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Abstract

Tribological Properties of CVD Diamond

Coated Ceramic Surfaces

Recent developments in chemical vapour deposited (CVD) diamond coatings have

attracted considerable interest and a host of new applications, each more challenging than the

others. This increased attention results from the fact that CVD diamond �lms retain to a large

extent the outstanding physical and chemical properties of natural single crystal diamond such

as extreme hardness, chemical inertness and high corrosion resistance, optical transparency and

high thermal conductivity. Diamond features also surprisingly low friction and high wear re-

sistance in unlubricated sliding contacts. Moreover, as opposed to natural diamond where the

friction and wear behaviour is highly dependent on crystal orientation, polycrystalline CVD

diamond �lms supersede the monocrystalline variety due to isotropic tribological properties

and possibility of coating complex shapes.

Several materials have been tested and more or less successfully used as substrates for CVD

diamond coatings. Nonetheless, satisfactory adherence of diamond coatings �lms is often only

attainable by the use of interlayers, in order to compensate for the large interfacial thermal ex-

pansion mismatch between the coating and substrate, which represent an additional processing

step and added costs. A promising route will consist in using substrate materials with a low

thermal expansion mismatch relative to that of diamond and, therefore, enhanced �lm adhe-

sion. Among these, the ceramic silicon nitride (Si3N4) arises as a serious candidate.

As a general rule, available literature regarding the tribological performance of CVD diamond

coated Si3N4 �lms is scarce, and the few available tribological data only deals with low applied

loads. That being said, the correct tribological assessment of CVD diamond coated Si3N4 �lms

under more realistic sliding conditions, reproducing the stresses found in applications �elds

such as the �uid handling and metalworking industry, as well as in emerging biotribological

areas, is on the agenda.

In the present work, homologous tribological tests involving two distinct crystalline-

scale diamond coatings, namely microcrystalline diamond (MCD) and nanocrystalline diamond

(NCD) coatings, were performed under unlubricated and water lubricated sliding conditions.



The friction and wear behaviour of each diamond system was assessed using a reciprocating

motion type geometry under moderated to high applied normal loads, reaching maximum values

as high as 160 N in the case of lubricated MCD �lms. In�uence of grain size effects and surface

pre-treatments of the substrate on the tribological performance of MCD and NCD coatings,

respectively, has also been undertaken.

Several complementary characterisation techniques, including scanning electron microscopy,

atomic force microscopy and micro-Raman studies, were used in order to assess the diamond

quality, stress state, topography evolution of worn surfaces, wear resistance and prevailing wear

mechanisms. The distinct friction regimes occurring for diamond-on-diamond dry sliding tests

and condition for the delamination of the coating were also studied by the means of acoustic

emission measurements.

The friction performance of the MCD coatings under dry sliding were characterised by very

low steady-state friction coef�cient values in the range 0.03− 0.04, regardless of the applied

load. Such exceptional atrituous behaviour under unlubricated conditions was accompanied

by a high resistance to wear damage, with wear rates characteristic of mild to very mild wear

regimes (10−8−10−7 mm3N−1m−1). The MCD water lubricated systems revealed even lower

friction resistance (0.01− 0.03), as well as a two-fold increase on the threshold load (150 N)

prior to �lm delamination under tribological stress.

The inherent lower surface roughness of the NCD �lms was responsible for a marginally lower

steady-state friction response (0.02− 0.03) in relation to the MCD coatings, and showed to

be independent of the �nishing condition and substrate surface pre-treatments. Moreover, the

moderate initial friction response occurring during the running-in period of accommodation

between opposing MCD surfaces was greatly suppressed by the much lower starting surface

roughness found in the NCD coatings. Similarly to what was observed in water lubricated MCD

coatings, homologous pairs of NCD �lms sliding in distilled water displayed an improved tribo-

logical performance characterised by a high resistance to wear damage (10−8 mm3N−1m−1) and

higher threshold loads under tribological action, making them promising candidates for highly

demanding tribological applications, namely in biotribology where their clinical use e.g. in total

arthroplasty is a possibility.



Resumo

Propriedades Tribológicas de Superf�́cies Cer�amicas

Recobertas a Diamante CVD

Desenvolvimentos recentes na produç�ao de revestimentos de diamante fazendo uso do

processo de deposiç�ao qu�́mica em fase de vapor (CVD), t�em atra�́do um considerável interesse

e dado corpo a um conjunto de novas aplicaç�oes, cada qual mais inovadora do que a anterior.

Este crescente interesse resulta do facto do diamante CVD reter em larga medida as notáveis

propriedades f�́sicas e qu�́micas do diamante natural, tais como: dureza extrema, elevada inércia

qu�́mica e resist�encia �a corros�ao, transpar�encia óptica e uma elevada condutividade térmica. O

diamante é ainda caracterizado por gerar n�́veis surpreendemente baixos para o atrito e possuir

uma elevada resist�encia ao desgaste, em situaç�oes de contacto n�ao-lubri�cado. Acresce o facto

de que, contrariamente ao veri�cado no diamante natural em que as propriedades de atrito e

desgaste dependem consideravelmente da orientaç�ao cristalográ�ca, os �lmes policristalinos de

diamante CVD suplantam a variedade monocristalina dada a isotropia das suas propriedades

tribológicas e vantagem no revestimento de formas complexas.

Diferentes materiais t�em vindo a ser testados e usados com algum sucesso como substratos na

deposiç�ao de diamante CVD. Contudo, n�́veis de ades�ao satisfatórios s�ao geralmente alcançados

apenas com o recurso a inter-camadas, com o propósito de minimizar as diferenças consideráveis

entre os coe�cientes de expans�ao térmica linear do substrato e revestimento. Representando,

contudo, a utilizaç�ao de inter-camadas um custo acrescido e etapas adicionais durante o processa-

mento dos materiais. Um caminho alternativo e promissor passa pela utilizaç�ao de substratos

com propriedades de expans�ao térmica próximas da do diamante, aumentando assim consid-

eravelmente os n�́veis de ades�ao. De entre potenciais escolhas, o nitreto de siĺ�cio (Si3N4)

assume-se como um forte candidato.

Regra geral, a literatura dispon�́vel sobre o desempenho tribológico de revestimentos de dia-

mante CVD depositados em substratos de Si3N4 é escassa, acrescendo-se o facto de as poucas

refer�encias encontradas envolverem press�oes de contacto baixas. Assim sendo, uma adequada

avaliaç�ao do desempenho tribológico de substratos Si3N4 revestidos a diamante CVD, sob

condiç�oes de deslizamento envolvendo press�oes de contacto presentes em diversas aplicaç�oes



tais como a indústria metalomec�anica e transporte de �u�́dos, ou em áreas emergentes no campo

da biotribologia, revela-se de grande import�ancia.

No presente trabalho foram efectuados ensaios tribológicos envolvendo pares

homólogos de dois tipos distintos de revestimentos de diamante, nomeadamente o diamante

microcristalino (MCD) e diamante nanocristalino (NCD), tendo o deslizamento ocorrido em

regime n�ao lubri�cado e lubri�cado com água.

As propriedades de atrito e comportamento ao desgaste de ambos os tipos de diamante foram

investigadas com recurso a ensaios tribológicos de movimento linear alternativo. Foram em-

pregues valores moderados a elevados para a carga normal aplicada, atingindo-se um máximo

de 160 N para os ensaios envolvendo MCD em meio lubri�cado. A in�u�encia do tamanho de

gr�ao de diamante e pré-tratamentos super�ciais do substrato cer�amico no comportamento tri-

bológico dos revestimentos de MCD e NCD, respectivamente, foram também investigados.

Diversas técnicas complementares de caracterizaç�ao, incluindo microscopia electrónica de

varrimento, microscopia de força atómica e espectroscopia de µ-Raman, foram empregues no

estudo da qualidade do diamante, estado de tens�ao e evoluç�ao da topogra�a das superf�́cies

desgastadas, resist�encia ao desgaste e mecanismos de desgaste predominantes. Os diferentes

regimes de atrito presentes durante o deslizamento a seco de diamante-sobre-diamante e cargas

cr�́ticas conducentes �a delaminaç�ao dos revestimentos, foram também estudados com recurso �a

técnica de emiss�ao acústica.

As propriedades de atrito a seco dos revestimentos de MCD foram caracterizados por valores

muito baixos para o coe�ciente de atrito, situando-se no intervalo 0.03− 0.04 independente-

mente da carga aplicada. Este comportamento ao atrito excepcional na aus�encia de lubri�caç�ao

foi acompanhado por uma elevada resist�encia ao desgaste, com taxas de desgaste caracter�́sticas

de regimes suave a muito suave (10−8−10−7 mm3N−1m−1). Os sistemas MCD lubri�cados em

água revelaram uma resist�encia ao atrito ainda mais baixa, com coe�cientes de atrito no inter-

valo 0.01−0.03, bem como um acréscimo para o dobro na carga cr�́tica (150 N) de delaminaç�ao

sob acç�ao tribológica.

A menor rugosidade superf�́cial, intr�́nsica dos �lmes de NCD, foi responsável por uma res-

posta ao atrito estacionário ligeiramente inferior (0.02− 0.03) ao veri�cado nos revestimen-

tos de MCD. Mostrou ainda ser independente do acabamento superf�́cial e pré-tratamentos de



superf�́cie dos substratos. Acresce o facto de que o atrito moderado, observado durante o peŕ�odo

inicial de acomodaç�ao de superf�́cies oponentes de MCD, revelou-se fortemente atenuado no

caso do NCD, em resultado das muito mais suaves superf�́cies de partida destes últimos. De

igual modo ao observado nos �lmes de MCD lubri�cados, os pares próprios de NCD lubri�ca-

dos em água destilada denotaram uma melhoria do desempenho tribológico, sendo caracteriza-

dos por uma elevada resist�encia ao desgaste (10−8 mm3N−1m−1) e cargas cr�́ticas mais altas.

Estes resultados fazem deles candidatos com elevado potencial para aplicaç�oes tribológicas exi-

gentes, nomeadamente em biotribologia onde o seu uso cĺ�nico em por ex. atroplastia total

torna-se uma possibilidade.
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Chapter 1

Introduction

Carbon is one of the most intriguing elements in the Periodic Table. It forms many

allotropes, some known from ancient times (diamond and graphite), some discovered 10-20

years ago (fullerenes and nanotubes) and very recently its two dimensional form (graphene).

Indeed, carbon plays a unique role in nature and the capability of carbon atoms to form complex

structures is fundamental to organic chemistry and the cradle for life's own existence, at least in

its known forms [1]. Carbon-based materials play also a major role in today's science and tech-

nology. In recent years, there have been continuous and important advances in the science of

carbon such as chemical vapour deposition of diamond, the growth of diamond nanostructures

and aforementioned allotropes, as well as new developments in the �eld of disordered carbon,

which altogether form the broad group of so called new carbon materials. Such breakthroughs

in material science, has lead to a large number of applications ranging from coatings for mag-

netic storage devices, wear-protective coatings for tribological tools, engine parts, biomedical

implants and microelectromechanical systems (MEMS), to cite but a few [2, 3].

From the various allotropes belonging to the carbon family, this thesis will focus

solely in the microcrystalline and nanocrystalline varieties of chemically vapour deposited

diamond, as a result of their unique properties for tribological applications. In fact, diamond

constitutes one of the most exceptional naturally occurring materials, endowed with a num-

ber of extreme physical properties that enable a broad range of applications, particularly when

these properties are combined [4]. The strong directional sp3 bonding with a cubic lattice struc-
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ture gives diamond many singular properties such as an extremely high hardness, a very high

Young modulus, very good thermal conductivity and a very low thermal expansion coef�cient

[5, p. 282�324]. Diamond is in fact the hardest material known to man, with an indentation

hardness of ∼ 1× 1011 N·m−2, closely followed by cubic boron nitride with a hardness of

∼ 0.75×1011 N·m−2. In diamond, every carbon atom is surrounded by four nearest-neighbour

carbon atoms, located at tetrahedral sites relative to the carbon atom at the origin. The C-C bond

is formed by the overlapping of sp3-hybridized atomic orbitals, which point towards the nearby

carbon atoms. This result in strong binding in all three spatial directions, which is necessary for

a high yield strength and indentation hardness [6, p. 92].

It is common thinking that the low dissipation of energy observed during sliding

of diamond is probably not due to appreciable anisotropy of physical properties. The fric-

tional behaviour of diamond as well as its strength and other physical properties do depend on

the crystallographic plane exposed to the rubbing process, however the coupling is weak [7].

It as also become evident from experiments involving the rubbing of diamond surfaces against

other solids, in ambient atmosphere, that the adhesion is generally small. In fact, fundamental

tribological studies tend to show that such behaviour is not an intrinsic property of the material

but rather due to adsorbed surface �lms [8, p. 339] [9].

While naturally occurring diamond exhibits outstanding physical and mechanical

properties, they are rarely all found in the same crystal. Such variability and scarcity cre-

ates hindrances for natural diamond to have any practical commercial potential in many �elds,

including semiconductor and optical devices, as well as in tribological applications. Diamond

synthesis using high-pressure, high-temperature (HPHT) processes and chemical vapour depo-

sition (CVD) has been responsible for diamond's commercial use in many engineering areas.

These synthesis routes have enabled the tailoring and reproducibility of speci�c material proper-

ties crucial for each application. CVD diamond synthesis technique and variants had become of

particular importance for the development of the more 'high-tech' engineering applications [4].

Moreover, despite its polycrystalline nature CVD diamond �lms retain most of the outstanding

properties of single-crystal natural diamond, without the anisotropy of properties of the later.
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It is widely accepted that diamond is a �low friction and wear resistant material�, but

this is not always the case. The friction response not only is in�uenced by the nature of the

opposing surfaces, but will depend on numerous factors. For instance, the surrounding environ-

ment plays a major role on the friction and wear behaviour of diamond. Thus, it is paramount

to understand the factors limiting its performance and the way they affect the tribological be-

haviour. From the viewpoint of academic and technological applications, it is therefore de-

sirable to understand the mechanisms governing the friction and wear behaviour of ultra-hard

diamond coatings. Moreover, the determination of the threshold load or maximum sustainable

load prior to �lm delamination under tribological stress, becomes of great importance in order

to establish limits of applicability of the different CVD diamond varieties when submitted to

severe sliding conditions.

This thesis is mainly composed by sets of scienti�c articles published in international

journals. The articles are gathered into two chapters (Chap.4 and Chap.5), with the �rst section

of each chapter corresponding to a short introduction into the �eld.

In the second chapter a comprehensive review of the state-of-the-art of self-mated

diamond coated systems is presented. This same chapter begins with a short overview of the

tribological properties of single-crystal natural diamond, due to their relevance in the compre-

hension of friction and wear mechanisms of diamond coatings. Emphasis has been put on the

description of tribological data available on the open literature hitherto, regarding homologous

pairs of microcrystalline and nanocrystalline varieties of CVD diamond coatings under diverse

operating environments. The chapter ends with an overview of some of the major applications

of diamond-coated systems nowadays, as well as an account of potential applications where

diamond �lms could excel or are already under scrutiny.

The third chapter is dedicated to the description of the main characterisation tech-

niques and experimental procedures employed in this thesis. Following a short overview re-

garding the preparation of the Si3N4 substrates and their treatment prior to diamond deposition,

the different CVD based coating derivatives used in the present work and respective operating

parameters are described more thoroughly. Two CVDmethods have been used in the deposition
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of the diamond �lms, namely the micro-wave plasma assisted CVD (MWPACVD) technique in

the cases of MCD and some NCD coatings, and an hot-�lament CVD (HFCVD) apparatus for

the remaining NCD �lms. This latter technique was employed with the purpose of assessing

the possibility of producing NCD-coated Si3N4 ceramics with equivalent or improved tribo-

logical properties as those found in MWPACVD based �lms, using a less complex and more

cost-effective procedure.

The chapter continues with a description of the various techniques used in the characterisa-

tion of as-deposited and worn diamond-coated Si3N4 systems. First, a comprehensive descrip-

tion of the various equipments and arrangements used for tribological evaluation are presented,

followed by a detailed account on the tribometer, geometry of contact and operating variables

used in this thesis. The various tribological quantities used throughout this thesis are subse-

quently de�ned.

Standard techniques widely used in the characterisation of tribological coatings, like scanning

electron microscopy (SEM), are described brie�y. Despite Raman spectroscopy constitutes

a standard method in the evaluation of the quality of deposited diamond �lms, an historical

overview of its signi�cance in the area is presented and, more importantly, to give an account

for its use as an assessment tool in the evaluation of the �nal stress states of the coatings, in-

duced by the tribological interactions. Methods believed to be original in the context of the

macro-tribological characterisation of diamond coatings are addressed more in depth, as is the

case of atomic force microscopy (AFM) and acoustic emission (AE).

The fourth chapter comprises four scienti�c papers (Publications I-IV) reporting on

the tribological behaviour of self-mated MCD-coated Si3N4 systems. In those, experimental

data concerning the friction and wear properties of this tribosystem are analysed and correlated

with distinct grain size of the diamond crystallites, the operating environment in which the slid-

ing occurred, i.e. ambient atmosphere or water lubricated, and level of applied normal load.

