiaaility
of Raman pectroscopyonsistan the fact that the Raman spectrum serves as a fingerprint of the

scattering material.

The information obtained from Raman spectroscopy incltiiemtensity of interatomic and
intermolecular bonds,the mechanical strain existingn a solid, the composition of
multicomponent matter, therystallinity degreeof a solid, and the effects of pressure and
temperature on phase transformationsa Mnportant advantage of Raman spectroscopy
(compared to xay diffractior) is the ability to provide detailed structural information of
amorphous materialsuch as DL{B5]. Diamond has a single Raman active mode at 1332 cm
Singlecrystalgraphite has a single Raman active mode at 158cm o wn as A Go f or #
Disorder graphite has a second mode approximately at 1356canl | ed @A DO [59,0r A di
60].

These two G and D modes of graphite dominated by scattering of’sgites. G mode is
related to stretching vibration of’sponds suctas C=C chains or aromatic rind3e-convolution
of D and G peaks prades detailed information about D and G peaks, Bh&dnerFano (BWF)
is extensively used to fit G peak and Lorentzian to fit D p&akrefore, it igpossibleto study
the structural information of DLC by using Raman spectrogé&pyFigure2.15 shows different
Raman spectra differentcarbonstructureg35].
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Figure 215 Raman spectreomparison of diamond aranorphous carbostructureg35].

2.6.3 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) usesys of a characteristiwavelength to excite
electrons fromatomic orbitals The photoelectrons emitted from the material aected as a
function of their kinetic energyrhe number of photoelectronseasurd in acertaintime interval
is plotted versus kinetic energ¥hus XPS spectrum consists éhectron counts (number per
second) versus electron kinetic energy (e\Bigure 2.16 Iillustrates the process of

photoemissiof69].
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Figure 216 Schematics of the excitatipphotoemission and Auger procesfs9].

Conservation of energy takes placehe photon absorjan processThe kinetic energy (&
is equal to the incident photon energy)(minus theinitial binding energy (electronic ground

states) of the electron €k
E= ho- Eg (2.3)

Since initial energy of Xray (h) andkinetic energy of released electrons (EK) are kndhe
graph can belottedin terms of binding energy @kwhich is characteristic for each elemenie
positions of the peaks identify the chemibahdsin the material. Peak areas are proportional to
the number of orbitals in the analysis volume and are used to quantify elemental composition.
The positions and shapes of the peaks in an XPS spectrum can also be analyzed in greater detail
to determine the chemical state of the constituent elements mdtezial, including oxidation

state, partial charge, and hybridization.

XPS is a surface sensitive technique. The nominal analysis depth is @mgeef 1 to 10
nm (10 to 100 monolayers)-or that reason this technique is not appropriate for bulk
charaterization.All elements with atomic number greater than three can be detectedhadiie
limitation of XPS is the need for ultrahigh vacuumthe chambeduringthe test Thus materials
with low vapor pressuré<10® mbar) at room temperature cannotamalyzed Somepolymeric
materialscan also degrade under theay flux. XPS is a widely used characterizati@ehnique
for aC:H [22,44,51,6467]. In DCL XPS spectra is dominated by Carbon states because the
crosssecton of Hydrogen states is weg¥5].
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2.7 Mechanical characterization

2.7.1 Nanoindentation

In order to measura reliable bulk hardness value anfilm, the film thickness should be
numeroudimes greate(at leastentimes than the penetration depth of the indeifif&]. In this
way the measuredalue of hardness withot be influenced by the substrate deformatiogiow
thefilm. Usually thiscriterionis difficult to accomplishusing standard microhardnesghnique
sincemany weatresistant materialare oftendepositedin the range ofli 5 um thick such as
DLC. Even when the indentatiaos kept within the 10% of film thickness, another deviation from
the real hardness value isigmore the effects of indentation sizdany ceramic materials and
metalscanshowincreased hardnesslues when the load Iswer than 0.1 kfj75] Some Igh

hardness values citeal the literaturemight beinfluenced by théndentation size effect (ISE).

There are twomethods to measurthe hardness of &oating: direct coating hardness
measurementor thick coatings, and modeling the hardness behavior of thin films for thin
coatings. For thick coatings, measuring hardnessa irange of loads allowts determine directly
both the hardnesglue at a fixed indentation size (usually 10 um), and tBE index.On the
other hand, forHin films a modelingapproach must be used to determine ris& coating
hardnessand ISE indexdue to the substrate effect on the measurg@@ntAlthough direct
coating hardness @asurement has been usebituallyfor many yearsmay not be possiblg¢o
measureaccuratelythe properties of a thin film independent of the substratless the coating is
very thick byusing conventional testing equipme@obnsequentlyspecialized instruments have
beendevelopedand have become commeityaavailable, they are known adtralow load

microhardness testers or nanoindenters.

A commoncharacteristic among nanoindenters isabatinuous monitoring of the load and
displacement as the indentationpsnetrating the filmThe projected area dhe indentation
needs to be determined from the load/displacement aatader tocalculatethe hardness from
suchdepth sensing indentation telStastic and plastic deformations are includechim measured

displacementsthusit is necessary teliminate the elastic contribution in order calculatgust
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the plastic depth from which the area can be determined using the geometry of the indenter.
Fig.217 showsa characteristic hardness plot tetrahedral hydrogenated D[X7].

A tangent line is marked tthe unloading curve from the maximum load point to the zero.

The Youngds modulus is related to the slope

calculated as
H=0.0378(Lna/hp?) (2.4)

where R is the deplastic deformationkk corresponds to the maximum load, thus the elastic
deformation is the difference between the maximum indegt dnd h. Then, t he

moduluskE can be expressed as
O ™ X&®— (2.5)

The accuracy strongly depends on the indentation dmpdhthe thickness of the film.
Another important consideration is thatnohardness testers can be veensgble to
vibrationandsampleroughness
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Figure 217 Typical loading unloading graph for-@&H Nanchardness tegt7]
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2.7.2 Rockwell C indentation

Some of the most common direct methods to analyze adhesion are tensile (pull) test, peel test,

scratch and tape test. Nevertheless these techniques don not provide information about the

interface toughness, and some of them are design for low adlvesitings like paint. Rockwell

C indentation tester is a low cost qualitative technigue commonly used for indirect adhesion

measurement of diamoslike carbon coatindgg2i 75]. A load of 1471 N is perpendicularly

applied to the film with

a

di

amond

fi Co

under microscope after indentation. The damage degreend the circular perimeter of

indentation is compared with a westablished adhesion quality guideline known as VDI

nden

guidelines 319f1]. Figure 2.18 shows the quality of adhesion strength from HF1 to HF6

stage[82]. From HF1 to HF4 stages are considered as strong adhesion quality based/onm t

guidelines, while HF5 and HF6 correspond to insufficient adhesion quality. In the present study,

Rockwell C testing was used to compare adhesion strength of different DLC samples by using a

load of 1497N.

HF 2

Figure 218 Schematics of different adhesion stages according to VDI 3891 gui@]ne
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2.7.3 Scratch test

In scratch test a stylus draws a line over the sample surface under a stepwise or continuous
mode while the normal force increases until the coating detaches. It is necessary to determine the
critical load (L) associated to the adhesiof the coating during the test. is the load at which
the coating is removed in a regular way along the whole channel length. Delamination of the film
can be detected in different individual or simultaneous ways: (a) optical or scanning electron
microopy, (b) acoustic emission, and (c) friction force measurement. The sensitivity of this
method is relatively higher if the frictional force measurement is considered. Scratch test is
widely used as a quantitative adhesion measurement for thin carbondadirdy$33]. Figure

2.19 shows a typical scratch t§&4].

'L normal load
lateral load -« stylus
scrat
material pile up

.1—
direction of sample

Figure 219 Schematic image of scratch {8

2.7.4 Friction and Wear resistance

Friction is measured by the movement of surfaces in contact with each other while a load is
applied over them. Static friction is measured during the application of the load, then the surfaces
start to move and dynamic friction is analyzed. Friction stsodgpends on the conditions of the
test, in other words, it is not a fundamental property of a material. Friction measurements are

sensitive to surface chemistry, hardness, and morphology.

The coefficient of friction describes the ratio of the moving force between two surfaces and
the applied load on them. Another extrinsic property of a material is wear. Wear is the

deformation and loss of a material in dynamic contact with another maweak of a film can
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be expressed by weight loss measurement, and/or wear tracks analysis. Wear is also sensitive to
the conditions of the test such as temperature, humidity, materials in contact, etc. Thus most wear
tests are designed according to thalfiapplication requirements. In the present work, friction
and wear were measured under Hoaldisk configuration. Figure 2.20 shows a schematic of a

ball-on-disk configuration.

Ultra High Molecular weight
Polyethylene ball

Wear track
«=——— DLC coatings on CoCrMo
sample disk

Figure 220 Schematic image of a Badin-disk configuration.
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CHAPTER 31 MATERIALS AND METHODS

3.1 Thin Film Deposition

In the present research, microwave plasma enhanced chemical vapor deposition (MPCVD)
was used to grownicrodiamond particles before DLC and-DLC films were deposited by
plasma enhanced chemical vapor Deposition (PECVD). After deposition, structural
characterization was performed with Raman spectroscopy aag photoelectron spectroscopy
(XPS). Surface morphagy was observed by an optical profilometer. Mechanical properties were
measured by narmdentation tests by using universal testing machine (UTM), and tribological
behavior was evaluated with a baltdisk configuration in the UTM. The details of the

procedures are explained in the following sections.

3.1.1 MPCVD System

Microwave Plasma Chemical Vapor Deposition system (model: MWPECVD 1250UQS)
manufactured by Plasmionique Inc. was used to grmevodiamond patrticles on CoCrMo alloy
prior DLC demsition. The system consists of a ASTHEype 2.45 GHz microwave source, a
stainless steel vacuum chamber, a pumping system, a gas flow system and a manual control
system as represented in Figure 3.1. The microwave source can be tuned to provide maximum
power up to 1.2 kW. The vacuum chamber contains a substrate stage that can be vertically
adjusted to minimize microwave power reflection. The elevated temperature required for
diamond deposition is reached through plasma heating and it is controlled byctiogvanie
power. A mixture of hydrogen and methane (1 vol. %) with a total flow rate of 100 sccm were
used as precursors, the flow rate was controlled by a-ohatinel flow meter.