Based on the analysis of the morphological features and topography of the worn surfaces, the

prevailing friction and wear mechanisms are described and related to published tribological in-

formation involving relevant diamond tribosystems or less severe sliding conditions. Detailed

discussions regarding the distinct occurring friction regimes, as well as their explanation based

on existing theories of friction for diamond coatings, are also addressed on various papers.
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The article of Sec. 4.4 (Publication III) is dedicated to the analysis of experimental data regard-

ing the establishing of a correlation between distinct friction regimes and AE events, occurring

during the tribological interaction of MCD coatings.

Publication IV (Sec. 4.5) reports on the tribological evaluation of self-mated MCD coatings un-

der water lubricated sliding conditions. Aside the description of the friction regimes and wear

processes involved, a relationship between wear debris particles recovered from the lubricant

and the morphology of diamond asperities is established.

In the �fth chapter, studies concerning the tribological characterisation of self-mated

NCD-coated Si3N4 systems are gathered into four scienti�c articles (Publications V-VIII). Like

in the works reported on the previous chapter, tribo-testing occurred under dry sliding, in open

air, and water lubricated conditions. The �rst article is dedicated to the friction and wear

behaviour of MWPACVD-based diamond coatings, whereas the remaining articles refer to

HFCVD-synthesised diamond �lms.

The in�uence of three different surface �nish conditions for the ceramic substrates, by means of

mechanical procedures, thereby affecting the degree of interfacial adhesion between the coating

and substrate, as well as the starting surface roughness of the NCD �lms, and concomitantly

their tribological performance is explored in Publication VI (Sec. 5.3).

The in�uence of plasma treatments performed on Si3N4 substrates as a means to improve further

the adhesional levels of smooth HFCVD-based NCD coatings and, concomitantly, the threshold

loads under tribological actions is addressed in Publication VII (Sec. 5.4).

The last article, Publication VIII (Sec. 5.5), is dedicated to the tribological assessment of self-

mated NCD coatings under water lubricated sliding conditions. There, the predominant wear

processes and mechanisms are described, based on the morphology of worn surfaces and wear

debris, and the in�uence of the lubricant accounted for the observed increase in maximum sus-

tainable load under sliding contact.

Finally, the last chapter (Chap. 6) presents the main conclusions of this thesis and

proposed future work, with the purpose of further assess the potential of MCD- and NCD-

coated Si3N4 tribological coatings for highly demanding tribo-mechanical applications, or in

leading edge applications where these coatings could represent an added value.
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Chapter 2

State-of-the-art in self-mated diamond

tribosystems

Diamond constitutes an excellent tribomaterial as a result of its corrosion resistance,

light weight, extreme hardness and intrinsically low friction. Friction coef�cients in the range

0.04−0.20 have been reported for diamond-on-diamond atmospheric sliding experiments, with-

out the necessity for additional lubrication, making self-mated diamond bearings an attractive

proposition [9]. Furthermore, unlubricated diamond surfaces sliding on themselves result in ex-

tremely small surface damage. When metals slide on diamond the friction coef�cient presents

values of the same order, and the amount of metallic transfer is again very small. Therefore,

diamond cutting-tools are very effective in the machining of hard metals. Moreover, since

diamond possesses an extremely high melting-point and keeps its hardness to very high temper-

atures, it is very effective as a polishing powder [8, p. 163].

The truth is that diamond-on-diamond tribosystems are remarkable because the sliding friction

is nearly the same with or without an organic lubrication �uid. Such behaviour �nds its rai-

son d'�etre in the high penetration hardness of diamond, which means that the local pressure in

the contact areas is likely to be so high that the lubrication �uid is completely squeezed out.

Moreover, diamond surfaces are usually passivated by hydrogen or oxygen, and are relatively

inert [6, p. 145]. Not only does diamond reveals great potentialities as a replacement material in

many existing tribo-applications, but it can also be used to reduce friction in chemically harsh

environments where conventional lubrication is impractical [9].
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2.1 Natural single-crystal diamond systems

Natural diamond is valued as a tribological material due to its extreme hardness and

very low friction coef�cient values, either sliding against itself or in dissimilar pairs. A study by

Hayward et al. [9] showed that typical friction coef�cients for diamond styluses sliding against

single-crystal (100) diamond vary in the leeway 0.04− 0.08. The low friction of diamond is

probably not related to the appreciable anisotropy of its physical properties. The strength prop-

erties do vary somewhat according to the crystallographic orientation, but the effect is small.

A similar behaviour occurs for the friction, where only a small variation of friction with the crys-

tal face exposed is observed. Experiments have showed that when surfaces slide on diamond

the adhesion is small, but whether this is a property of the material per se or whether it is due to

adsorbed layers is yet to be fully comprehended [8, p. 163]. However, more recent tribological

experiments have shown that when the surface layers are removed from diamond by outgassing

in vacuum conditions, the friction of diamond sliding on diamond can reach values as high as

µ∼ 1.0 [10, p. 46].

Figure 2.1 shows the schematic representation of typical diamond crystallographic

planes for different diamond shapes. As is well known, singe crystal diamond is anisotropic in

its physical and mechanical properties and, therefore, wear resistance and frictional behaviour

will vary not only with different crystallographic planes but also within the same plane [7, 11].

Figure 2.1: Schematic of different diamond crystallographic plane orientations [7].

With single-crystal diamond the friction is increased from about 0.05 in ambient at-

mosphere to about 0.40, after outgassing. The coef�cient of friction falls off with increasing

load and the behaviour is consistent with a contact primarily of the elastic type. Calculations

of the real area of contact, using Hertz's equations of elastic deformation, have showed that the

effective shear strength of the contact region is comparable to that of bulk diamond. Therefore,
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such observations seem to point out that the friction of self-mated clean diamond surfaces result,

as with metals, from strong bonds formed by adhesion at the interface. However, in contrast

with metals, the absence of gross seizure may be due to the very small or non-existing ductility

of diamond [8, p. 339].

Indeed, diamond constitutes a good example of a material where surface �lms can have a

marked effect on the friction properties. Homologous pairs of diamond sliding in vacuum

can reach friction levels of ∼ 1.0 after cleaning or repeated sliding. Yet in air, much lower

friction values in the range 0.05− 0.15 are measured and the surface modi�cation responsi-

ble for those is more likely to be due to adsorption of gaseous species. The particularly low

friction of diamond-on-diamond in air is due to the very low adhesive force between the sur-

faces in the presence of the adsorbed contamination, together with a small contribution from

other dissipative processes, probably plastic deformation at the asperity contacts on a very

�ne scale [10, p. 46].

An article by Hayward et al. [9], citing several studies, report that the wear resistance

of natural diamonds whilst rubbing with a variety of materials was characterized by speci�c

wear rates of the order of 10−4 mm3N−1m−1. These severe wear regimes could be explained

by probable phase transformations arising from the high �ash temperatures associated to high

sliding speeds, where the rapid wear of diamond if used in machining or grinding steel is caused

by local transformation of the diamond into graphite [10, p. 121]. The friction coef�cient values

for natural diamonds sliding on natural diamonds was observed to be in the range 0.04−0.20.

The friction coef�cient for the diamond coatings tested in Hayward et al.'s work gave values

from 0.03 up to values considerably higher (0.50). These higher values were explained as being

a direct consequence of the higher surface roughness of the coatings sliding against a single-

crystal diamond stylus.

Several models have been developed by tribologists to account for variations of the

friction coef�cient with surface roughness. As a general rule, the various models consider nor-

mally the abrasion or ploughing of softer materials by harder ones. Accordingly, ploughing, i.e.

plastic deformation of the material and subsequent fracture of the generated ridges, is unlikely

to be the prevailing mechanism for diamond coatings due to their extreme hardness. Tabor,

8



Tribological Properties of CVD Diamond Coated Ceramic Surfaces, C.S. Abreu

cited by Field [5, p. 325�350], proposed a combined adhesion/asperity-climbing mechanism

based on a triangular model for asperities. This model predicts large increases in measured

friction if the slope angles are large and could account for the high values of the friction coef-

�cient, normally observed during the �rst cycles on tribo-tests with diamond coating surfaces

with steep sided features, like those found in rougher microcrystalline diamond �lms with a

micro-pyramidal morphology. For those, slope angles could reach values up to 70-80◦ and

it is more than likely that interlocking summits of the asperities need to ascend and descend

slopes with similar angles [9]. Another implication of the Tabor model is as wear damage

evolves, the protruding asperities become progressively �attened and, concomitantly, friction

interaction intensities are lowered in response to the resulting smoother surfaces and, therefore,

major prevalence of smaller slope angles. Such behaviour is consistent with numerous works,

where friction coef�cient values for mechanically and chemically polished surfaces remained

relatively unchanged throughout the full length of the tribo-experiments [9, 12, 13]. Another

assumption in Hayward et al.'s work [9], was that chemical polishing produced smoother sum-

mits than the ones from mechanical processes or diamond sliding, which could explain the

lower steady-state friction values observed by the authors, considering comparable starting sur-

face roughnesses.

A different model of diamond friction has been proposed by Samuels and Wilks [14],

which attributed the frictional behaviour to a combination of a ratchet (Coulomb)

mechanism [15], elastic deformation and release of asperities, as well as fracture of asperities.

Another approach in describing diamond's frictional behaviour consist in the so-called rough-

ness theory [16], which hypothesises that the friction arises from the mechanical interaction

between contacting asperities, implying that the energy dissipation occurs either by irreversible

impact (generation of phonons) at low loads or by vibration of the asperities at high loads [17].

Considering the several existing mechanisms of friction until then, and the experimental evi-

dence that organic lubricants do not reduce the friction coef�cient from its value in air, many

authors had come to imply that the surface roughness alone would be responsible for diamond's

friction in air; since if adhesion had a role to play, then a lubricant would reduce or eliminate

this contribution to the mechanism of friction. However, more recent studies have showed the

effect of water in reducing the friction coef�cient of diamond and, therefore, that an adhesion
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component should also be considered to explain its frictional behaviour in open air [18, 19].

A comprehensive study of the friction properties of natural diamond, as well as the various pro-

posed mechanisms of friction, can be found in the paper by Field and Pickles [11].

In conclusion, the frictional and wear properties of diamond are of considerable sci-

enti�c and technological interest. As discussed earlier, natural diamond can exhibit very low

friction coef�cient values. However, the occurring values will depend on the crystallographic

orientation, the direction of sliding and the number of traversals. Moreover, conventional lubri-

cants have none to little effects in reducing the friction, but moisture can reduce its value under

certain circumstances. Polycrystalline and CVD diamond possess more anisotropic properties

which make them technologically more desirable [11].

2.2 Tribosystems involving polycrystalline CVD

diamond coatings

According to the de�nition from Holmberg and Matthews [20, p. 1�6], tribological

coatings are those which are suf�ciently thin that the substrate plays a role in determining the

friction and wear performance. Therefore, coatings which are so thick that there is little or no

substrate in�uence on the tribological behaviour are excluded from the de�nition. In fact, thick

�lms behave like bulk material in what concerns the tribological properties. That said, tribo-

logically important properties required by the coating and respective substrate involve material

strength and thermal attributes, which will be determined by their composition and microstruc-

ture as well as the porosity and homogeneity of the material. Thus, at the substrate/coating

interface the adhesion and shear strength of the junction will play a major role, and at the coat-

ing surface, the chemical reactivity and surface roughness must be taken into account in addition

to the shear strength.
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Tribological requirements on a contact with coated surfaces normally comply with

the following design guidelines [20, p. 1�6]:

1. The initial friction coef�cient, the steady state friction coef�cient and the friction insta-

bility should not exceed certain design values;

2. Wear material loss of the coated surface and that of the counterface should not exceed

certain design values;

3. The lifetime performance of the tribosystem should, with a speci�ed probability, be

longer than the required lifetime. The coating lifetime limit can be de�ned as happening

when one or both of the former conditions is no longer ful�lled.

In order to satisfy these tribological requirements, the coated surfaces must have a

suitable combination of properties in terms of hardness, shear strength, adhesion to the sub-

strate, fracture toughness, thermal expansion and elasticity. Therefore, improved coatings prop-

erties and selection procedures will lead to the achievement of extended and predictable service

lives, and ideally, non-catastrophic failure modes.

Diamond coatings are increasingly attractive for many applications because they main-

tain the outstanding physical and chemical properties of natural diamond, such as an extreme

hardness and chemical inertness. Diamond �lms can be grown on a variety of substrates by,

e.g., chemical vapor deposition (CVD). Depending on the deposition techniques and processing

parameters used, the �lms will have different physical properties. Coatings with higher surface

roughness will generate a large wear if a softer body is slid on the �lm surface. Moreover,

in contrast to most other engineering surfaces, the friction coef�cient depends on the surface

roughness of the �lms [21, 22], with the smoother ones approaching the reported value for nat-

ural diamond. Rough diamond �lms present high initial friction values when sliding against

softer counterparts and are probably due to ploughing of the sharp protruding diamond asper-

ities onto the softer material, and thus causing severe abrasion. After repeated traversals, the

sharp asperities are progressively rounded and the valleys between asperities become �lled with

blanket and wear debris. This will eventually lead to reduced friction levels [6, p. 92].
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CVD diamond coatings have wear properties similar to those of natural single-crystal

diamond, as well as similar friction coef�cients, once corrections are taken into account for the

higher surface roughnesses of the former [9].

For polycrystalline diamond coatings a fracture of the tip asperity and/or an asperity climb-

ing mechanism seem to be dominant for the �rst instants of the relative motion. According

to several authors referred in a article by Barros et al. [23], more energy is spent in the slid-

ing of rough surfaces, due to the fact that the asperities have to fracture or to overcome each

other [8, ch. 1]. This gives rise to high initial friction levels, especially true for the various mi-

crocrystalline diamond morphologies which are substantially rougher than the nanocrystalline

diamond surfaces.

Moreover, apart from the surface roughness factor, surface chemistry and tribo-induced adhe-

sive interactions can also arise and will assume a major role in the friction and wear behaviour

of all diamond �lms [24].

2.2.1 Microcrystalline diamond variety

Relatively recent developments in deposition techniques have made it possible to de-

posit a new class of hard carbon coatings. Various studies involving X-ray diffraction, trans-

mission electron microscopy and µ-Raman spectroscopy have demonstrated that under speci�c

deposition conditions the majority of the carbon produced is in the diamond phase. These

diamond coatings differ from the natural single-crystal diamond due to their polycrystalline na-

ture and higher intrinsic surface roughness [9].

Several tribological studies done in recent past have been reported for polycrystalline

diamond coatings [25, 26]. The counterface materials have spanned metals [27, 28], ceram-

ics [12, 13, 29] and even biocompatible polymers [30], as well as a few involved single-crystal

diamond [9, 15, 19, 31] or diamond coatings [32, 33]. As a rule, extensive transfer of material

to the diamond coating was observed for non-diamond sliding counterpairs and, as such, the

friction and wear behaviour was in fact dominated by the softer materials.

The few tribological studies available on polycrystalline diamond coatings matted

against mono-crystals or diamond coatings normally concentrate on the frictional properties
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at high temperature and/or vacuum conditions. In a relevant work by Hayward et al. [9], the

behaviour of single-crystal diamond sliding on polycrystalline diamond coatings in air, with

special focus on the in�uence of the coating's surface roughness on the frictional behaviour, is

addressed. In addition to results for as-deposited coatings, friction coef�cients measured on me-

chanically and chemically polished diamond �lms are also presented. Moreover, the observed

frictional behaviour was related by him to existing theories of diamond friction. Coatings used

in his studies were obtained from a variety of techniques: CVD, microwave, d.c. plasma or

hot-�lament excitation. The coatings were deposited on single-crystal silicon substrates, with

the surfaces exhibiting roughness values quoted as Ra in the range 7 nm to above 300 nm for

d.c. plasma and hot-�lament, respectively.

The friction experiments were conducted on a reciprocating sliding tribometer, with short stroke

lengths of 1.2 mm and small applied loads of 2 N. The low sliding speed used, 0.3 mms−1, re-

sulted in that the bulk heating on the specimens could be considered negligible, as well as the

possible occurrence of phase transformations from diamond to graphite due to high �ash tem-

peratures.

Wear tracks generated on the various diamond coatings by repeated traversals of the diamond

stylus presented itself as shiny areas, easily observed by optical microscopy. Very small amounts

of wear debris were reported at the edges and the ends of the tracks. Close examination of coat-

ings by SEM showed the presence of smooth patches covering portions of the wear tracks, with

the higher magni�cations revealing what appears to be smeared wear debris [9]. These debris

patches adhered strongly to the coating, since ultrasonic cleaning in acetone was enable to dis-

lodge them from the �lm.