CoCrMo samples were prepared by grounding with silicon carbide paper (800 grit size) and
fine polished with diamond slurry of @n, 3em, and lem, sequentially. Then the CoCrMo

samples were seeded ultrasonically in a nanodiamond particle suspension manuigdilaed
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V Laboratory for 40 min to improve the nucleation sites of diamond. The microwave power used
was 800W and the growth was forHour.

Figure 31 Photograph of MPCVD System

3.1.2 ChemicaNapor Deposition System

DLC deposition was carried out on both CoCrMo alloy samples and silicon (100) wafers
using plasma enhanced Chemical vapor deposition (PECVD) reactor made by Plasmaionique
Inc., located in room 0C17, Engineering building. The sgstonsists of a high vacuum
chamber, a pumping system composed of a mechanical and turbo pump, a rotating substrate

holder, and two inductively couple plasma sources as shown schematically in Figure 3.2.
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Figure 32 Schematiof PECVD

The PECVD technique is one of the three methods available in the hybrid system; the other
two are physical vapor deposition (PVD) and pulsed laser deposition (PLD) mentioned
previously in chapter 2. PECVD combines physical and chemical prodes® dre two types of
CVD reactions, homogeneous and heterogeneous. Homogeneous reactions take place in the gas
phase, thus particles can form before deposition. This leads to low density films, poor adhesion
and defects in the films. Homogeneous reactiosisally lead to low deposition rates because
they consume reactants. On the other hand, heterogeneous reactions happen in the surface of the
substrate. These reactions are favored in the PECVD system and culminate in the formation of
the desired film. Themain advantage of PECVD is that fiims can be deposited at low
temperatures where some reactions would not take place in thermal CVD. The low temperature
during deposition is beneficial for substrates with low melting point or for materials with a big
difference between thermal expansion coefficients such as CoCrMo alloy and DLC, reducing
thermal stress and consequently better adhesion. Figure 3.3 shows a picture of the PECVD
reactor used for DL@nd NDLC deposition.
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Figure 33 Photograph of plasma enhanced chemical vapor deposition system

In the present thesis work, a mixture of methane jCétrgon (Ar) and nitrogen @\ were
used as precursors. ¢End Ar gas flow rates were kept at 40 sccm and 60 sespectively for
pure DLC films while four different nitrogen flow rates were used (4 sccm, 8 sccm, 12 sccm and
16 sccm) to synthesize films with different concentration of nitrogen. After changing one variable
at a time, the best RF power used wasWé&ifs with a bias of 60 V, and they were kept constant

for all the samples in order to maintain the same ion energy of all the depositions.

The substrate temperature was set at room temperature nevertheless despite of the integrated
cooling system in the @mber, the energetic ion bombardment increased slightly the substrate
temperature at 30°C which was observed consistently for all the depositions. Although the
recommendable substrate rotation speed by the manufacturing company of the equipment is 5
rpm, it was found that the substrate rotation at 3 rpm provided a better coverage of the whole
sample and was set constant for all the depositibims.working pressure was maintained at 10
mTorr which was the best working pressure found for DLC depositionthétiset values of the
other variables. The deposition time was set for 2 hours, generating a film thickness between 600
and 650 nanometers. Each sample was repeated 4 times in order to observe consistency in the
deposition rate, have repeatability and egitosamples for structural, mechanical and tribological

characterizationThe detailed deposition parameters are summarized in Table 3.1.
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Table3.1 Deposition prameters employed in DLC andNC films

Gas flow rate Working
Sample (sccm) Pre%sure Temperature Power Bias Thickness
(x 10° torr) (°C) (watts) (Voltage) (um)
N, CH,4 Ar

DLC 0 40 60 10 30 150 60 0.61
D-NDLC-1 4 40 60 10 30 150 60 0.62
D-NDLC-2 8 40 60 10 29 150 60 0.61
D-NDLC-3 12 40 60 9 29 150 60 0.63
D-NDLC-4 16 40 60 10 33 150 60 0.61

3.2 Structural Characterization

A Reinshaw 2000 Raman spectroscope was used to determine the type of carbon structure
obtained and ration 8p(graphite like) to sp (diamond like) bonding configuratiom the
coatings. The equipment is located at Saskatchewan Structural Science Center (SSSC),
University of Saskatchewan. The measurements were taken at 514.5 nm wavelength with Ar ion
laser in a spot size of 1&m approximately. Internal calibration witkilicon standard was
performed before every test. Three different spots were analyzed for each samples with the
exposure time of 40s, accumulation of data was kept at 4 times to reduce noise in the lectures and
cosmic rays removal mode was active in ottbeavoid suspicious peaks from cosmic rays. The
background of the spectra was removed for all the samples in order to facilitate their analysis and

comparison. Figure 3.4 shows the Raman instrument employed in the present work.
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Figure 34 Reinshaw 2000 Raman spectroscope

X-Ray photoelectron spectroscopy (XPS) measurements were performed at the Canadian
Light source (CLS) with a monochromatiz&tlK (alpha) X-ray source to study the composition
and bonding states of the deposited films. The measurements were carried out with the assistance
and supervision of Dr. Ronny Saturto CLS scientist. XPS analysis requires amightrzacuum
in the rangef x10° Torr which is reached in a small chamber. Consequently, sample dimensions
were 4 mrf. By scanning each sample 5 times the noise was minimized and reproducibility was

confirmed. Casa XPS software version 2.3.18 was employed to analyze the ottddéned

3.3 Surface Morphology

Zygo NewView 8000 optical profilometdocated in room OC19 at Engineering building
was used to study the surface topography and film thickness of the films. One of the intrinsic
properties of diamond is optical transparency, highDdpC inherit this property. For that reason
a refractive indx of 2 was set in the equipment in order to collect the date Joel JSM
6010LV scanning electron microscope (SEM) located in room 2C25 at Engineering building was

used to observine surface morphology after the Rockwell C indentations and weagtestin
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This equipment was also employed to observe the distributionovbdiamond particles on
cobalt alloy substrates prior deposition of DLC films. Figures 3.5 and 3.6 show the optical

profilometer and the SEM respectively used in this study.

Figure 35 Picture of Zygo NewView Optical profilometer

Figure 36 Picture of JOEL JSM 6010 LV Scanning electron microscopy
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3.4 Mechanical testing

Hardness and Young modulus were measured by-imailemtation tests using a Universal
Mechanical Tester (UMT) located in Room 1B22, Engineering Buildnd00 nm Berkovich
indenter tip was placed perpendicular to the sample surface and entered into the sample by
increasing the load to the desired value (loading). The indenter is left in this maximum load for
60 seconds, in order to minimize any effect on the measuremerib qaassible creep of the
material80i 82]. The load then gradually decline to the origin where total or partial relaxation of
the coating has occurred (unloading).

In the pesent work, a matrix of 3 x 3 spots was set for each sample to ensure the
reproducibility of the hardness data. After a scan test with variable loads from 2mN to 100mN,
the load of 5mN was chosen because it guaranteed the indentation depth was €% thiatié
coating thickness to avoid any effect from the substrate as explained in section 2.7.1. Load and
i ndentation depth data were constantly <coll e
modulus of the films by the software based on Oliver Rndrr methof88]. Figure 3.7 displays

the picture of nanindentationsystem.

Figure 37 Picture of Universal Mechanical Tester for nandentation investigation
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Rockwell C indentation was performed to evaluate qualitatively the adhesion strength of the
coatings by applying a repetitigandard load of 1497 N. Three different regions were indented
for each sample and then observed using the SEM for their analysis. According to VDI guideline
a film with sufficient adhesion should present less spallation, damage and cracks around the
circular imprint. Figure 3.8 shows the image of the Rockwell C equipment used located in room
2C25, Engineering building.

Figure 38 Rockwell C indenter

3.5 Tribological Characterization

Friction and wear analysis were effectuhtesing another Universal Testing Machine (UTM)
placed in room 1B22, Engineering building. A battdisk configuration was set by using Ultra
High Molecular Weight Polyethylen@JHMWPE) balls immerse in distilled water at room
temperature in contact witbLC and NDLC coatings (disk samples). A constant load of 10N was
used for all the samples which is higher than other researches have been usgt?]aaridN
2N[89i 91], nevertheless the ISO 14242 Implants for surgemear of totalhip joint
prosthesd92], recommends a force range from 0.3kN to 3kN in a cyclic loading under simulated
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body fluid at 37°C. The parameters in the present research work were set based on the
capabilities of the equipment. A linear reciprocating motion efsasmd the displacement length

was constant at 2.5 mm. 10000 cycles were carried out for all the samples. Figure 3.9 shows the

UTM with a configuration balbn-disk for the DLC samples.

Figure 39 UTM (left) and Balton-disk configuration for friction and wear tests (right).
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CHAPTER 41 RESULTS AND DISCUSSION

The present chapter is divided into two parts. Section 4.1 focuses on the comparison of
adhesion among pure DL@&icrodiamond partids and DLC, anchicrodiamond particles and
nitrogenated DLC films. It emphasizes the effect ofgepositednicrodiamond particles and
nitrogen doping on the adhesion of DLC. Section 4.2 describes the adhesion and tribological

behavior of the nitrogen ded DLC with different nitrogen contents.

4.1 Adhesion Enhancemenof DLC on CoCrMo Alloy by Micro diamond particles and
Nitrogen Incorporation.
In this section it is presentdtbw micradiamond particles and nitrogen doping into DLC
improved adhesion of thelfis on CoCrMo and their effects in surface morphology and
mechanical propertiegzurther chemical analysis of(NC coatings by XRay Photoelectron

Spectroscopy is presented in section 4.2.