Scanning Auger Microscopy (SAM) was used to show that the wear debris patches were consti-

tuted by carbonaceous material, whereas the lack of a Si peak con�rmed that no wear-through

into the substrate occurred. Furthermore, the presence of abrasion grooves on the stylus tip were

observable for the tests conducted with rougher coatings, whereas smoother ones produced rel-

atively featureless �at surfaces on the tip.

The development of plateaus on natural diamond styluses caused by wear in contact with CVD

diamond, demonstrates that polycrystalline coatings can signi�cantly wear natural diamond.

The observed grooving in the contact region of the tip, after the use of rougher coatings, also

point out an abrasive wear mode, where the material causing abrasion is of comparable hardness
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or harder than the material being abraded, i.e. natural diamond. Furthermore, no evidence of

an incubation period was detected in the studies of Hayward et al. [9], such as occurs when a

soft material wears diamond, which suggested that CVD diamond coatings have a comparable

hardness to natural diamond.

Results of fundamental research on the tribological properties of self-mated CVD

diamond were published in 1999 byMiyoshi et al. [34]. Their work encompassed a comparative

study of the tribological performance of as-deposited, �ne grain diamond, and surface-modi�ed

coarse grain diamond �lms by means of mechanical polishing and nitrogen ion implantation.

Surface roughnesses of the tested �lms spanned values in the range 6-37 nm (rms) and were

deposited on silicon, silicon nitride and silicon carbide substrates. The tribo-experiments were

conducted at room temperature on a unidirectional, rotating apparatus (sliding velocities in the

range 31 to 107 mms−1), using various atmospheres (humid air, dry nitrogen and ultra-high

vacuum), as well as distilled water.

In those testes, CVD diamond and surface-modi�ed CVD diamond were made to slide against

CVD diamond pins (radius, 1.6 mm), under an applied load of 0.49 N, which represented a mean

Hertzian pressure of approximately 2 GPa. Selected results of such experiments are presented

in the graphs of Fig. 2.2. There, the steady-state friction coef�cient and wear rate of �ne-

grain and polished coarse-grain CVD diamond �lms are plotted for all tested environments. As

can be seen, the as-deposited and polished �lms showed low values for the friction coef�cient

(< 0.10) and mild wear regimes (of the order of 10−6 mm3N−1m−1) in three environments:

humid air, dry nitrogen and water. It was only in ultra-high vacuum conditions that these �lms

showed limitations, due to inappropriate friction coef�cients (about 0.30) and severe wear rates

(order of 10−4 mm3N−1m−1), values which are clearly unacceptable for solid-�lm lubricating

applications [35] or to be used has a tribological coating under such atmosphere [36]. Another

conclusion of their study, was that polished coarse-grain CVD diamond �lms sliding in dis-

tilled water exhibited the lowest assessed wear rates, with extremely low values (far less than

10−10 mm3N−1m−1), characteristic of ultra-mild wear regimes.

Dry sliding experiments employing self-mated textured diamond �lms, grown by

HFCVD onto solid sintered silicon carbide, were carried out in a vertical ring-on-ring test rig
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Figure 2.2: Coef�cient of friction and wear rate, in different environments, of a: (a) �ne-

grain CVD diamond �lm sliding against CVD diamond pins and (b) polished coarse-grain CVD

diamond �lm against CVD diamond pins [34].

by Schade et al. [37]. The main objective of their study was to investigate the in�uence of

〈100〉 and 〈111〉 �ber textured diamond coatings on the tribological performance. The choice

for textured diamond coatings arose from the knowledge that the so-called grinding hardness,

i.e. the resistance of a diamond facet to abrasion, is much greater for 〈111〉 diamond faces than

for 〈100〉 diamond ones. The tribological experiments were conducted with an applied normal

load of 70 N (representing a pressure of 0.4 MPa) and a fast mean sliding speed of 2.0 ms−1.

Their results revealed mean values for the friction coef�cient in the range 0.24− 0.37 and a

linear wear between 0.56− 1.06 µm. The wear loss of the 〈100〉 textured diamond �lms ex-

hibited the same magnitude as the 〈111〉 �lms, on average. Therefore, they concluded that a

higher wear resistance of the later could not be con�rmed. After a sliding distance of 10 km,

both textured �lms exhibited smoothly polished diamond faces without visible surface failures,

i.e. �lm detachment. Sporadically, {100} diamond faces counteracting against 〈111〉 textured
�lms showed the presence of Hertzian cone cracks and a preferential propagation of such cracks

along {111} easy cleavage planes, in the substrate direction. The {111} diamond faces of 〈111〉
textured grain also exhibited some large surface cracks, although no propagation towards the

substrate was indicated. Such features can be observed in the SEM micrographs of Figs. 2.3(a)

and (b), for 〈100〉 and 〈111〉 textured diamond grain �lms, respectively.

Despite of this crack formation, hardly any coating failure like �lm detachment was observed

by them, which strengthens the idea of the high adhesion and abrasion resistance associated to

HFCVD diamond �lms grown on ceramic substrates.
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Figure 2.3: SEM micrographs of worn diamond crystallites after 10 km dry sliding against

〈111〉 textured diamond �lms: (a) 〈100〉 textured grain revealing the presence of Hertzian cone
cracks; (b) 〈111〉 textured grain showing the presence of large surface cracks [37].

A compelling explanation for such high resistance to delamination can be inferred

from Gunnars and Alahelisten's model of abrasive wear of brittle coatings [38], like diamond

under high biaxial stresses. In this model, the stress state of diamond �lms is assumably dom-

inated by high biaxial compressive stresses parallel to the interface, mainly as a result of the

thermal expansion mismatch between the �lm and ceramic substrate at ambient temperature.

Therefore, because of the relaxation-enabling inherent to the geometry of protruding grains,

residual compressive stresses are low at those sites. This results in cracks nucleated in pro-

truding grains to propagate preferentially along {111} easy cleavage planes. However, when

cracks happen to propagate deeper into the coating, the higher compressive residual stresses

found there will de�ect the cracks, forcing them to align parallel to the surface instead of going

through easy cleavage planes.

In relation to the wear mechanisms, Schade et al. [37] concluded that the wear of homolo-

gous pairs of diamond coatings originally takes place at the protruding pyramidal tips of the

as-deposited micro-rough surface. After all asperity tips are chipped off by abrasion, the pro-

longation of wear damage leads predominantly to smoothly polished diamond surfaces. They

also observed the presence of minute diamond fragments, likely originating from the truncation

of pyramidal tips. Such wear debris are subsequently crushed into progressively smaller frag-

ments when entrapped in the contact surface. According to them, this crushing process could

explain the large �uctuations observed for the friction coef�cient, which happened at the earlier
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stages of the sliding experiments. Moreover, µ-Raman studies conducted by the same authors

have showed the generation of sp2 hybridised ultra-�ne grained amorphous and graphitic car-

bon debris, as a result of the high shear stresses and temperatures arising in the contact region.

In addition, the valleys existing in between the abraded diamond crystallites were observed to

serve as depots for such debris.

The tribological performance of polycrystalline diamond coatings deposited on top of

titanium alloys has been addressed in a paper by Vandenbulcke and De Barros [39]. In addition,

the surface roughness and diamond purity of the deposited �lms were analyzed as a function of

the diamond growth conditions, which were shown to in�uence the hardness, residual stresses

and other intrinsic mechanical properties of the coatings and, ultimately, their tribological be-

haviour. Tribo-testing was accomplished using a pin-on-disc tribometer in ambient air (40-60%

R.H.) and a static applied normal load of 13 N. Diamond-coated Ti-6Al-4V hemispherical pins

with a diameter of 6 mm were made to slide, at a linear velocity of 0.1 ms−1, against diamond-

coated Ti-alloy discs.

The diamond-on-diamond experiments showed different results as a function of the surface

roughness, varying in the leeway 0.10− 0.20. However, these relatively high values were ex-

plained by the authors by the possibility that some titanium alloy became exposed at the contact

region. The prevailing wear mechanisms was self-polishing, evidenced by the smooth resulting

surfaces with �nal surface roughness values of 8 nm (rms). However, no experimental data was

presented in regard to the wear rate of self-mated polycrystalline diamond pairs.

SEM studies conducted by the authors showed also the presence of possible deformations, re-

sulting from the high shear stresses induced by friction at the tip of polycrystalline diamond

grains. Such morphology, however, was not patent for the polycrystalline coatings submitted to

suf�cient low loads.

More recent experiments (2006), concerning the dry running of self-mated diamond-

coated a-silicon carbide (a-SiC) were performed by Perle et al. [40]. Diamond deposition was

conducted in an industrial HFCVD apparatus, which produced coating thicknesses with∼ 4 µm

and an average crystal size of 3 µm. Tribological testing was carried out using a ring-on-ring

tribometer with an applied normal load of 70 N, corresponding to a maximum contact pressure
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of 0.4 MPa. The linear sliding speed was set to 2 ms−1 and the sliding distance of each test was

2 km. Moreover, the tribo-experiments were performed under various atmospheres, namely

oxygen, argon, nitrogen and ambient air.

Friction evolution curves from Perl et al.'s work, under different atmospheres, are presented

in Fig. 2.4. For the experiments performed in ambient air, three distinct friction regimes can

be observed. The initial scope or regime (I), featured by the existence of a sharp peak, result

from the interlocking of sharp asperities characteristic of the as-deposited micro-rough poly-

crystalline diamond coatings. Values for the friction coef�cient of about 0.14 are indicated for

this �rst regime and correspond to the �rst few revolutions. After this initial peak, a regime (II)

with increasingly higher friction follows. Typical values of about 0.35 for the friction coef�-

cient were observed in this second regime. Following this running-in period, which takes place

up to a distance of 750 m, a steady response of the tribological system sets in and the friction

coef�cient exhibit small oscillations with an average value of µ∼ 0.30.

Close examination of the worn surfaces after completion of the tribotests exhibited abraded

diamond crystals, with the presence of minute wear debris. Further, Raman spectroscopy data

showed that the quality of worn coatings were comparable to the as-deposited ones, with no

detectable change in the residual stress of the diamond layer (0.6 GPa), intrinsic of the thermal

expansion mismatch with the substrate. As can be seen from the curves, the frictional response

under an oxygen atmosphere is comparable to the one under ambient air, apart the region (II)

where some breaking out parts lead to instabilities in the running-in phase. No visible wear

debris were observed by close examination of the worn surfaces and, like what happened dur-

ing dry running in ambient air, the prevailing wear process was abrasion of the diamond crystals.

In the presence of nitrogen and argon inert gases, the coef�cient of friction followed

a similar initial trend as in ambient air. The main difference arose after a sliding distance

of 1 km, where the slowly increasing slope gave place to an unstable regime in the leeway

0.20− 0.40. An examination of the abraded wear surfaces revealed the presence of localized

thin �lms formed by agglomerates of wear particles (Fig. 2.5(a)). Using Raman spectroscopy,

such agglomerates were identi�ed as sp2 hybridised carbon, therefore, revealing high contents

of non-diamond phases without the characteristic diamond peak (1332 cm−1) of pure sp3 carbon
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Figure 2.4: Friction evolution curves for self-mated polycrystalline diamond-coated SiC bear-

ing surfaces subjected to dry running ring-on-ring tests, under various atmospheres (W = 70 N;

v = 2 ms−1) [40].

species. Since the as-deposited diamond coatings showed a content of 98% sp3 carbon, Perl et

al. [40] concluded that under the conditions of their study tribological stresses were responsible

for turning sp3 diamond into sp2 hybridised carbon. Evidences of such transformation can be

inferred from the Raman spectrum depicted in Fig. 2.5(b), taken from examined wear debris

and which consisted of both species of carbon.

In the same article by Perl et al. [40], a thorough discussion taking into account basic

wear models for crystalline diamond and the friction behaviour of carbon species under different

atmospheres is presented to support their �ndings. Their proposed wear model for unlubricated

self-mated diamond bearing surfaces is discussed in the following. According to Gardos [32]

and Hollman [41], diamond in the as-deposited state is hydrogen saturated due to the reaction

gases present during deposition and, therefore, hydrogen makes the surface hydro�lic and in-
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Figure 2.5: Tribological testing of polycrystalline diamond-coated homologous pairs: (a) SEM

micrograph of wear debris produced in a inert atmosphere; (b) Raman spectra of wear debris

and as-deposited coating, exhibiting the characteristic sp3 diamond peak at 1332 cm−1. The

diagram evidences that sp3 hybridised diamond transforms into the non-diamond sp2 phase due

to the tribological interaction [40].

hibits adhesion between mating surfaces due to the saturation of so-called dangling bonds.

At the beginning of all tribological experiments the interlocking of micro-roughness has to be

conquered. A peak of the coef�cient of friction indicates the necessary force to overcome this

interlocking. The amplitude for such peak generally span the range 0.15-0.30, depending on the

starting roughness of matting surfaces. Increasing the roughness invariably leads to higher peak

values [40]. Moreover, during this initial breakage the mean contact pressure is responsible for

stress peaks as a result of the small contact area of the micro-rough polycrystalline surfaces. As

such, the applied load is inhomogeneously distributed and the real contact pressure becomes a

multiple of the mean surface pressure. During the �rst cycles of motion, the real area of contact

increases, therefore reducing the extreme surface pressure.

As wear progresses the hydrogen saturated surface is progressively removed and new

species, such as oxygen or air humidity molecules, recreate bounds with the exposed surface. In

the case of oxygen saturation, the replacement of hydrogen result in a change of surfaces' nature

from hydrophobic to hydrophilic. Additionally non saturated dangling bonds can reconstruct

with other dangling bonds. A reaction with a dangling bond of the mating surface increases ad-

hesion and, therefore, an input of energy into the system is necessary to disrupt the bound [40].
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Unsaturated bonds which react with the opposing surface increase the adhesional component of

friction. This effect has been observed under vacuum conditions [42].

As can be seen in the friction curve of Fig. 2.4 (a), after the initial break-in phase

(I and II) the rough disruption of diamond crystals decreases and constant friction and wear

regimes sets in (III). For all the reported atmospheres, high temperatures and shear stresses oc-

cur between the opposing surfaces as a result of the frictional energy. Under high loads and high

temperatures, phase transformations from sp3 to sp2 C-C bonding will normally occur [43]. In

Perl et al. [40] work, measured bulk temperatures reached up to 200 ◦C and estimated �ash tem-

peratures more than 500 ◦C. Moreover, the generated wear debris were said to be very smooth

which is in agreement with the presence of sp2 graphitic carbon.

Despite that a consistent explanation of the graphitization process of diamond is lack-

ing to date, many factors are associated to it, namely testing environment, temperature, pressure,

diamond type (natural or man-made) and diamond particle size [43]. In general, the graphitiza-

tion of diamond happens at appreciable rates only at high temperatures (T> 2000 K) in vacuum.

However, such transformation occurs at relatively low temperatures (T< 970 K) when diamond

is heated under a low pressure of oxygen [44]. This transformation is in�uenced by the desorp-

tion of hydrogen and oxygen from the surface. After decomposition the surface carbon atoms

become more mobile, becoming what is normally referred to as free dangling bonds. At a lat-

ter stage, the dangling bonds can rearrange themselves into more thermodynamically favored

structures, i.e. sp2 graphite as this material constitutes the stable phase of carbon at atmospheric

pressure, contrary to diamond which is unstable over the entire temperature range up to the

melting point [44].

In the presence of air or pure oxygen both hybridization states (sp3 and sp2) react

with oxygen at high temperatures forming CO2, or CO in low levels of oxygen. Relatively to

the combustion of carbon, the grain size of the wear particles becomes important. With decreas-

ing size the combustion temperature gets lower, i.e. the amount of oxygen between interacting

surfaces accelerates the combustion of diamond. As such, sliding in pure oxygen atmospheres

will result in higher wear rates for diamond coatings [40]. Accordingly, this combustion is
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inhibited by reducing the oxygen content in the testing environment and applying inert gases

(nitrogen or argon) instead.

The generated wear debris cannot combust in very low oxygenated atmospheres and,

as such, will accumulate forming agglomerates between the opposing surfaces. According to

Perl et al.'s work [40], the agglomerated wear debris consist of small fractured particles of

diamond as well as sp2 hybridised carbon species. The dual nature of the debris will lead

to unsteady values for the friction coef�cient, as well as an increase of the wear rate due to

surface disruption. Therefore, the wear rate will be dependent on the quantity of debris which

remains between the mating surfaces, and a larger amount of diamond fragments will inevitably

lead to higher damage of the coating. As such, the friction response will become unstable.

Furthermore, Perl et al. have reported an increase in friction for sliding distance up to 50

km. Their explanation for such behaviour lays in the fact that the progressive polishing of the

diamond surfaces and, therefore, decrease in the surface roughness inhibits atmosphere gases

to reach the contact region. As a result, dangling bonds cannot be passivated because of the

lack of oxygen and, concomitantly, the number of bonds reacting with the opposing surface

rises. Such phenomenon causes friction coef�cient values to approach magnitudes expected

for vacuum conditions without delamination of the diamond �lm. However, it must be said that

such straightforward explanation is supposedly only valid as a result of the type of con�guration

involved in Perl et al.'s work, i.e. ring-on-ring permanent contact, since for intermittent contact

geometries - like ball-on-�at, for example - the passivation/de-passivation rates in relation to

the oscillating frequency must also be considered into the equation.