4.1.1 Chemical Characterization
4.1.1.1 Raman Spectra and SEM of iemond micro-particles on CoCrMo

Raman spectrum of CoCrMo samples after diamond deposition is shdviguie 4.1 The
peak at 1332m 'indicates the presence of diamomicroparticles on the surfasehile the
peak at 160@m ! coexists, indicating the formation of graphitic carbBigure 4.2 illustrates a
SEM image of the samples after diamd deposition and it showsicrodiamond particles
uniformly grown on the CoCrMo substrate.
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Figure 41 Raman spectra of micidiamond particles on CoCrMo alloy

SEI 20kV x3,700 S5um

Figure 42 SEM of deposited micrdiamond particles o@oCrMo alloy

4.1.1.2 Raman Spectra of DLC and NDLC

The Raman spectra t@ned from deposited DLC andDNLC on silicon wafers are shown in
Figure 4.3. The broad curves confirm the characteristic amorphous nature of the deposited films.
Disordered D peak at around 1310tamd the graphitic G peak at around 1530'ame typical
peaks of DLC present in all the spectra. The ratio of their intensitigs) (brovides an estimate
of the sp/sp® bonding ratio in DLC structure. If the ratis high, the spbonding percentage
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increases in the flmDLC and NDLC deposited on silicon wafers show/lk ratios of 0.51 and
0.89, respectively.

Figure 43 Raman Spectra of (a) DLC afio) NDLC on silicon

Figure 4.4 shows the Raman spectra of DLC adAdUC with the incorporation of diamond
particles on CoCrMo spémens. It can be seen that midimmond incorporation notably
increases the intensity of D peak whilgl ratio is observed to be 0.67 abh@8for DLC and
NDLC, respectively. This suggests that N doping also promofesosgling in DLC coatings.

Figure 44 Raman Spectra of \®/DLC and () D/NDLC on CoCrMo alloy
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4.1.2 Surface Morphology

Surface morphology of DLC films on CoCrMo samplesth and without diamond
incorporation was observed by SEM images. Figure 4.5 (a) shows spallation of DLC deposited
directly on CoCrMo alloy whereas Figure 4.5 (b) exhibits smooth and uniform DLC on CoCrMo
alloy substrates with préepositeddiamond particles. These SEM images show that diamond

incorporation can enhance adhesion of DLC on the CoCrMo alloys.

SEl 10kV x180 SEI 10kV x180 100pm

Figure 45 SEM images of (a) DLC delamination afix) D-DLC on CoCrMo alloy

4.1.3 Surface Profilometry

Root Mean Squared (RMS) roughness of @4€ alloys with and without micraliamond
particles, DLC and RLC coated alloys were measured by an optical profilomdtee. RMS
roughness value of mirrgpolished Cobalt alloy samples was 9.12 nm. After deposition of
diamondmicroparticles, the roughness value decreases to 6.17 nm. This roughness reduction
might be resulted by the penetratioh diamondparticles atmicro-cracks and grooves in the
substratesurface resulting in a smooth and uniform film. However, DLC depositiostiamond
particles slightly increased surface roughness to 7.96nm. This can be possible due to the initial
energetic ion bombardment and existencél @angling bonds on the surface aC:H[93].
Nitrogen doping would reduce -8B dangling bonds and consequently decrease surface
roughness. Figure 4.6 shows optical profilometer images with their corresponding RSM

roughness valigeof bare and coated CoCrMo alloys.
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Figure 46 Surface Roughness of bare and coated CoCrMo alloys

4.1.4 Mechanical Properties

Hardness and Young's modulus values measured are shown in Table 4.1. DLC films presents
the higher hardness and | ower Youngds modul u:
coating doped with nitrogen. This is probably because nitrogen doping decreases the
concentrationofsthonds in the films, as shown in Fig. 4

modulus decrease with nitrogen doping, similar trend has been reported prefa@jsly
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Table4.1 Hardness andoung's modulus of CoCrMo, DLC arid-NDLC coatings

Sample Hardness Young modulus

(Gpa) (GPa)

CoCrMo 7.99+0.4 258.63+ 21.9

DLC 14.1+0.2 1247+ 9.6

N-DLC-1 13.6+0.4 131.6x2.4

4.1.5 Adhesion

Figure4.7shows the SEM images of DLC anDB-NDLC films after Rockwell C
indentation testing. Spallation and cracking of the films are observed in the areas around the
imprint, particularly on DLC sample in which severe delamination occursF{ge¢.7a).
Adhesion slightly increases wittlepositimm of micradiamond particles although the coating
gradually peels off outwards from the center (see Fig. 4.7b). This adhesion improvement might
be attributed to three main reasons: 1) the high intalfdamnding strength between miero
diamond particles ahDLC due to its high chemical affinity, 2) strong mechanical interlocking to
the amorphous carbon netw{8&,87], and it has been mentioned that depositing a fine grained
diamond film can reducsurface tension and improve DLC adhef¥&h. Figure 4.7c shows a
significant adhesion improvement on nitrogen doped DLC coatings. DLC adhesion increases
considerably nder the appropriate deposition conditions and Nitrogen cobyeimcreasing sp
chemical bonding in the film, as shown in the Raman spectra (see Figurdt hd¥ been
reported that promoting $pontent byNitrogen dopingeduces the average coordination number
of the amorphous carbon network and consequently reduces the intezagh&]. The resilts
have demonstrated thdtamond incorporation and nitrogen doping can increase DLC adhesion

to CoCrMo alloys.
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Figure 47 SEM images after Rockwell C indentation of (&) DLC on bare CoCrMo alloy, (b)
D-DLC on CoCrMo alloy and (c) INDLC on CoCrMo alloy

4.2 Effect of nitrogen contenton tribological properties of D/NDLC films on CoCrMo
substrates

The previous section showed halme combination of micraliamond particles and nitrogen
doping into DLC increases adhesion significantly, reduces hardnessudiade roughness of
DLC films. This section presents a detailedRdy Photoelectron analysis of the chemical
bondingof NDLC films that further explains the improvement in adhesion, mechanical properties

and tribological behavior with different nitrogeoncentrations.

4.2.1 Chemical Bonding and Structural Characterization

4.2.1.1 Raman Spectra nitrogen doped DLC films

Raman spectra of diamotite carbon materials are strongly influenced by G (graphite) peak
located at 1580cthand D (disrder) peak at 1350 chbecause of the scattering’sites even
for tetrahedral amorphous carbons (less than 15% “fcspent)35]. G peak arises from the
stretching vibrations of $fC=C chains or aromatic rings. On the otherchdmeathing vibrations

of s sites in rings are responsible for the presence of D[@&hk

Raman spectra of IWLC codaings on silicon and CoCrMo are presented in Figure 4.8 and

Figure 4.9, respectively. In the preparatioN@iLC coatings, the gas flow rate of nitrogen was
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increased gradually at 4 sccm, 8 sccm, 12 sccm, and 14 sccm while the other process parameters
were kept constant as shown in Table 3.1. In order to ohéig ratio for each sample, all the

Raman spectra were fitted by Wire 3.3 software using Gauksi@mztian function. While
increasing nitrogen content from 4sccm to 14sccm, G peak positionsfaverd at 1524 ci

,1526 cnt, 1527 cnt and 1528 crl, corresponding topllg ratios of 0.51, 0.68, 0.71 and 0.89,
respectively as shown Figure 4.8.

The same tendency can be observed in Figure 4.9, indicating theorsent in the film
increases in patlel with the increase of nitrogen content. G peaks positions were located at 1527
cm’ ,1528 cnt, 1528 cni and 1530 cm, corresponding topllg ratios of 0.67, 0.82, 1.21 and
1.38, respectively. Nitrogen incorporation might facilitate clustering dtlpmical species into
carbonaceous rings (instead of chains) since
influenced by the breathing vibration of aromatic rif@@ 91]. The shifting of G peak positions
in both spectra mig be attributed to the increase in the bond disorder of the film by Nitrogen
doping. This suggests that N doping causes a slight transition from sy bonding vibrations
in DLC films as reported previously by Hauert et al., and Hu §43J93]
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Figure 48 Raman spectraDLC coatings on silicon with a) Osccm, b) 4sccm, ¢) 8sccm, d) 12
sccm and e)16 sccm Nitrogen flow rate
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Figure 49 Raman spectra NDLC coatings on micliamond CoCrMo alloys with a) Osccm,
b) 4sccm, c¢) 8sccm, d) 12 sccm and €)16 sccm Nitrogen flow rate

4.2.1.2 XPS of nitrogen doped DLC films

CasaXPS software was usedl deconvolate the XPS spectra using Gaudiarentzian
function. Figure 4.10 shows the deconvoluted C1s XPS spectra of DLC on silicon. The highest
peak corresponds to-C at 285.64 eV indicating a high *sponcentration in the sample
confirming the results of the Raman spectra. The two other peaks at 284.97 eV and 286.78 eV
correspond to C=C and-R, respectively. Interestingly,-8 peak appeared at 286.78 eV in the
spectra as a sign of contamination in ttfeamber, oxygen is more common to find as a
contaminan{73] nevertheless the ty@toxygen shoulder at 288.2 elppears in the C1s spectra
of D-NDLC-1 sample (see Figure 4.11a).

It can be seen in Figure 4.11a that at a low concentration of nitrogen doped DLC the sp2 C=C
peak at 284.92 eV is higher than thé €pC at 285.46 eV, but thC=N at 286.01 eV content is
slightly lower than EN at 286.72 eV. On the other hand, Fig.4.11b shows higher content of both
C=C and C=N at 284.95 eV and 285.96 eV, respectively. This confirms that nitrogen doping
increases the 8pconcentration of the ammphous carbon films. Figure 4.12 shows the XPS
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spectra in N1sfoD-NDLC-1 (Figure 4.12a) an®-NDLC-4 (Figure 4.12b). In Figure 4.12b is
confirmed that the higher the nitrogen incorporation the formation0€spl at 400.71 eV is
more favorable insteadf sp® C-N at 399.25 eV. Table 4.2 summarizes the binding energies for

Clsand N1s of DLC, BNDLC-1, andD-NDLC-4.

-— sp3 C-C
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Binding Lneegy (eV)

Figure 410 XPS C1s spectra of DLC on silicon
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Figure 411 De-convoltion of C1s XPS spectra of a}l@DLC-1, and b)D-NDLC-4
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Figure 412 De-convoltion of N1s XPS spectra of a}[@DLC-1, and b)D-NDLC-4

Table 4.2.Binding energies of the different chemictdtes on DLC, ENDLC-1, andD-NDLC-4.