2.2.2 Fine Grained and Nanocrystalline diamond variety

When a smooth planar surface is brought into contact with a smooth spherical sur-

face of the same material, the deformation component (ploughing) of friction can be neglected.

In this situation, smooth diamond surfaces constitute some of the slipperiest materials with a

performance similar to polytetra�uoroethylene (PTFE) in ambient atmosphere. Friction coef�-

cient values in the range 0.01− 0.05 are normally observed under unlubricated sliding condi-

tions [45].
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According to the classical model of Bowden and Tabor [8, p. 90�94], in its simplest

form, the amount of friction resulting from a sliding contact is the sum of two contributing

sources: mechanical deformation (ploughing) and/or fracture, and physical/chemical attraction

or adhesion [26]. Intrinsically rougher microcrystalline diamond �lms were shown to produce

ploughing, especially whenMCD sharp asperity tips can apparently penetrate the softer counter-

faces, hence giving rise to higher friction coef�cient values. Moreover, these increased friction

was also accompanied by wear intensi�cation. However, for smooth and polished diamond

coatings or cleaved natural diamonds, the ploughing component of friction is thought to be

minimal, and friction is then largely controlled by the extent of adhesion between opposing

surfaces [46].

In a study conducted by Miyoshi [45], �ne grained (20 to 100 nm) diamond �lms

were brought into contact with a natural diamond pin in reciprocating sliding motion in air. As

a result of his work, he observed that the friction coef�cient varied as the pin oscillated back

and forth retracing its tracks against the coating, and that in humid air (40% R.H.) abrasion

(ploughing) occurred and dominated the friction and wear behaviour. Another observation in

Miyoshi's study, was that the single crystal diamond pin tends to penetrate into the �at sur-

face of the diamond �lms, producing a wear track (groove). Moreover, SEM observations

of the worn diamond coated (100)Si �lms revealed the presence of small fragments chipped

off from the coating surface. Miyoshi also concluded that abrasive interactions between the

diamond pin and the protruding asperities present in the relatively rough starting surface rough-

ness (Rq = 15 nm) of the �ne grained �lms, were responsible for friction coef�cient values of

about 0.13. The morphology and topography of these �ne-grain CVD diamond �lms deposited

onto (100)Si substrates can be seen in Fig. 2.6. From the AFM analysis, we observe that the

surface is characterized by a granulated or spherulitic morphology, i.e. contains spherical as-

perities of different sizes.

As sliding progressed and the pin reciprocated over the same track, the friction coef�cient was

appreciably in�uenced by the wear damage on the �ne-grain �lms. In fact, the repeated sliding

produced a smooth wear track, where blunted and leveled-off asperities gave place to a low

steady-state friction coef�cient of about 0.03.
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Figure 2.6: Fine-grain (20−100 nm) diamond �lms on (100)Si [45]: (a) SEM micrograph; (b)

AFM image.

In another work, Miyoshi and Wu [26] addressed the in�uence of the environment

on the tribological performance of �ne-grain diamond �lms. The reason supporting such study,

comes from the evidence that the environment to which CVD diamond �lms are exposed can

markedly affect their friction and wear resistance. Once more, natural diamond pins were

made to reciprocate against �ne-grain diamond �lms in humid air, dry nitrogen and ultra-high

vacuum (UHV) environments. Sliding in dry nitrogen was characterized by a similar trend in

friction evolution as the one observed for humid air (40% R.H.), and previously described [45].

Nonetheless, the initial friction coef�cient in dry nitrogen was slightly higher (∼ 0.15) than in

air (∼ 0.13). Since the starting surface roughness of the diamond coatings can have a large

in�uence on their initial friction, environment effects cannot account solely for this difference.

Moreover, the equilibrium or steady-state friction coef�cient (0.03−0.04) was observed to be

independent of the initial surface roughness of the �lms and essentially the same for both envi-

ronments, as well as abrasion occurred and dominated the friction and wear behaviour.

In UHV, the friction coef�cient values were high (> 1.0) and increased with the number of

passes, contrarily to what was observed for humid air and dry nitrogen. Furthermore, the start-

ing surface roughness of the diamond �lms had no in�uence on friction. The friction behaviour

observed by Miyoshi and Wu [26] is consistent with the results of other researchers, cited in the

article, where self-mated single-crystal diamond and CVD diamond �lms in vacuum showed

high friction values. A forwarded explanation was that as sliding continued, wear dulled the as-

perity tips and the gaps between asperities were �lled by wear debris which lead to an increase
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of the real area of contact (Ar), thereby causing the friction to rise. Moreover, continuous

rubbing in vacuum conditions may also result in the removal of adsorbed contaminants from

the surfaces, which represent a stronger interfacial adhesion between the diamond pin and the

diamond �lms. In fact, the atoms exposed at the free surfaces possibly have a dangling bond,

thus increasing adhesion and, concomitantly, friction. Therefore, those two effects conjugated

would outdo the corresponding decrease in abrasion and friction that resulted from blunting

the surface asperities. Experimental data supported such claim, since the equilibrium friction

coef�cient (1.70) was higher than the initial value (1.20) for �ne-grain diamond �lms. An-

other observation from Miyoshi et al.'s study was that the wear rate of the diamond �lms in

UHV depends on the initial surface roughness, generally increasing with it. Importantly, they

were also found to be considerably higher (∼ 10−4 mm3N−1m−1) in UHV than in humid air

(∼ 10−8 mm3N−1m−1) or dry nitrogen (∼ 2× 10−8 mm3N−1m−1). Once more, the adhesion

between the opposing surfaces in UHV could account for such severe wear damage.

In a earlier article also by Miyoshi [33], the mechanisms of friction of �ne-grain

diamond �lms sliding against a polished natural diamond pin are addressed with some depth.

The effects of carbon ion-implantation on the tribological behaviour of �ne-grain diamond �lms

were also analyzed, and their performance compared with as-deposited �ne-grain �lms on the

different environments studied. The carbon ion-implantation process (accelerating energy of

60 keV and dose of 1.2x1017 ions·cm−2) causes a change in the surface chemistry of the �lms

and structural damage to the diamond lattice. As a result, a thin layer (< 0.1 µm) of amorphous,

non-diamond carbon is produced in the near surface region of the �ne-grain diamond �lms.

However, no appreciable change in surface roughness and morphology was observed by the

author.

Since the surface of �ne-grain diamond �lms was characterized by round shaped asperities

and exhibited a smooth topography (rms, 15 to 50 nm), the ploughing term of friction can

be neglected and, therefore, the friction coef�cient arising between the �lm and the polished

diamond pin is as follow [8, p. 98]:

µ =
Ar× s

W
(2.1)
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where, s, represents the shear strength of junctions, Ar, the real area of contact, and,W , the nor-

mal contact load. In humid air and dry nitrogen, the atmosphere provides a strongly bonded con-

taminant layer with a low s [33]. However, because the contaminant layer is thin (∼ 2 nm), the

load is largely supported by the hard diamond asperities and, consequently, Ar becomes small.

Therefore, it results from Eq. 2.1 that the friction should be low in both environments, which

has been con�rmed by the experimental results [26]. In the case of the carbon ion-implanted

�ne-grain diamond �lms, and because both the amorphous carbon and contaminant layers have

a low s, friction coef�cient values must also be low (< 0.10) in these atmospheres. Miyoshi's

experiments con�rmed such theoretical predictions, where the tribotests showed equilibrium

friction coef�cients of 0.08 and 0.05 in humid air and dry nitrogen, respectively. Those values

are slightly higher than those encountered for the as-deposited �ne-grain �lms (0.03− 0.04),

however, the most bene�cial effect of ion-implantation occurs for the sliding in UHV as will be

discussed on the following. As said before, the sliding friction in UHV is high (> 1.0) for the

as-deposited �lms [26], due to primarily from the adhesion between the opposing surfaces. In

fact, the high elastic modulus and high hardness of the as-deposited diamond �lm will result in

a small Ar, but s is correspondingly high. Moreover, the presence of dangling bonds - result-

ing from the deconstruction of surface bonds by the outgassing of adsorbed oxygen and water

vapour in UHV [32] - and the �cleaning� of the contaminants (with low s) from the surface by

rubbing in vacuum may play a signi�cant role in the high shear strength of the junctions. These

all contribute for the observed high friction values of diamond �lms in UHV.

After ion-implantation, the thin non-diamond carbon acts as a benign layer (i.e. fric-

tion lowering) since a combination of low s and small Ar, resulting from the high elastic mod-

ulus of the underlying diamond, produces low friction coef�cients (< 0.10), even under UHV

conditions. Thus, the non-diamond layer provides lubrication for the �ne-grain diamond �lms

in UHV.

In terms of wear performance, carbon ion-implanted �ne-grain diamond �lms were character-

ized by wear rates on the order of 10−7 mm3N−1m−1 in humid air and dry nitrogen, which

indicates one order of magnitude above those measured for as-deposited �lms. Nonetheless,

they represent an acceptable level of wear resistance for tribological applications. In UHV, a

decrease in the wear rate was also observed for ion-implanted �lms (10−6 mm3N−1m−1), in
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comparison to the impractical values of as-deposited �lms in vacuum which are 30 to 60 times

bigger.

Self-mated experiments involving nano-smooth �ne-grained diamond (SFGD) coat-

ings deposited onto Ti-6Al-4V titanium alloy, were performed by Met et al. [47] in different en-

vironments to approach the in vivo wear conditions. The coatings presented surface roughness

values, measured by AFM, in the range Rq = 14− 33 nm, and the gathered experimental data

regarding the friction coef�cient evolution, wear resistance and morphology of worn surfaces

of SFGD-coated Ti-6Al-4V was used to assess their potential for biomechanical applications.

Hemispherical pins (diameter of 6 mm and radius of curvature of ∼ 10 mm) fabricated from

diamond-coated Ti-6Al-4V were pressed onto diamond-coated Ti-6Al-4V discs (diameter of

34 mm and 5 mm thickness) with a normal load of 13 N, and tested on a rotating pin-on-disc

(POD) tribometer at room temperature. A two-step process, each involving a different gas

mixture (CH4-H2 and CH4-CO2), was used in diamond coating both triboelements on a MW-

PACVD tubular reactor. The friction and wear tests were conducted at a sliding velocity of

0.1 ms−1 in ambient air (40− 60 % R.H.), Ringer's solution and synthetic serum (Plasmion)

containing 25 gl−1 of proteins.

Friction coef�cient evolution curves concerning the diamond-on-diamond tribotests

performed in all environments screened by Met et al. [47], are depicted in Fig. 2.7(a). As can be

seen, all the curves reveal low values for the friction coef�cient (< 0.10) up to the full length of

the tests (8 km). According to the authors, the tribosystem characterized in ambient air revealed

low levels of friction (mean value of∼ 0.06) even with the occurrence of some wearing-through

of the SFGD coating at the pin tip and, subsequent, exposure of the Ti-6Al-4V substrate. The

friction coef�cient measured in Ringer's solution was about 0.03, while it was slightly higher

in the presence of synthetic serum where the self-mated pairs exhibited a mean value of about

0.08. No explanation for this difference was given by the authors which, nonetheless, could

be related to a series of factors likely related to the degradation (denaturation) of the proteins

for such lengthy test [48] - since nothing is said in the original article regarding the regular

substitution of the lubricants - or a protein attachment effect [49] which modi�es the chemical

nature and morphology of the bearing surfaces and, accordingly, causes a different friction
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response. The gradual increase of the friction coef�cient for the �rst kilometer or so of sliding

distance, seem to point in that direction.

Figure 2.7: SFGD-coated Ti-6Al-4V self-mated experiments (W = 13 N) [47]: (a) friction

coef�cient evolution in different environments; (b) AFM 3D image of the disc wear track.

According to Met et al.'s [47] calculations, the initial Hertzian mean contact pressure,

obtained by neglecting the in�uence of the thin diamond coating and the surface roughness, was

∼ 460 MPa in all cases. Depending on the pin's wear scar, the �nal contact pressures oscillated

in the leeway 60− 200 MPa. In turns, residual stress calculations using Raman spectroscopy

of worn SFGD coatings, have revealed compressive stress values ranging from −3.2± 0.4 to

−5.3±0.4 GPa.

In terms of wear loss, the self-mated SFGD coatings were characterized by very low wear rates

in all environments, with the worn surfaces revealing themselves unmeasurable in the case of the

�at triboelements, using the cross-sectional pro�les of the wear tracks or weight loss. In relation

to the pins, estimated wear volumes using the diameter of the near-circular wear scars, resulted

in a wear rate as low as 4× 10−9 mm3N−1m−1 in ambient air. A very smooth (Rq = 3 nm)

diamond surface was observed on the wear track region at the end of the test, as showed in

Fig. 2.7(b). Such highly polished surface �nishing was associated to a self-polishing mecha-

nism, and was observed also during the relative motion of two diamond-coated discs. However,

the authors clearly state that in this case the phenomenon has a rather short lifespan due to the

fact that a substantial reduction of the local contact pressure happens after the diamond asperi-

ties are worn down.

In the Ringer's solution and synthetic serum, the pin surfaces exhibited even lower wear damage

with the �nal wear rates ranging from∼ 1×10−10 to a few 10−10 mm3N−1m−1, respectively. In
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both lubricants, the SFGD coatings were still preserved in the two elements of the tribosystem

after 8 km of sliding distance. Taking into consideration the excellent tribological performance

evidenced by the SFGD-coated Ti alloy in physiological medium, the authors of the study con-

cluded that self-mated nano-smooth diamond-coated surfaces could be materials of choice for

various biomechanical applications.

The tribological behaviour of SFGD coatings deposited on titanium alloys has also

been addressed in a paper by Vandenbulcke and De Barros [39]. Tribological experiments were

performed using a pin-on-disc apparatus, in ambient atmosphere (R.H. 40-60%) and an applied

load of 13 N. Diamond coatings deposited onto Ti-6Al-4V hemispherical pins (diameter of

6 mm) were made to slide, with a linear velocity of 0.1 ms−1, against diamond-coated Ti-alloy

discs.

The diamond-on-diamond sliding experiments were characterized by different behaviors, as a

function of the diamond microstructure and surface roughness. A representative friction coef-

�cient evolution for the SFGD coatings can be observed on Fig. 2.8(a). As can be seen, the

friction coef�cient, after a sharp peak of magnitude about 0.33, rapidly stabilizes at a value of

approximately 0.06, until completion of the total sliding distance of 8 km. Moreover, the inher-

ent smoother nature of the SFGD coatings were characterized by a better self-polishing of the

counterfaces, with the worn surfaces exhibiting values of 3 nm (rms) for the surface roughness,

instead of 8 nm like was the case of polycrystalline diamond coatings, also analyzed in their

study. A value of 4× 10−9 mm3N−1m−1) was indicated for the �nal wear rate of SFGD self-

mated tests, which represent a very-mild wear regime.

Another inherent advantage of SFGD over polycrystalline diamond coatings referred by the au-

thors, comes from the difference in the initial local contact pressures (∼ 2 GPa for a load of

13 N) which depend on surface roughness. In fact, the SEM studies conducted by the authors

showed the presence of possible deformations resulting from the high shear stresses induced by

friction at the tip of polycrystalline diamond grains. This morphology is depicted on Fig. 2.8(b)

and was not evidenced in the case of polycrystalline diamond coatings subjected to suf�cient

low loads, as well as for the SFGD under 13 N. A plausible explanation for the latter situation

would result from the intrinsic smoothness and lower modulus of SFGD coatings.
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Figure 2.8: Self-mated diamond-coated Ti-alloy under an applied load of 13 N, in ambient

air [39]: (a) friction coef�cient evolution as a function of the sliding distance for SFGD homol-

ogous pairs; (b) secondary electron images of polycrystalline diamond-coated contact region,

showing evidences of deformations associated to high shear stresses induced by friction.

As far as it is known, experimental data concerning the macrotribology of self-mated

nanocrystalline diamond systems is non-existent or unavailable in the open literature hitherto.

Therefore, it was not until the �ndings of the present thesis work got published, that data for

NCD homologous tribosystems was made available to the community. Moreover, a similar

outcome resulted regarding the micro- and/or nanotribological information of self-mated NCD

�lms. Nonetheless, several studies have been published by tribologists interested on the com-

prehension of the friction and wear properties of tribosystems involving NCD coatings, as one

of the counterparts. Antagonist materials have spanned metals, ceramics and polymers. A se-

lection of the most relevant results of some of these studies, due to their pertinence to the present

thesis work, are discussed in what follows.

Results concerning the friction properties of smooth nanocrystalline diamond coat-

ings sliding against various metals, in dry and lubricated (water and polyalfaole�n oil) condi-

tions, have been reported in a article by Hollman et al [41]. The NCD coatings were deposited

onto cemented carbide (CC) substrates using a biased hot �ame equipment and tested against

CC, ball-bearing steel (BBS), stainless steel (SS), Ti and Al counterparts. Tribotesting was car-

ried out in a ball-on-disc (BOD) tribometer with constant experimental parameters (W = 2 N,

x = 120 m, v = 0.1 ms−1). The as-deposited coatings presented an average grain size of 8 nm and

surface roughness Ra ∼ 30 nm, and were characterized by steady-state friction coef�cient values
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in the range 0.06−0.08 against CC, BBS and SS in all three environments. The lowest friction

was obtained with water lubrication and a very mild wear regime (1.9× 10−10 mm3N−1m−1)

was reported during the dry sliding of NCD against SS. This investigation showed that smooth

NCD coatings display exceptionally low friction and high wear resistance against metallic ma-

terials in dry and water lubricated sliding, thus opening new areas of tribological opportunities.

In a paper by Zuiker et al. [21], tribological data relative to BOD experiments of Si3N4

balls sliding against NCD �lms is presented. The diamond �lms were grown in a MWPACVD

reactor on top of single crystal Si wafers and exhibited surface roughness values varying in the

range 30− 125 nm (rms), depending on the deposition parameters. The tribotests were con-

ducted in dry N2 environments under a constant applied load of 2 N, and for a sliding distance

of 200 m and rotational speeds varying in the range 50−150 r.p.m (v = 25−40 mms−1). The

smoothest Ar-grown NCD �lms showed friction coef�cient values in the leeway 0.04− 0.06,

whereas large �uctuations in the friction traces and very high initial friction coef�cient values

(up to 0.70) were observed for the roughest �lms. The authors attributed those initial features

to the ploughing and interlocking of asperities across the sliding surface. Thus, severe abrasion

and ploughing on the softer Si3N4 counterpart is caused by the hard and sharp asperity tips of

diamond crystals, prevailing on the rough �lms. With increasing sliding distance, the sharp

asperity tips are progressively blunted and worn down, and the valleys existing across the as-

perities �lled with a blanket of wear debris. Therefore, the combination of these two physical

phenomena leads to a relatively smooth surface �nishing of the rough diamond �lms, resulting,

eventually, in lower friction levels (∼ 0.20). In the case of the much smoother NCD �lms, con-

tinuous sliding produced contact surfaces with exceedingly smooth appearance and little to no

wear of the diamond �lms could be assessed with surface pro�lometry. Thus, frictional losses

for the tribosystem NCD/Si3N4 remain low, especially after the breaking-in regime. Wear rates

of about 0.2×10−10 mm3N−1m−1 were reported by the authors.

In two other works involving the ceramic Si3N4 as an antagonist, Erdemir et

al. [13, 24] reports on the tribological properties of NCD-coated Si3N4 �lms grown by a novel

method in Ar-C60 and Ar-CH4 microwave plasmas. Laser polished NCD �lms were also eval-

uated and their tribological performance compared with the as-deposited ones. Grain sizes of

the �lms produced by the novel method exhibited very small sizes (10− 30 nm) and lead to
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much smoother surfaces (Rq = 20−40 nm) than those obtained by conventional H2-CH4 MW-

PACVD deposition. The tribotests were run under an applied load of 2 N in ambient atmosphere

(30-40% R.H.) and dry N2. Friction curves acquired during the sliding of a smooth NCD �lm

(Rq = 30 nm) against a Si3N4 ball counterpart in open air and for MCD versus Si3N4, for com-

parison purposes, are shown in Fig. 2.9(a). As is clear, after an initial running-in period char-

acterized by relatively high friction coef�cient values, the friction steadily decreases to∼ 0.10,

whereas the MCD �lm exhibits high and unsteady friction values. Thus, sliding friction tests

results demonstrated that smooth NCD �lms can provide low friction levels when in relative

motion against Si3N4, without lubrication.

Figure 2.9: Tribological testing of NCD �lms against Si3N4 balls (W = 13 N,

v = 0.05 ms−1) [24]: (a) friction coef�cient evolution in open air and comparison with MCD

coatings (rough diamond); (b) Raman analysis of wear debris and transfer layers formed on an

Si3N4 ball, in dry N2.

A comprehensive explanation to why smooth NCD �lms exhibit such low-friction can

be �nd in both Erdemir et al.'s papers [13, 24]. In short, mechanistically, the low-friction nature

of smooth diamond surfaces has been widely attributed to the highly passivated nature of their

surfaces. In fact, it has been postulated that gaseous adsorbates, existing in the surrounding

atmosphere (preferably hydrogen, but also oxygen or water vapour), could effectively passivate

the surface dangling bonds, and subsequently reduce drastically the adhesion between antago-

nist surfaces. Moreover, the ploughing component of friction becomes insigni�cant in the case

of smooth NCD �lms. Another possibility taken into account by the authors to explain the low

friction, is the likely occurrence of phase transformations due to extreme contact pressures and

high frictional heating at local asperities (�ash temperatures).
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The logic behind such a transformation is that under the combined in�uence of highly con-

centrated normal and shear forces and frictional heating during sliding, the summits of the

diamond asperities may undergo a gradual phase transformation or graphitization. Diamond,

which is thermodynamically unstable, could, therefore, transform into a more stable form of

carbon, like graphite. The occurrence of graphitization has also been reported on another study

by Pimenov et al. [50], dealing with NCD �lms rubbing against a ruby counterpart. As slid-

ing progresses, the transformation continues and the graphitic debris accumulate at the sliding

interface. Evidences of such graphitization of the entrapped wear debris and transfer layers

formed on the ceramic balls, can be inferred from the Raman spectra of Fig. 2.9(b). Speci�-

cally, two broad Raman features (centered at 1330 and 1580 cm−1) match the D- and G-bands

of crystalline graphite [51] (see also Sec. 3.4.3), suggesting that the debris particles are in fact

sp2 coordinated.

In terms of wear performance, average speci�c wear rates of the order of 5×10−7 mm3N−1m−1,

have been reported for the Si3N4 ceramic balls. It is also noteworthy to stress the fact that the

amounts of wear loss on smooth NCD �lms were unmeasurable [13], once more con�rming the

exceptional wear resistance of NCD �lms in open air.

2.3 Applications of diamond-coated systems

Recent advances in diamond �lm technology has the potential to revolutionize prod-

ucts, industrial and consumer applications, particularly in the �eld of tribology. Diamond coat-

ings offer a wider tribological potential than do natural and high-pressure high-temperature

(HPHT) synthetic diamond, due to the fact that considerations like size, geometry and cost will

not be as restrictive [34].

In fact, diamond coatings can improve many of the surface properties of engineering substrate

materials, including wear resistance, hardness, friction reduction, erosion and corrosion resis-

tance. Nowadays, applications of CVD diamond in the �eld of tribology, particularly those in-

volving areas such as cutting and forming tools, automotive and aeronautics wear parts and me-

chanical face seals, constitute an industrial fact. Moreover, the excellent resistance of diamond

against any chemical attack makes this coating material highly desirable for the chemical and

pharmaceutical industry, as well in nuclear power plants [34, 52].

33



Chapter 2. State-of-the-art in self-mated diamond tribosystems

More so, recent advances in CVD technologies have pioneered the development of nano�

structured diamond, which provide extreme properties ranging from super-hardness to super-

lubricity; characteristics which are very desirable for use in micro-systems and seal applica-

tions [53]. As such, diamond will probably become one of the most versatile coating materials

in the near future, once the deposition temperatures can be lowered to more moderate ones and

its toughness further enhanced [36].

Due to the fact that diamond has an extremely high melting-point and sustains its

hardness to very high temperatures, traditional applications involve cutting tools, wire drawing,

machining and sawing, as abrasives for grinding wheels and lapping suspensions, polishing

powder and other intensive tribological applications [8, 11, 54]. The advantages of diamond-

coated tools are versatile tool geometry, higher cutting speed, extended tool life and lower

cutting force, which minimizes the probability of structural damage on the materials and, also,

lower power consumption [34].

As wear parts and in the �uid handling industry, diamond coatings have been successfully ap-

plied to bearing surfaces, extrusion and drawing dies, transport guides, indenters, abrasion-

resistant decorative coatings (for example in watch parts), engine parts (valves and rotors), high

pressure nozzles and, in general, as self-lubricating, anti-wear chemical barriers for moving

mechanical assemblies [34, 55]. Moreover, the use of diamond coatings in styluses, nano-

indentation hardness measurement and scratch tips, and conductive AFM tips has become

widely disseminated, nowadays [56, 57].

Diamond is also unique among infrared optical material, in that it can provide a com-

bination of high strength and durability with transparency in the ultraviolet, visible and infrared

(IR) regions of the light spectrum [58]. Thus, a combination of strength, high thermal con-

ductivity and chemical inertness make CVD diamond a far IR �window� material of choice in

extreme environments, like those found in very high power CO2 laser exit windows and in high

temperature resistant aircraft windows [11, 58]. CVD diamond coatings are also excellent ma-

terials for electron �eld emitters due to their low or negative af�nity, combined with excellent

mechanical and chemical properties, and capacity to withstand ion bombardment. These all

make diamond �eld emitters potentially advantageous in vacuum electronics [59].
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In microelectronics assembly technology, diamond �lms have been used to coat the contact sur-

face of tools, ex. in push pins, bonding tools, tubes, etc. . . , with the purpose of providing wear

resistant chemical barriers.

Researchers are also spending a considerable amount of effort to develop novel appli-

cations, such as moving mechanical assemblies (MMA) to be used in microelectromechanical

systems (MEMS) like microengines, micro-bearings, micromachines or other devices requiring

the production of torque [46]. Diamond, in its nanocrystalline form, is also being sought as

a potential material for MEMS with the electrical properties more in evidence, like in heater

elements for water microjet used in inkjets [60]. Other potential applications include diamond-

coated ball and roller ceramic bearings, as well as scratch-resistant coatings to be used in com-

puter hard-disc drives [34]. Environmentally durable barriers, like e.g. chemical and mechanical

barrier for Space Shuttle's check valves, constitute another case of potential application of CVD

diamond coatings [26].

Presently, most of the MEMS devices explored and designed are primarily based on

silicon (Si), because of the technological know-how accumulated on this particular semicon-

ductor at the micro-scale and available surface machining technology [61]. However, a major

problem with Si-based MEMS technology derive from the poor mechanical and tribological

properties exhibited by this material. As such, practical MEMS devices are currently limited

mainly to applications dealing with bending and �exural motion, like cantilever accelerometers

and vibration sensors. Moreover, the dynamic range of such devices is also very limited as a

result of the poor mechanical properties of Si. Therefore, novel MEMS applications involving

signi�cant rolling or sliding contact will necessarily require the use of new materials with en-

hanced mechanical and tribological behaviour [62].

Due to its ability to perform well in harsh environments, a brittle fracture strength 23 times

that of Si and a projected wear life for MEMS MMAs 104 times greater than that of Si-based

MMAs, diamond becomes a material of choice for such critical applications. Conventional

MCD �lms are generally ill-suited for MEMS MMA applications due to their large grain size

and rough surfaces. However, recent advances in the synthesis of phase-pure ultrananocrys-

talline diamond (UNCD) coatings with morphological and mechanical properties ideally suited
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for MEMS in general, and MMA devices in particular, grants this variety of diamond a huge

potential in the development of state-of-the-art MEMS components [62].

Potential technological and industrial applications of diamond �lms have also reached

the biomedical �eld, where they have been submitted to scrutiny for their use in biomedical

equipment and devices, like surgical tools, diamond shafts and bearings for blood or heart

pumps [34, 63]. Other studies involve the use of CVD diamond as X-ray micro-dosimeters [64],

as detectors of DNA [65] or micro-systems for biochemistry [66].

In addition, based on the excellent tribological properties demonstrated by self-mated water

lubricated NCD coatings in the present thesis work (see Sec. 5.5), and more particularly from

biotribological studies conducted on NCD �lms by our group [67, 68], the collected data seem

to put in evidence the great potential of applicability of NCD for clinical use, like in total joint

arthroplasty.
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Experimental techniques

A combination of advanced characterization techniques already consolidated in the

area of materials science and state-of-the-art diamond deposition techniques, producing highly

adherent coatings with exceptional tribological performance, were used in the present thesis

work. Those techniques will be presented in the following sections.

3.1 Silicon nitride substrate material

The spontaneous nucleation of chemical vapour deposition (CVD) diamond on a for-

eign substrate has a low probability, with e.g. nucleation densities on the order of

104 nuclei·cm−2 for silicon substrates. As such, the achievement of much higher nucleation

densities becomes imperative in order to produce thin continuous diamond �lms or conformal

coatings deposited onto surfaces with intricate shape. This increased growth will be accom-

plished by placing diamond seeds on the substrate before or during the deposition. For nucle-

ation densities in the range 108− 1010 nuclei·cm−2, grains of 0.1-1.0 µm in size are typically

observed on the substrate, which evolve into columnar crystallites with their size gradually in-

creasing in proportion with �lm thickness. Moreover, the surface relief of the nucleation side

of a free-standing diamond �lm will become a replica of the substrate's relief, with the quality

of the reproduction improving with increased nucleation density [51].

Therefore, and since the surface processing of diamond, in particular polishing, is a dif�cult

and time consuming procedure, it is of great advantage that the nucleation side of the �lm can
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be made smooth enough by using polished substrates, in order for the as-deposited coatings to

be used in applications where low surface roughness values are paramount.

Owing to its high strength, low density, excellent oxidation resistance and low elastic

modulus, silicon nitride (Si3N4) is one of the strongest structural ceramics [69]. A very good

thermal shock resistance constitutes also one of its assets, which result from a low thermal ex-

pansion coef�cient and aforementioned properties. Furthermore, Si3N4 is emerging as a serious

candidate in many tribological applications [70, 71].

In order to obviate the large thermal expansion coef�cient mismatch existing between the

diamond coating and substrate material, the traditional route has consisted in using interme-

diate interlayers, mainly for metallic substrates. However, diamond �lms deposited on interme-

diate layers frequently show lower adhesion levels as compared to optimized direct deposition

on adequate substrate material, like ceramic substrates [72]. Among those, Si3N4 reveals a

great potential in the production of stress-free highly adherent diamond coatings for demanding

tribo-applications, because of its low thermal expansion coef�cient mismatch with diamond and

carburizing nature [73].

A number of seeding procedures are at disposal to strongly enhance diamond nu-

cleation and, henceforth, �lm homogeneity and conformity to intricate substrates. A simple

mechanical abrasion of the substrate, for example, using a diamond grit promotes nucleation.

However, if the surface damage becomes too high as a result of increasing defects and abra-

sion scratches, the procedure may not held adequate results [51]. Therefore, a very popular

procedure consists in seeding by ultrasonic treatment in a suspension of diamond powder in

an appropriate liquid (acetone, alcohol, etc.), which enables the coating of intricate shapes and

minimizes surface damage. Moreover, nanoscale seeds can penetrate with the liquid into sur-

face porosity, allowing the diamond deposition inside.

In the present thesis work, Si3N4 �at specimens were produced by pressureless sinter-

ing at 1750 ◦C for 2 h, under a nitrogen atmosphere, in order to obtain dense substrate material

for diamond deposition. Complementary details regarding the powder preparation and process-

ing route of Si3N4 �at substrates are described in Publication I (see Sec. 4.2). Commercially
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available (Kema Nord) Si3N4 balls (5 mm of diameter) were also used as the counterbody

substrate material.

Several procedures were employed to enhance the adhesion levels of the various

diamond coating varieties studied, prior to deposition. In relation to the microcrystalline diamond

(MCD) variety, the �at substrates were submitted to the following �nishing pre-treatments, in

order: grinding with a 46 µm grit size diamond wheel, diamond polishing (15 µm) and manual

scratching with 0.5− 1 µm sized diamond powder on a silk cloth. As a mean to remove loose

diamond particles, the �at specimens were initially rinsed for 10 min in an ultrasonic bath con-

taining acetone, and afterwards in an ethanol bath with the same duration.

Owing to the intrinsic high surface roughness of the Si3N4 ball substrates, those were subjected

to a gradual polishing with 15, 6 and 1 µm sized diamond powder in order to reduce the surface

roughness. All spherical specimens were subsequently subjected to micro�awing by ultrasonic

agitation with a diamond suspension (0.5− 1.0 µm) in hexane to promote diamond nucleation

and adhesion.

Regarding the preparation of Si3N4 substrate material for the deposition of nanocrys-

talline diamond �lms, similar processing routes were followed as the ones described for the

MCD coatings. Nonetheless, different pre-treatments were employed in order to cope for

the speci�cities presented by the NCD coatings. Figure 3.1 shows a SEM image revealing

the typical aspect of the Si3N4 substrate in a ball specimen and corresponding NCD coating.

It is noteworthy to refer to the micro-porosity observed on the substrate surface, resulting from

plasma etching, which warrants improved adhesion levels and a more effective diamond seed-

ing.

Concerning the microwave plasma-assisted chemical vapour deposited (MWPACVD) NCD

�lms (see page 45), both substrate geometries were submitted to an appropriate ultrasonic pre-

treatment in a 40 µm sized diamond powder suspension before the plasma treatment, as a mean

to enhance diamond nucleation.