I)_(Ilr:]’es1 Sample Chsc?[gggzal BlndlrngE)nergy Ratio
c=C 284.97 1

DLC c-C 285.64 1.93

C-N 286.78 0.57

c=C 284.92 2.16

C-C 285.46 1.18

D-NDLC-1 C=N 286.01 0.97
Cls C-N 286.72 1

C-0 288.21 0.4
c=C 284.95 1

C-C 285.37 0.22

D-NDLC-4 C=N 285.96 0.47

C-N 286.82 0.21
C-N 399.56 1

N 1 D-NDLC-1 C=N 400.63 0.82
C-N 399.25 1

D-NDLC-4 C=N 400.71 1.24
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4.2.2 Surface Topography

Some external factors can affect roughness sucbudace preparation of samples prior
deposition, energy of the ion bombardment during deposition and chemical structure in the
surface. In order to reduce the effect of these factors all the alloys were mirror polished under the
same conditions prior diamd incorporation, the process parameters were kept constant during
deposition. Figure 4.13 shows RMS roughness values of Ditfdgen doped DLC films on
diamond CoCrMo specimens. It can be seen that the increase on nitrogen content lowers the
surface rougness. This can be due to the enhancement of surface migration of the adatoms
during depositiof0] and/or reduction on $i£-H dangling bond®3] by nitrogen doping.

()]
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w

D-DLC D-NDLC-1 D-NDLC-2 D-NDLC-3 D-NDLC-4

Figure 413 RMS Roughness of DLC and nitrogenated DLC films on CoCrMo alloys
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4.2.3 Mechanical Properties

Hardness and Young's modulus are shown in Table 4.3. DLC films present the highest
hardness among the other coatings. This is probably because hi&fogen incorporation the
concentration of shchemical bond was higher as it was observed in previous Raman spectra and
XPS analysis. DLC contains $@-C bonds and high amount bydrogen in comparison with
NDLC, hydrogen can increase>sgontent by satrating sp C=C bonds into sp-CHs. On the
other hand, Nitrogedoped coatings exhibit lower hardness, which is probably due to its higher

spf C=N bonding concentration as showrFigure 4.12.

Table 4.3.Hardness, Young's modulus of CoCrMo, DLC and-NDLC coatings

Sample Hardness Young modulus
(Gpa) (GPa)

CoCrMo 7.9+0.4 258.6+21.9
DLC 14.1+0.2 124.7+ 9.6
D-NDLC-1 13.6x£ 0.4 131.6£2.4
D-NDLC-2 13.2+ 0.6 134.5£ 8.7
D-NDLC-3 12.5+0.5 135.7+ 4.5
D-NDLC-4 11.8+0.3 141.6+ 4.5

4.2.4 Adhesion

Rockwell C indentation testing was conducted at a load of 1470 N to evaluate qualitatively
the adhesion ofmicrodiamond and nitrogen incorporation on DLC thin films grown on
CoCrMo.Figure 4.14shows the SEM images @-N-DLC films after Rockwell C indentation
testing. Spallation and cracking of the films are observed in the areas around the imprint,
particularly on DLC sample in which severe delamination indicates poor adhesion
(seeFig.4.14a) However, the spallation and cracking area decreases gradually as the
concentration of nitrogen increases. Slight spallation casbberved on samplesNDLC-1, D-
NDLC-2. Still somemicrocracks can be observed BANDLC-3 sample. Delamination of DLC

films occurs when the elastic energy stored in the film reaches a critical value which is closely
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related with a critical film thickness. The adhesion improvement by nitrogen doping can be
explained b¥yo3Griffithos | aw

b &
ek 4.1)

where o9 the surface fracture ener ghyisfipmper uni
thickness, compressive stress aandE eebpacsvely.c mod
When both sides of the equation @aeual the coating delaminat#83]. Compressive stress is
introduced in the film during deposition due to the energetic ion bombardment which also
expands the substrate surface for the-@abtation process describe in chapter 2. While stress

increases, the elastic energy in the coatingaases as well.

Then shear forces in the interface of the coating and substrate starts delamination of the
coating because the elastic energy exceeds the surface fracture energy. In Figure 4.14a DLC
delaminates dramatically for the high residual stiesthe coating. DLC adhesion improves
significantly from Figure 4.14b to Figure 4.14e due to internal stress reduction by nitrogen
incorporation which has been well documented befé€e55,96,97] As shown in Table 4.3,

Young modulus of WLC films increases as the nitrogen contemtréases, this suggest that
nitrogen doping allows elastic stretching of DLC film without exceeding the surface fracture
energy.Furthermorediamond particles deposited on CoCrMo alloy promotes a strong interface

by mechanical interlocking and surfacesiem reduction.

The results indicate that the cooperation of both diamond particles on CoCrMo alloys and
nitrogen doping can increase DLC adhesion to CoCrMo alloys. The results are congtstent w
previous work for DLC and NLC on different substratf®b,84,95] Nevertheless, different
deposition techniques (low energy ion beam deposition) affiekadit substrate materials (Ti
alloy) were used and much less nitrogen was doped in the work reported by us previously. This
study further suggests that increasing nitrogen content into DLC coatings up to 27 % can further

increase the adhesion of DLC @oCrMo without a significant change in hardness.
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Figure 414 SEM images after Rockwell C indentation of a) DLC, bPDC-1, c) DNDLC-
2, d) DNDLC-3, and d)D-NDLC-4.

4.2.5 Friction and Wear

A Ball-on-disk configuration was used to study friction and wear of DLC and NDLC coatings
on CoCrMo alloy specimens. All the samples were immersing in distilled water at room
temperature. A constant load of 10 N was applied in a reciprocating motiooratardt speed of
5mm/sec. A total period of 10000 cycles was set to measure the Coefficient of friction (COF) of
DLC and NDLC with ultra high molecular weight polyethylene (UHWMPE) balls. No visible
wear tracks of DLC and NDLC coatings against UHWMPE sbhalere found by using SEM

microscope, suggesting very low wear from the coating.

The wear area from the polyethylene balls was measured by optical microscope in order to
calculate the volume loss and wear rate of polyethylene balls. COF values decedled a
nitrogen content increased. The highest COF value of 0.21 was observed for DLC coatings. The
COF measured were 0.16, 0.13, 0.12, 0.11 for 4 sccm, 8 sccm, 12 sccm and 14 sccm nitrogen

flow rate samples. The results suggest that COF values decrehsendsogen content increase
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probably due the reduction of*p-H dangling bonds as discussed in XPS results, and smoother
surface as observed in Figure 4.13.

Wear tracks for UHMWPE balls on-DLC and DNDLC-4 samples are shown in Figure
4.16. Thereduction in the width of the wear tracks from 800um to 638um shows the volume loss
from UHMWPE balls. The removal of a material during contact with another material, depends
on adhesion, hardness, abrasion or oxid@kJn Since theJHMWPE balls are softer than DLC
coatings the wear is more severe for UHMWPE balls. Table 4.4 shows the average wear rates for
UHMWPE balls on DLC and NDLC coatings. Nitrogen doping reduces §nds in the film
which are responsible for the hardnessDafC. With the reduction of hardness and surface
roughness in NDLC coatings the wear rate of UHMWPE balls decreases which is beneficial for

hip joint replacement application.
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Figure 415 Coefficient of Friction of DLC and NDLC films against UHMWPE balls.
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Figure 416 SEM images of wear tracks or[DLC and DNDLC-4 samples, the white areas
correspond to UHMWPE balls loss

Table 4.4Wear rate values for UHMWPE balls against DLC and NDLC coatings

Sample  Average wear rates (x10 mm>/Nm)

D-DLC 46+0.2
D-NDLC-1 3.2+0.1
D-NDLC-2 22+0.1
D-NDLC-3 11+0.2
D-NDLC-4 1.7+0.1
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CHAPTER 5 - CONCLUSIONS AND FUTURE WORK RECOMMENDATIONS

5.1 Summaryand Conclusions

The mechanical ad tribological properts of DLCthin films depositedbn CoCrMoalloys
by plasma enhanced chemical vapor depositi@are investigatedusing different advanced
techniquesThe effects of diamahand nitrogen incorporation on adhesarhancemendf DLC

alloy have beestudied The results andonclusions arsummarizeds follows:

1. Pure DLC coatingson untreated CoCrMo allopresented severe delaminatiddoth
diamond and nitrogen incorporatianto DLC increasethe adhesion obLC coatingson
thealloy.

2. Increasingdoping concentratiomf nitrogeninto the film promotes sp C=N bonding
which results in the increase BL.C adhesion

3. Nitrogen doping reducesp’ C-C and sp C-H bondsin the DLCfilms and thus decreases
theroughness and hardndsst increasesheY o u n g 6 s oMibedlms. u s

4. Increasing the nitrogen content in the filtecreasethe COF of the films sliding against
UHMWPE balls and the wear rates of UHMWPE balls.

5. The incorporation of diamond and nitrogen into DLC improvks adhesionand
decreases the COF ametarrates of the polymer balls, demonstrating tthamond and

nitrogen incorporad DLC on CoCrMo alloy is very promising for hip joint replacement.

5.3 Future work

In the pesent study it has shown thatcrodiamond and nitrogen incorporation successfully

improved DLC adhesion on CoCrMatloy and wear rates of polyethylene balls were decreased.

Since this combination is very promising for hip joint replacement, further systematic research on

the process parameters is suggested to optimize the chemical staidtueecoating for higher

improvement on desire propertidhe following future work is suggested:
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. It is important to investigate mechanical and tribological properties under simulated
conditions as close as the ones in real sendstematicstudies of adhesion after
immersionin simulated body fluid such as phosphhbtdfered saline (PBS) soluticover
timeis suggested tmimic an irvivo environment

. Detail X-ray PhotoelectronSpectroscopy analysisf N-DLC after immesion in PBS

solution over time would reveal chemical chas in the surface of the film.

. Friction and Wear studies of-NLC under PBS solution &7°C in order to simulate the

conditions of thehip jointimplant in its in vivo performance.
. Corrosion analysisf N-DLC in PBS solutiorwould disclose if nitrogemncorporation

affects the chemical inertness of DLC.
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