In relation to the NCD coatings synthesized using the hot-�lament CVD technique, the �at

Si3N4 substrates were ground and submitted to three different surface �nish conditions, in order
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Figure 3.1: SEM image detail showing the typical aspect of a nanocrystalline diamond-coated

Si3N4 ball specimen, where the coating has been fractured in order to expose the ceramic

substrate.

to procure the best condition characterized by an increased adhesion and lowest possible sur-

face roughness. As such, the three mechanical pre-treatments were (i) �at lapping with 15 µm

diamond slurry; (ii) hard cloth polishing with 15 µm diamond slurry; and (iii) polishing to a

mirror-like �nish with colloidal silica (0.25 µm). The substrates were subsequently scratched

for 1 h, in an ultrasonic suspension with 1 µm diamond powder in n-hexane (1 g/100 ml).

In order to further enhance the ceramic surface for improved NCD adhesion, both substrate

geometries were chemically etched by hydrogen plasma for 30 min in another study (see Pub-

lication VII, Sec. 5.4).

3.2 Diamond deposition

The relevance and rapid development experienced by tribological coatings in recent

years result largely on the availability of novel and ef�cient deposition techniques, which are

capable of providing the level of control of properties that were unattainable not so long ago.

Such properties include the morphology, composition, structure and enhanced adhesion to the

substrate. Considering the various deposition techniques pertinent today, plasma and ion-based

methods are among the ones that concentrate the most attention and give growing impetus to

the �eld of tribological coatings [20, p. 7].
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According to Rickerby and Matthews' general classi�cation system for the deposition

processes, cited in Holmberg and Matthews [20, p. 8], these can be divided into four generic

groups, as follow:

. gaseous state processes;

. solution state processes;

. molten and semi-molten state processes;

. solid state processes.

Owing to the relevance of gaseous state processes in the present thesis work, they

will be addressed in the following. In general terms, this group of processes cover engineer-

ing techniques in which the coating or surface treatment material passes through a gaseous or

vapour phase prior to deposition or surface modi�cation. Gaseous state processes can be further

sub-divided into three main sub-groups, namely chemical vapour deposition (CVD), physical

vapour deposition (PVD) and ion beam assisted deposition (IBAD). The CVD technique makes

use of gaseous reagents delivered into the reaction chamber, that will act as the source of coat-

ing species, whereas in PVD one or more species are evaporated or otherwise atomized from

the solid phase, inside the reaction chamber [20, p. 11].

Two derivates of the CVD technique were used in the deposition of MCD and NCD coated

Si3N4 systems studied in the the present thesis work and, therefore, will be discussed in more

detail in the following sections.

The strength of CVD technique result from its ability to produce well adhered, uni-

form and dense surface layers. The grain orientation and size, coating composition and proper-

ties can be tailored by selecting adequate processing parameters. It can be employed to deposit

successfully a vast range of wear resistant coatings, such as borides, carbides, nitrides, oxides,

carbo-nitrides and oxy-nitrides of almost all the transition metals [20, p. 14].

There exists many derivatives of the CVD process, which emerged in response to certain desir-

able characteristics for the deposited coatings and/or ability to coat a wide range of substrate

materials. Examples of such requisites are lower deposition temperatures, epitaxial growth of

�lms, improved coating adhesion and controllable deposition rates. Moreover, several means
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of assisting the CVD process have been developed, such as through the use of laser or electron

beams, or by ion bombardment of the growing �lms [20, p. 13].

A preferred route to reduce the deposition temperature consists in using the plasma-assisted

variants of the CVD technique, where an electrical discharge in a low-pressure gas is used to

accelerate the kinetic of the CVD process [10, p. 236].

The Chemical Vapour Deposition (CVD) technique

The chemical vapour deposition (CVD) technique is characterized by thermally�

induced chemical reactions at the surface of a heated substrate, with the reagents supplied as

gaseous species. The substrate material itself may be involved in these reactions, but rarely do

so. Typical deposition temperatures of CVD processes usually cover the range 600−1100 ◦C,

although efforts are being pursued to develop new processes that will operate at lower tem-

peratures. At these temperatures signi�cant thermal effects may occur on the substrate, which

makes the use of CVD impractical for materials with low fusion temperatures. The simplest

form of CVD involves the pyrolytic decomposition of a gaseous compound on the substrate,

therefore providing a coating of a solid reaction product [10, p. 234].

The high process temperatures involved in CVD will be responsible for various solid-state re-

actions, such as phase transformations, precipitation, recrystallization and grain growth. More-

over, it will also be responsible for appreciable interdiffusion between the coating and substrate

material [20, p. 15]. This generally means higher adhesion levels but, nonetheless, could also

lead to the formation of intermediate phases or brittle intermetallic compounds at the interface

of some systems. These occurrences impair the mechanical properties and the effective adhe-

sion of CVD coatings. Possible solutions consist in the use of diffusion barriers interlayers or

adequate substrate material [10, p. 235].

The equipment involved in CVD technique is normally constituted of a heated re-

action chamber and associated gas-handling equipment. The substrate is usually heated by

convection and radiation within the reaction chamber, and the whole CVD process is controlled

by varying the temperature of the substrate and the composition, mass or volume ratios and

partial pressures of the gaseous species involved. Optimum deposition rates generally occur at

pressures bellow atmospheric.
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The deposition rate depends strongly on the processing parameters, but values in the range

0.1 to 10 µm·min−1 are typical. In terms of microstructure, CVD coatings usually exhibit a

columnar growth, although the initial deposit is sometimes equiaxed. The microstructure and

grain size will, once more, depend largely on the processing conditions and are generally self-

excluding, i.e. a compromise must be established between high deposition rates, attractive for

economical reasons, and a �ne-grained microstructure normally showing the best tribological

performance [10, p. 235].

Diamond coatings are deposited by CVD processes at high substrate temperatures

(on the order of 800 ◦C). The best adhesion levels are achieved on silicon or silicon-based sub-

strates, requiring an interlayer for other substrates to adjust thermal expansion mismatch at the

interface. Growth of the diamond phase on a non-diamond substrate is triggered by nucleation

either at randomly seeded sites or at thermally favored sites, as a result of the statistical thermal

�uctuations occurring at the substrate surface.

Depending on deposition temperature and pressure conditions, favored crystal orientations dom-

inate the competitive growth process. Typically, the deposited diamond coatings exhibit a poly-

crystalline nature with relatively large grain sizes (> 1 µm), as well as rough surfaces with

values of Rq in the range of a few tenth of micron to tens of micron [54].

In order to produce diamond thin �lms, several CVD methods have been developed

that require a volatile hydrocarbon precursor, an energy source, and an abundant source of

atomic hydrogen. The growth species is the methyl radical (CH∗
3
) and is typically produced

by CH4-containing plasma. For the plasma chemistry, atomic hydrogen plays essentially two

major roles: the �rst consists in the preparation of CH∗
3
adsorption sites by depleting hydrogen

atoms from the hydrogen-passivated diamond surface, and secondly it removes afterwards hy-

drogen atoms from the adsorbed CH∗
3
, thus allowing carbon atoms to move into the position

corresponding to an extension of the diamond lattice, i.e. contributing to diamond growth. In

addition, atomic hydrogen preferentially regasi�es the graphitic phase, which is thermodynam-

ically more stable than bulk diamond, therefore hindering the formation of non-diamond sp2

phases.

Growth of diamond �lms that are largely free of non-diamond secondary phases is possible by
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using plasmas extremely rich in H2 (98−99%). However, atomic hydrogen is also responsible

for etching the diamond phase, therefore resulting in the formation of intergranular voids and a

columnar morphology [62].

Microcrystalline diamond variety

Conventional microcrystalline diamond (MCD) �lms are synthesized in hydrocarbon-

hydrogen gas mixtures consisting typically of 1% CH4 in 99% H2. The role played by hydrogen

in the plasma chemistry has been considered of crucial importance in the various diamond CVD

processes developed over the years, especially in the absence of oxygen and perhaps halogens.

Typically, atomic hydrogen is produced either by collision-induced processes or by thermal de-

composition in the plasma, and constitutes an essential component from which diamond CVD

�lms are grown [46] (see previous Section).

Increasing the CH4/H2 ratio in the plasma will have the effect of decreasing the grain size of

MCD coatings, with values as low as 50− 100 nm, which implies a corresponding reduction

of the surface roughness. However, such effect will also contribute to the introduction of inter-

granular non-diamond carbon phases, thereby degrading the coatings' mechanical properties by

limiting the brittle fracture strength [62].

The microwave plasma-assisted CVD (MWPACVD) technique constitutes a deriva-

tive of the basic non-enhanced CVD process and is commonly used for MCD synthesis [74].

A schematic of a MWPACVD apparatus is depicted in Fig.3.2. It mainly consists of a low-

pressure chamber placed inside a resonant microwave cavity, where the gas mixture is activated

by a microwave power supply. The substrate is heated by the plasma and by an additional heat-

ing source, thereby providing a means to control the substrate temperature independently of

other growth parameters [75].

Likewise, the deposition of MCD �lms using the MWPACVD variant consists on the decom-

position of gaseous species containing a carbon precursor, in the presence of hydrogen and,

sometimes, oxygen. The gas composition and processing parameters will strongly in�uence the

�lm properties and deposition rate [10, p. 236].
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Figure 3.2: Schematic of a MWPACVD apparatus [75].

In the present thesis work, MCD coatings were synthesized onto �at and ball-shaped

Si3N4 substrates using a MWPACVD apparatus (ASTeX PDS18, Seocal and Seki Technotron

Corp.), and where the process parameters have been adjusted to achieve similar thicknesses

in both geometries, as follow: microwave power, ∼ 3 kW; total gas pressure, 1.2× 104 Pa;

H2/CH4 gas �ow, 400/25 sccm and 400/16 sccm for the �at and ball specimens, respectively;

deposition time, 2.5 h. These conditions were responsible for coating thickness and diamond

grain size values of 12− 14 µm and 2.5 µm, respectively. Representative SEM micrographs

of the as-deposited MCD coatings are showed in Fig. 4.8 of Publication II (see Sec. 4.3), for

example.

Nanocrystalline diamond variety

As was discussed previously, CVD diamond constitutes an important route in the pro-

duction of this singular material. Beginning from the �rst successful CVD diamond depositions,

efforts were generally done with the main objective of maximizing the crystalline quality of the

synthesized �lms. However, it was found that diamond grown under non-optimum conditions,

such at lower temperatures or higher carbon activity in the plasma, produces �lms with small

crystallite sizes. This material is commonly referred to as nanocrystalline diamond (NCD), even

if the grain size exhibit values in the leeway 5− 100 nm [76]. Following its discovery, many

research works in the area of diamond coatings aim the production of the NCD variety un-

der speci�c conditions, since smaller grain sizes imply according to the well-know Hall-Petch
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relation improved mechanical and physical properties [36], as well as a greater potential for low

friction, due to the inherent reduction in surface roughness [76].

Like was referred before, in conventional CVD diamond growth process involving the

CH∗
3
precursor, large concentrations of atomic hydrogen are needed due to the low probability

of CH∗
3
to enter a diamond lattice site, i.e. as a consequence of the hindering effect of the sterile

hydrogen-terminated diamond surface. However, aside the high cost and danger hydrogen rep-

resents during manipulation, such a high concentration of atomic hydrogen will generate �lm

morphologies and surface roughnesses which are inadequate for many tribological applications.

Consequently, fresh methods have been developed which make use of MWPACVD variant, and

involve a new C60 or CH4/Ar chemistry [62]. In these processes, the diamond-growth species

are now gaseous carbon dimers (C2), resulting either from the fragmentation, induced by colli-

sions, of gas phase C60 in a Ar plasma or from CH4 in H2 poor atmospheres, via the following

reactions:

2CH4 → C2H2 +3H2

C2H2 → C2 +H2

Several studies have showed that the diamond �lm morphologies are essentially inde-

pendent of the carbon dimer precursor species. Moreover, as a result of the limited amount of

atomic hydrogen in the plasma, very high renucleation rates are sustained

(∼ 1011 nuclei·cm−2s−1) and grain coarsening is hindered. The resulting diamond �lms consists

of equiaxed grains with sizes as low as a few nanometer, depending on the process parameters.

Furthermore, the scarcity of atomic hydrogen will also minimize the regasi�cation of these very

small grains, thus leading to relatively high linear growth rates and the deposition of continuous

�lms, even at very low thicknesses [62].

Due to the very small grain sizes, diamond becomes also the thermodynamically most sta-

ble phase of carbon, thereby avoiding the need to suppress the formation of sp2 non-diamond

phases [62]. Nonetheless, in the followup of several studies in which hydrogen had been totally

replaced by a noble gas, such as Ar, it has been shown that the presence of C2 in microwave

plasma, inevitably results in �lms largely composed of amorphous or short-range order non-

diamond phases, like graphite. The carbon dimer is highly reactive and is one of the carbon
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species resulting from the sublimation of graphite. In microwave plasmas, it is generated from

hydrocarbon molecules under highly unstable conditions, resulting in super-saturated carbon

vapour [46]. In turn, the Ar concentration in�uences secondary formation of nuclei [77].

Gas mixtures composed of Ar/H2/CH4 and characterized by low H2 and CH4 concentrations,

are commonly employed in the synthesis of NCD thin �lms using MWPACVD [75]. However,

the easy production of large quantities of the fullerenes, has provided an opportunity to rethink

the whole synthesis of diamond �lms from noble gas plasmas, using very low contents of hy-

drogen and C60 as a precursor molecule instead of CH4 [46].

Two factors become preponderant in the synthesis of NCD �lms. One consists in in-

creasing the nucleation density to 109− 1010 nuclei·cm−2 during the initial stages, the second

implies to control the crystal grain growth to achieve nanometer-scaled sizes. In fact, the con-

tent of hydrogen and hydrocarbon, for e.g. C2, CH3, CH, etc., in the reaction chamber will have

a profound in�uence in the size and structure of the diamond grains. On one side, a high content

of hydrogen promotes the nucleation and growth of diamond grains, therefore accelerating the

coating growth rate. On the other hand, the grain growth is restrained by the increase of the ratio

of secondary nuclei formation, due to the reduction of hydrocarbon content, and vice-versa [77].

Moreover, the gas temperature constitutes a key parameter in the plasma chemistry [46].

In the present thesis work, NCD-coated Si3N4 substrates were produced by runs in

MWPACVD and hot-�lament (HFCVD) apparatuses. For the �rst technique, NCD deposition

occurred in continuous wave (CW) and pulsed wave (PW) mode for the �at and ball specimens,

respectively, under Ar/H2/CH4 microwave discharges. The same gaseous species were also

used in the second deposition method. The main process parameters used in both techniques

are summarized in Tab. 3.1.

For the case of MWPACVD deposition, operated in PW mode, the pulse repetition

rate used was 1000 Hz, with a duty cycle of 50% for a maximum input microwave power of

800 W. A deposition time of 3 h was employed, which resulted in �lm thicknesses of about

12 µm. Relatively to the HFCVD �lms, the aforementioned parameters produced growth rates

of 1.6 µmh−1 and 2.2 µmh−1 for the �at and ball specimens, respectively. Deposition times of

12 h and 24 h lead to the formation of NCD crystallites with an average grain size of 28 nm.
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Table 3.1: Process parameters used in the NCD deposition (P, total pressure; Tsub, substrate

temperature; TW, �lament temperature; sccm, standard cubic centimeter per minute).

Technique Gas mixture Gas �ow P Power Tsub (
◦C)

MWPACVD Ar/H2/CH4 250 sccm 200 mbar 600 W 825; 925

96%:3%:1% 800 W 925

Technique Gas mixture Gas �ow P TW (◦C) Tsub (
◦C)

HFCVD Ar/H2/CH4 50 ml·min−1 50 mbar 2300 750

Ar/H2 = 0.1

CH4/H2 = 0.04

The morphology and topography of as-deposited NCD coatings synthesized by MWPACVD

and HFCVD techniques can be seen in Publication V (Sec. 5.2), and Publication VI (Sec. 5.3)

and VII (Sec. 5.4), respectively.
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3.3 Tribo-testing and de�nition of quantities

Tribological testing, or tribo-testing, involves the study of friction, wear and lubrica-

tion. According to Uetz et al., cited by Zum Gahr [78, p. 116], although a very large variety of

equipment and arrangements have been in use for tribo-testing, these can be broadly classi�ed

into the following six categories: �eld test, bench test, subsystem, component test, simpli�ed

component test and model test. Moreover, tribological data accumulated from tribo-testing can

be extrapolated into service to a degree that decreases from the �eld test - the closest to the prac-

tical situation - to the less complex model test - the furthest away from the practical situation

- as a result of the simpli�cations of environment and operating variables. Usually, the highest

level of simpli�cation, i.e. the model test, is characterized by a relatively short test duration and

increased loading or sliding velocity, in order to assess the tribological behaviour of the materi-

als under more extreme conditions, than those normally occurring during service. Henceforth,

such experiments will sometimes be designated as accelerated tribo-tests.

The duration of the tests is frequently shortened by increasing the real area of contact between

the elements of the tribosystem, i.e by increasing the surface pressure (applied load) or by

starved lubrication. However, an increase in loading or change of lubrication regime in the

model test to reduce the duration of the experiments could make the extrapolation into ser-

vice more dif�cult, and sometimes even unpredictable. In fact, in the scope of the model test

not only very different wear rate values could be observed, but also several wear mechanisms

could arise during the duration of the tribo-test. It's therefore mindful to ensure, by measure-

ment of friction and by close inspection of the worn surfaces and wear debris particles after the

test, that the dominant mechanisms of wear are the same in the model test as in the practical

application [10, p. 82]. The same loading conditions and the same structure should also be

satis�ed [78, p. 117]. Only then can the tribological data be extrapolated with con�dence to a

real application.

Model tests are particularly advantageous in the study of friction and wear phenom-

ena due to the much lower expenditure incurred, as compared to �eld tests for example, and

because of the greater control they provide in adjusting, sustaining and changing the operating

parameters, i.e. to analyse their in�uence on the tribological behaviour. Therefore, the high
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reproducibility of operating variables and hence repeatability of test results constitutes a great

asset of model tests, and an important factor to take into consideration in the scienti�c investiga-

tion of tribological phenomena. Moreover, model tests can also be used for materials screening

and selection, and the capability of simulating otherwise complex systems using relatively sim-

ple arrangements is of particular relevance in the study of basic mechanisms of friction, wear

and lubrication [78, p. 118].

Model tests characterized by many different experimental arrangements or con�gura-

tions have been used to study sliding wear. The main objectives of these laboratory investiga-

tions have consisted mainly in the assessment of the mechanisms by which wear occurs, or to

simulate practical applications with the purpose of recording experimental data regarding wear

and friction performance of tribo-materials. Moreover, careful control and measurement of all

the variables which may in�uence wear and friction is essential, since an apparently small mod-

i�cation in experimental conditions can lead to abrupt changes in the prevailing mechanisms

and associated wear and friction values [10, p. 78�79].

Some of the most common geometrical arrangements found in tribo-testing appara-

tuses are depicted in Fig. 3.3. The word tribometer, �rst coined in 1774 for an instrument

intended to measure friction, is now widely used to refer to the tribo-testing rig, and more re-

cently the name tribotester has become part of the tribologist's lexicon. Virtually all types of

tribometers can be used either unlubricated (�dry� sliding) or lubricated. In the later case, the

lubricant can be supplied to the contact region in different manners, e.g. by recirculating the

lubricant fed from a reservoir or using a pool type con�guration. The purpose of producing

friction and wear data with any tribometer will be aimed at predicting the tribological perfor-

mance of materials eventually shaped in some sort of moving mechanical assembly or transfer

device [79].

Despite the multiplicity of geometries in use today, Hutchings [10, p. 78�79] divides them into

two groups:

• Symmetrical arrangements, in which the sliding surfaces are symmetrically disposed and

where identical materials should experience similar wear loss. The ring-on-ring (or two
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discs) apparatus, where the triboelements are in contact either along a line or face to face

constitutes an example of such arrangement;

• Asymmetrical arrangements, in which the two sliding elements, even if made of the same

material, will almost certainly experience different rates of wear as a result of the inherent

asymmetrical design. In this type of arrangement, the most widely used for tribological

characterization, one component of the mating pair, usually the pin or block, is usually

treated as the specimen to analyse in terms of wear loss, while the other, often the disc or

plate, is called the counterface. Pin-on-disc (POD), block-on-ring (BOR) or ball-on-�at

(BOF) geometries are all examples of asymmetrical design.

Figure 3.3: Schematics of some of the geometries employed in sliding tribo-tests (from PLINT

Tribology products, www.phoenix-tribology.com).

Additionally, the geometry of contact can be further classi�ed in conformal and coun-

terformal (sometimes referred as concentrated or non-conformal), where the �rst is character-

ized initially by an extended nominal contact area between conforming triboelements (e.g. a

�at-ended pin against a �at disc) and the latter by contact only at a point or line (e.g. a hemi-

spherical pin on a disc).
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In the present thesis work, a BOF counterformal asymmetrical design has been cho-

sen for all tribo-tests because of its overall combination of appropriate attributes, namely the

reciprocating motion, i.e. to be a model test having the type of motion similar to the ones gener-

ally found in biotribological assessment using simple low cost designs [80, p. 186�191], as well

as having the advantage that modest loads give high surface pressures, useful in tribo-testing

aimed at highly demanding tribological applications (like cutting tools); the possibility of using

small samples, for easiness of production and to enable their characterization using state-of-

the-art SEM and AFM techniques; obviate alignment problems between triboelements often

found in conformal geometries like POD (which could result in different wear rates for differ-

ent samples), and more importantly to enable the estimate of wear rate values for at least one

of the specimens (from the near-circular wear scar imprinted on the ball, see Eq. 3.3), since the

diamond coatings were characterized by very low wear, immeasurable by conventional weight-

loss or pro�lometry techniques.

A somewhat broader but coherent classi�cation with Hutchings' division is presented

by Zum Gahr [78, p. 120�121], where the multitude of existing apparatuses for tribo-testing are

grouped as follow:

• �Closed� system tribometers, where the tribological behaviour of all the triboelements is

investigated and of relevance;

• �Open� system tribometers, where the tribological behaviour of only the solid body is of

interest.

Examples of closed systems would be the POD, BOF and ring-on-ring (ROR) tribometers. In

general, tribometers for the study of adhesive, tribo-chemical and surface fatigue wear belong

predominantly into this group. On the other side, tribometers used exclusively for the study

of abrasive wear constitute usually good examples of open systems, like micro-abrasion testers

where a suspension of abrasive particles recirculates into the contact region, as do apparatuses

used in blast wear test for erosive wear assessment.

Bennewitz [81], describes the friction phenomenon as �. . . the result of the collective

and quite possibly interdependent mechanical behaviour of a multitude of small contacts be-
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tween shearing surfaces, which are constantly being formed, deformed and ruptured. The time

scales for these local transformations range from the lifetime of individual microscopic contacts

over the periods of mechanical resonances in the sliding bodies . . . �. It is this collective effect

or macroscopic friction that will be recorded by the standard tribometer.

In normal conditions, the macroscopic friction will be continuously monitored and recorded

during tribo-testing. The acquisition of the friction force is usually carried out by measuring

the tangential force signal applied on the specimen by means of a load cell, or by the gener-

ated torque on a rotating counterface. Therefore, continuous monitoring of the friction force

will provide experimental values for the friction coef�cient, µ, according to Coulomb's friction

law [6, p. 13]:

µ =
F

W
(3.1)

where, F , represents the tangential friction force and,W , the normal force. The constant record-

ing of F will also allow to follow the evolution of µ with the distance slid and, therefore, detect

changes in the sliding behaviour, which often result from modi�cations in the surface nature or

topography of the materials, or in the prevailing wear and friction mechanisms [10, p. 81]. Such

monitoring capability is important for example in the analysis of running-in regimes, lubrica-

tion failure or in the detection of delamination of protective coatings. This follow-up capacity

has been explored in the present thesis work, as a mean to detect diamond coating failure by

�lm delamination or exposure of the Si3N4 substrate by progressive wear through.

Sliding wear will be dependent on the sliding distance, x, but also to some degree

on both the sliding velocity, v, and the duration of the tribo-test, independently. This happens

because v affects the rate of dissipation of the frictional energy, and hence the interface temper-

ature. Therefore, radical changes in predominant wear mechanisms and wear rate values can

in fact occur as v is modi�ed [10, p. 81]. Moreover, lengthier tribo-tests could put in evidence

new wear modes (e.g. wear by surface fatigue) which will not appear in shorter experiments.

Wear will also depend on the nominal contact pressure between antagonist surfaces, where

a transition between different wear regimes can occur as a result of the variations in contact

pressure.

Apart the main operating variables in tribo-testing, i.e. normal load, contact area, sliding ve-
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locity and test duration, several other factors should be taken into account and properly mon-

itored. For example, the environment temperature could in�uence the mechanical properties

of the materials under screening or induce thermally activated processes, although these are

mainly dominated by frictionally-generated temperature rises. In lubricated tests it could af-

fect the lubricant viscosity, therefore changing its performance. The testing atmosphere is of

utmost importance as well, since the presence of certain gaseous species like water vapour and

oxygen could strongly in�uence the friction and wear behaviour of the materials. This is the

case with diamond, where the friction behaviour is radically distinct if sliding occurs in humid

air or vacuum conditions, as discussed previously in Section 2.1. The relative orientation or

layout of the triboelements can also in�uence wear, since e.g. an inverted POD1 con�gura-

tion would mean that the wear debris particles could depart easily from the contact region, by

the action of gravity, instead of accumulating in the wear track like what happens in standard

POD [10, p. 81].

As mentioned by Zum Gahr [78, p. 119], other relevant experimental variables must be consid-

ered in tribo-testing also, i.e. the loading conditions (static or cyclic loading), sample geometry

and surface �nishing. Moreover, in addition to the tribological characteristics, some physical

and chemical properties of the materials have often to enter the equation, namely their strength,

toughness, thermal conductivity, endurance to fatigue or corrosion resistance.

De�nition of wear and contact stress quantities

Wear is usually assessed either by removing the specimen from the tribometer at in-

tervals and weighing it (weight-loss method) or measuring its dimensions, or by continuously

monitoring its position using a transducer and deduce afterwards the wear loss from its change

in dimensions [10, p. 80]. In the cases involving counterformal geometries, wear causes the

apparent area of contact to increase and, therefore, wear rate values can be estimated by mea-

suring the dimensions of the wear scar on the specimen.

Such procedure of estimating wear rate values has been used in the present thesis work for the

ball specimens, since the conventional weight-loss technique and standard pro�lometry were

both inadequate to account for the observed very low wear losses.

1POD con�guration in which the pin becomes the lower specimen
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The general expression for calculating the wear volume (W ball
V ) from wear scars im-

printed on the ball specimens is [82]:

W ball
V ≈

pd2⊥d
2

‖

64r
(3.2)

where, d⊥, and, d‖, represent the dimension of the wear scar perpendicular to and parallel to

the sliding direction, respectively, and, r, the radius of the ball. Nonetheless, considering the

occurrence of near-circular wear scars of diameter, d, on the pole of the ball [83], the same

expression can be simpli�ed to:

W ball
V ≈ pd4

64r
(3.3)

Considering the contact between a sphere of an elastic material pressed against a plane under a

normal load,W , the Hertzian pressure is hemispherically distributed on a plane with the contact

radius, a, de�ned as follow [10, p. 15]:

a =
(
3Wr

4E

)1/3

(3.4)

where, E, is an elastic modulus which depends on Young's moduli, E1 and E2, and the

Poisson's ratios, n1 and n2, for the materials constituting the sphere and the plane in the fol-

lowing way [78, p. 52]:

E =
E1E2

E2(1−n
2

1
)+E1(1−n

2

2
)

(3.5)

Therefore, the contact between a ball loaded elastically against a �at specimen, as is the case in

the present study in �rst approximation, will occur over a circular area where the mean Hertzian

pressure (normal stress), Pmean, is given by [10, p. 15]:

Pmean =
W

pa2
≈ 0.386

(
WE2

r2

)1/3

(3.6)

Thus Pmean varies as W 1/3. However, this stress is not uniformly distributed over the circular

area of contact, but reaches a maximum at the center and falls to zero at the edge. Hence, the

maximum contact pressure, which has a value of 3/2 times the Pmean [10, p. 16], will become:
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Pmax ≈ 0.579

(
WE2

r2

)1/3

(3.7)

Moreover, considering the same material for both the ball and �at specimens (E1 = E2 and

n1 = n2 = 0.3), the maximum shear stress, tmax, occurs at a depth, zm, beneath the contact

surface [78, p. 54]:

tmax ≈ 0.31Pmax (3.8)

zm ≈ 0.47a (3.9)

For the sake of an example, lets consider a self-mated diamond-coated Si3N4 tribosystem un-

der dry sliding conditions, where W = 40 N and r = 2.5 mm. Supposing a contact radius

a = 0.2 mm and, therefore, that the highest stresses occur at a depth below the diamond coat-

ing (having just a few tens of µm of thickness), as suggested by Eq. 3.9, the elastic modulus E

(see Eq. 3.5) will then be calculated considering solely the substrate contribution. Hence, using

a typical value of 300 GPa for the Young modulus of Si3N4 [84], we have that E ≈ 165 GPa

and the various contact pressures: Pmean ≈ 2.2 GPa, Pmax ≈ 3.2 GPa and tmax ≈ 1.0 GPa.

According to the Archard wear equation, the wear rate, Q, i.e. the volume worn per

unit of sliding distance, is written as follow [10, p. 83]:

Q =
KW

H
(3.10)

where, W , is the applied normal load, H, the hardness of the softer surface and, K, a dimen-

sionless constant less than unity, usually termed the wear coef�cient. This later constant is of

fundamental importance, and provides a valuable means of comparing the severity of wear in

different tribosystems. Moreover, the consequences of Eq. 3.10 are that Q should be constant

in the case of K being constant for a given tribosystem, and ifW changes then Q should vary

proportionally.

However, for practical purposes the ratioK/H is often more useful and is called the dimensional

wear coef�cient, k [10, p. 84]. Thus, Eq. 3.10 can be rewrite in terms of k as:

k =
Q

W
(3.11)
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with k normally expressed using the units mm3m−1N−1 and, therefore, representing the volume

of material removed by wear (mm3), per unit distance slid (m), per unit normal load (N). The

measure of wear given by k will be particularly useful when comparing wear rates in different

classes of material.

According to Hutchings [10, p. 84], experiments involving many systems have showed that

the wear loss is proportional to the sliding distance, as well as to the sliding velocity. Thus, a

simple model for wear would suggest that the amount of material removed from a sliding body,

Wv, would depend on the sliding distance, x, and on the normal load,W . From the meaning of

Q, the dimensional wear coef�cient (or speci�c wear rate) will hence be given by:

k =
WV

W · x
(3.12)

In the present thesis work, BOF tribo-tests were carried out in a PLINT TE/67R tri-

bometer, adapted for reciprocating motion. The accelerated friction and wear experiments were

performed over a wide range of applied loads (10− 180 N) depending on the system studied,

i.e. self-mated MCD or NCD coatings, as well as on the testing environment, i.e. in ambient

atmosphere dry sliding or water lubricated. The main reason behind the variation of the applied

normal load and, therefore, initial normal stress, while keeping unchanged the stroke length

(6 mm) and oscillating frequency (1 Hz) for all experiments, was to assess the threshold load of

the various types of diamond coatings, i.e. to determine the load supporting capability prior to

�lm failure by delamination under tribological stress. Moreover, such a wide gamut of applied

loads, would also allow the analysis of the tribological behaviour of the diamond �lms as a

function of the contact stresses and identify the occurring friction and wear mechanisms.

Figure 3.4 shows photographs of the experimental setup used for tribo-testing in the present the-

sis work. The upper ball diamond-coated specimen is �xed on the sample holder arm, which is

in contact with a load cell used to measure the tangential force. The �at diamond-coated speci-

men is �xed on the lower oscillating table, to reproduce the reciprocating motion. The tribo-tests

were carried out over two different length scales, namely the standard ones with a duration of

2 h, which represent a sliding distance of ∼ 86 m, and the endurance tests, corresponding to

a distance slid of ∼ 690 m. The shorter standard tests were used to study in more detail the

running-in regime, using higher acquisition rates to more accurately record variations on the

friction signal, and also for screening the different diamond �lms with respect to their threshold
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loads under distinct sliding conditions and applied loads. The lengthier endurance tests were

used to study in more detail the steady-state regime, fatigue effects, possible occurrence of coat-

ing failure due to progressive wear through to the substrate, measure the steady-state friction

coef�cient and more accurately assess the wear rates of the diamond coatings (reducing the

contribution of the running-in more intense surface interactions).

Figure 3.4: Photographs of the setup used for tribo-testing: (a) general view of the tribometer's

upper arm and static applied loads; (b) close-up view of the lower sample holder for lubricated

tests and positioned �at diamond coated specimen. Legend: (1) sample holder for lubricated

tests; (2) �at diamond-coated specimen.

At the end of the experiments, both samples are removed from the tribometer and

cleaned in a ultrasonic bath prior to wear assessment, to dislodge non-adherent wear debris

particles. Due to the high wear resistance exhibited by the diamond coatings, wear volumes

were estimated from the dimensions, measured by SEM, of near-circular wear scars imprinted

on the balls specimens. Where considered appropriate, the wear volume of �at specimens was

also assessed using AFM-based techniques and novel approaches developed for the present

thesis work, as described in Publication II (Sec. 4.3) and Publication VIII (Sec. 5.5).
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3.4 Other characterization techniques

Several non-destructive characterization techniques commonly used in the area of

materials science were employed to analyse the as-deposited CVD diamond coatings, as well as

in studying relevant properties and morphologies of these coatings when subjected to tribologi-

cal damage. In the following sections, such techniques will be presented and their relevance to

the area of the tribology of CVD diamond coatings emphasized.

3.4.1 Scanning Electron Microscopy (SEM) of diamond �lms

Due to its very large depth of �eld as compared with optical microscopy, its wide

range of magni�cations of the same surface features and its relative ease of application in the

study of surfaces, scanning electron microscopy (SEM) has become a standard technique for

surface analysis and microstructural evaluation. Moreover, the use of SEM has become al-

most mandatory in any tribological study [85, p. 61, 217]. The wide range of magni�ca-

tions available at any given part of the sample surface, make SEM a very polyvalent technique

with the possibility of low magni�cations (approximately×10) up to very large magni�cations

(×103 or more). Therefore, the analysis using low magni�cation images of the morphology of

wear tracks or scars, in search of features typical of speci�c wear modes (like the presence of

abrasion grooves e.g.); the possibility to analyse with great detail very small areas of the contact

region using high magni�cations, and to characterize the size and morphology of wear debris

particles would give insightful information for describing the predominant friction and wear

mechanisms.

The SEM instrument essentially produces a narrow beam of primary electrons, which

are scanned across the sample to analyses in a similar fashion as a television type raster. The

secondary electrons generated from the interaction between the scanning beam and matter are

then used to form an image of the sample surface. This imaging process is accomplished by

collecting the secondary electrons in a charged collector and subsequently amplifying the inci-

dent current. The magni�cation is controlled by varying the area of scan on the sample using a

lens system. A conventional electron gun is used as the source for primary electrons, which are
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then accelerated through a potential reaching up to several tens of kV in relation to the grounded

frame of the microscope [85, p. 61�62].

A lens system is used to control the size of the beam by collimating it, so that the smallest pos-

sible �spot� is obtained for scanning the sample. The size of this spot will determine the lateral

resolution of the SEM instrument. Resolutions of a several tens of 	A have been reached using

specially built lens systems [85, p. 61�62].

The contrast existing on a SEMmicrograph is the result of differences in atomic num-

ber between the various elements present in the analyzed surface, as well as its topography. In

the case of a single-element specimen, the relative slopes of the roughnesses are responsible

for the contrast or distinction between surface features, instead of the surface heights. The use

of SEM equipments in analyzing the surfaces of tribosystems has been more of a qualitative

nature, due to their great depth of �eld, which hinders any measurement of relative surface

heights by selective focus on the lowest and highest z-position of the surface features being

observed. However, more recent advances in SEM technology have enabled the use of back-

scattered primary electrons to resolve surface pro�les, i.e. using Rutherford back-scattering

(RBS) [85, p. 62�63].

SEM ex-situ analytical technique, in combination with energy dispersive spectroscopy

(EDS), has become one of the most useful tool for researchers who need not only morphological

and topographical information about surfaces, but also information regarding the composition

of near-surface regions of the analyzed material. Although diamond is an insulator, its analysis

can be carried out using low primary electron beam voltages (≤ 5 keV) which, nonetheless,

brings implications in terms of loss in image resolution. However, if the diamond surfaces are

coated with a thin conducting �lm (10 to 20 nm of thickness), such as carbon or gold, it will be

possible to study the coatings with a image resolution of 1-50 nm [45].

Moreover, SEM's high sensitivity in spectroscopic modes and the ever evolving technology as-

sociated to it, have enabled the microstructural characterization of diamond thin �lms with a

spatial resolution reaching ∼ 0.2 nm or better [46].
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Representative SEM photomicrographs of worn diamond-coated Si3N4 �lms are

shown in Fig. 3.5. Two different range of magni�cations have been used consistently throughout

the present thesis work, in order to analyse as-deposited and worn coatings. Low magni�cation

(normally ×100 or ×150) images were used to analyse the microstructure and topography of

the as-deposited �lms, to measure the dimensions of the near-circular wear scar imprinted on

ball specimens, as well as that of the wear tracks on �at samples with the purpose of estimating

wear rate values for the diamond coatings on both tribo-elements (see Eqs. 3.3, 3.12). More-

over, these were also used to identify features particular to wear modes and mechanisms, like

e.g. wear grooves or ultra-smooth surfaces (thus denoting abrasion or self-polishing), as well

as to see if the substrate was exposed after wear testing.

Figure 3.5: Representative SEM micrographs of worn MCD-coated Si3N4 tribo-elements:

(a) low magni�cation (×100) image of a wear scar on a ball specimen; (b) low magni�ca-

tion (×100) image of a wear track on a �at specimen; (c) high magni�cation (×1 k) detail at

the wear track border; (d) high magni�cation (×5 k) detail in the wear track region.
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High magni�cation images (normally in the range ×1k to ×5k) were mainly used to

study the morphology and topography of worn surfaces, identify prevailing wear modes and

mechanisms, and observe the morphology and size of wear debris particles. One of the advan-

tages of analyzing wear debris is since wear debris could result from different wear mechanisms,

they have distinct characteristics which can then be associated with the speci�c wear mecha-

nisms. Moreover, worn surfaces and wear debris may provide insightful information regarding

the validity of a wear test used for a particular application. In addition, high magni�cation im-

ages were also used to assess the grain size and thickness of the coatings.

Thus, SEM characterization technique constituted an essential tool in the study of

worn diamond coatings, being done after ultrasonic cleaning (10 min in alcohol) of the tribo-

tested samples to dislodge loosen wear debris and posteriorly to other employed techniques, i.e.

atomic force microscopy and Raman spectroscopy. This is so because all diamond �lms were

coated with a thin layer of carbon to render the samples electrically conducting for adequate

imaging.

3.4.2 Atomic Force Microscopy (AFM) of diamond �lms

Scanning probe microscopy (SPM) makes feasible nanometer-scale mapping of nu-

merous sample properties, in essentially any environment. In fact, this singular combination of

high spatial resolution and polyvalence has lead to the application of SPM to numerous �elds

of science and technological areas, especially those involved in the study of materials' structure

and properties at the nanometer scale [86, p. 117].

SPM's images are created by raster scanning a sharp probe tip over the sample and

measuring some highly localized tip-sample interaction as a function of position. The SPM

working principles are based on various types of interactions, the major ones including scan-

ning tunneling microscopy (STM) which measures an electronic tunneling current; atomic force

microscopy (AFM), which measures force interactions; and near-�eld scanning optical mi-

croscopy (NSOM), which measures local optical properties by exploiting near-�eld effects.

These surface techniques allow the characterization of many properties (structural, mechanical,

electronic, optical) on essentially any material and virtually all environments (vacuum, liquid,
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or ambient air) [86, p. 117].

Several technological breakthroughs have been developed for SPM, or borrowed from

other techniques. In AFM for example, optical de�ection systems and micro-fabricated can-

tilevers can detect forces down to the picoNewton range. Environmental control has been

developed to allow SPM imaging in ultra-high vacuum (UHV), cryogenic conditions, at ele-

vated temperatures, and in �uids. Microfabrication techniques have been developed for the

mass production of probe tips, making SPMs widely available and which allowed the develop-

ment of many new SPM modes and combination with other surface characterization techniques

[86, p. 118].

AFM, invented and introduced in 1986, is the most widely used form of SPM, since

it requires neither an electrically conductive sample, as in STM, nor an optically transparent

sample or substrate, as happens in most NSOMs. Basic AFM modes measure the topography

of a sample with the sole requisite being that the sample is deposited on a �at surface, rigid

enough to withstand the scanning process. Moreover, because AFM can resolve a variety of

interactions, like Van der Waals forces, electrostatic forces, magnetic forces, adhesion forces

and friction forces, specialized modes of AFM can also be used to characterize the electrical,

mechanical and chemical properties of materials [86, p. 117�119].

AFM can be viewed as a mechanical pro�ling technique that produces a

three-dimensional mapping of the surface under analysis. A sharp probe attached to a mi-

crofabricated force-sensing cantilever scans the surface. The forces that act between the tip of

the cantilever and the sample are used to control the vertical distance and, therefore, pro�le its

surface [87].

In so-called AFM dynamic operation modes, as opposed to static or contact mode

AFM, the cantilever is deliberately vibrated. There are two basic methods of dynamic opera-

tion: amplitude modulation (AM) and frequency modulation (FM) operation. In AM-AFM or

so-called tapping mode (TM-AFM), the actuator is driven by a �xed amplitude at a constant

frequency, close to the eigenfrequency of the cantilever. When the tip approaches the sample,
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elastic and inelastic interactions cause variations in both the amplitude and the phase (relative

to the driving signal) of the cantilever. These perturbations are then used as the feedback sig-

nal [88, p. 145]. The experimental advances that made high-resolution AFM possible began

with the introduction of FM-AFM. In this dynamic mode, a cantilever with a high quality factor

is driven to oscillate at its eigenfrequency by positive feedback with an electronic circuit that

keeps the amplitude constant [87].

The AFM has been used for topographical measurements of surfaces of technologi-

cal relevance on the nanoscale, as well as for adhesion and electrostatic force measurements.

Subsequent modi�cations of the AFM led to the development of the friction force microscope

(FFM), which as been used for atomic-scale and micro-scale studies of friction since it measures

forces in the scanning direction. Moreover, AFM/FFMs are considered tools of the trade in the

investigation of various tribological phenomena, including adhesion, scratching, micro- and

nano-wear, indentation, detection of material transfer, and boundary lubrication. The AFM is

also being used for micro/nano fabrication and machining by extending its micro-scale scratch-

ing capabilities [56, p. 316, 362, 383].

The working principle of an AFM relies on a scanning procedure to produce very high

resolution, 3-D images of the sample surface. It resolves ultra-small forces (< 1 nN) existing

between the AFM tip surface and the sample's surface. These small forces are determined by

measuring the motion of a very �exible cantilever beam with an ultra-small mass by a variety

of measurement techniques including optical de�ection, optical interference, capacitance and

tunneling current. In the operation of high resolution AFM, available for the measurement of

small samples (generally no larger than 10x10 mm2), it's the sample that is generally scanned,

rather than the tip to avoid vibration induced by the cantilever motion. AFMs are also available

for measurements of large samples, where the tip is scanned and the sample stays stationary

[56, p. 318].

Surface roughness is routinely measured using the AFM. For the case of the laser de-

�ection technique, a beam coming from a diode laser is directed by a prism onto the back of a

cantilever near its free end, which is tilted downward (about 10◦) with respect to the horizontal
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plane. The re�ected beam from the vertex of the cantilever is then directed through a mirror and

focused on a quad photosensitive diode (split photodetector with four quadrants), which allows

the measurement of vertical and torsional bending of the cantilever [89, p. 250]. Therefore, the

AFM signal will result from the difference of signal intensities of top and bottom photodiodes,

and represents a sensitive measure of the tip vertical de�ection which in turns translates the

topographic features. In AFM's height operating mode, used for topographic imaging, or any

other mode where the applied normal force is to be kept unchanged, a feedback circuit is used to

modulate the voltage applied to a piezoelectric crystal (usually, lead zirconate titanate or PZT)

tube scanner to adjust its height. It's this variation in height that will represent a direct measure

of the sample's surface roughness [56, p. 320].

The vast majority of todays AFMs can be operated in the intermittent contact or so-

called tapping mode (TM-AFM), which constitutes one of the most commonly used modes in

dynamic AFM operated in air, and even liquid. In TM-AFM, the cantilever/tip assembly is made

to oscillate sinusoidally by a piezo mounted above it, and the vibrating tip brie�y taps the sur-

face at the resonant frequency (70−400 Hz) with a constant oscillating amplitude (20−100 nm)

in the vertical direction. Therefore, oscillation amplitude and phase during approach of tip and

sample serve as the experimental observation channels. During the scanning, the average nor-

mal force applied onto the surface is kept constant by a feedback loop [56, p. 320]. A schematic

of a typical TM-AFM setup is depicted in Fig. 3.6. A laser beam is de�ected by the back side of

the cantilever, and the de�ection detected with a split photodiode (detector). A lock-in ampli�er

analyses subsequently the oscillation amplitude and the phase (not shown in the diagram) of the

incoming detector signal. This amplitude is then compared to the set-point, and the deviation

or error signal is used as a feedback signal to adjust the z-piezo, i.e. the probe-to-sample dis-

tance. An external function generator supplies the modulated signal for the excitation piezo

and, simultaneously, the oscillation signal is fed to the lock-in ampli�er to serve as a reference

[89, p. 253�255].

The tapping mode is used in topography measurements to minimize the effects of

friction and other lateral force, as well as to measure the topography of soft surfaces, which

would become impractical using static AFM. Moreover, the oscillating amplitude is kept high
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Figure 3.6: Schematic of a dynamic AFM operated in tapping mode [89, p. 255].

enough so that the tip does not adhere to the sample, as a consequence of adhesive forces. In

the contact mode, topographic measurements are usually made with a sharp microfabricated

square-pyramidal Si3N4 tip (radius of 30−50 nm) on a triangular cantilever with normal stiff-

ness of about 0.5 Nm−1 at a normal load around 10 nN. In TM-AFM, the probe is typically

designed as a square-pyramidal shaped tip - with a smaller radius of 5− 10 nm - made of an

etched single-crystal silicon (SiO2), which is physically attached to a stiff (50 Nm−1) rectan-

gular SiO2 cantilever of high resonant frequency. The trajectory of the tip follows a triangular

pattern as the sample (or the tip) is scanned in two dimensions, with data being recorded solely

during tip traversal along the fast scan direction. The scanning speed (or scanning rate) in the

directions of slow and fast scan will depend on the scan area and scan frequency. Typical values

found for the scanning frequency are less than 0.5 Hz to 122 Hz, and scanning areas range from

less than 1× 1 nm2 to 125× 125 µm2. Due to physical limitations, higher scan rates are only

possible with smaller scan lengths [56, p. 320�322].

A number of parameters have been developed to characterize surface topography.

The most commonly used surface descriptors are the statistical surface parameters. At least
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two parameters are needed to adequately characterize the surface, one related to the variation

in height (i.e. height parameter), the second describing how height varies in the plane of the

surface (i.e. spatial parameter) [90, p. 452]. The deviation of a surface from its mean plane

is assumed to be a random process, which can be described by a number of statistical surface

roughness parameters. The most commonly quoted quantity is the average roughness, Ra, also

known as center-line average (CLA) or arithmetic average (AA):

Ra =
1

L

Z L

0

|z|dx (3.13)

Ra is de�ned as the arithmetic mean deviation of the surface height, z (at a distance x from the

origin), from the mean line over the sampling length, L. In turn, the mean line is de�ned such

as equal areas of the pro�le lie above and below it [10, p. 8]. Since the Ra is directly related to

the area enclosed by the surface pro�le about the mean line, any redistribution of material has

no effect on it, i.e. it can give identical values for surfaces with totally different characteristics.

This averaging effect can be recti�ed using the rms roughness, Rq, which is more sensitive

than Ra to deviations from the mean line, since it is weighted by the square of the heights

[90, p. 452]. Therefore, Rq, will be de�ned as the root mean square deviation of the pro�le

from the mean line, as follow:

Rq =

√
1

L

Z L

0

z2dx (3.14)

Two other surface roughness parameters are indicated on the following. The maxi-

mum peak-to-valley height, Rt , represents the largest single peak-to-valley height in �ve adjoin-

ing sample lengths,

Rt =
1

5

5

å
i=1

Rmaxi
(3.15)

The ten-point height, Rz, represents the average separation of the �ve highest peaks

(pi) and the �ve lowest valleys (vi) within the sampling length:

Rz =
p1 + · · ·+ p5 + v1 + · · ·+ v5

5
(3.16)
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In addition to the determination of the aforementioned statistical parameters, any

technique for measuring surface roughness characteristics (i.e. short wavelength irregulari-

ties) should also be capable of measuring the waviness, i.e. long wavelength deviations from

the intended surface, and form error, i.e. a measure of the departure from the intended sur-

face or ideal shape [10, p. 8] [85, p. 60], in order to acquire further information regarding the

surface topography. A thorough discussion on spatial parameters and multi-scale characteriza-

tion methods of surface topography can be found in Stachowiak and Batchelor [90, p. 452�460].

In Fig. 3.7 are depicted AFM 3D gray-scale images of as-deposited (100)-textured

and worn (111)-textured polycrystalline diamond coatings, from a study by Fu et al. [91]. The

diamond coatings were deposited by MW-PACVD on pure titanium substrates, and tribologi-

cally tested against Al2O3 balls. As can be seen in Fig. 3.7(a), AFM analysis shows that the

(100) crystals are nearly parallel to the coating surface. The as-deposited coating exhibited a

surface roughness of about Ra = 0.245± 0.09 µm, indicating a smoother surface topography

in relation to (111)-textured diamond coatings (Ra = 0.387±0.12 µm) with a micro-pyramidal

morphology. After removal by ultrasonic cleaning of the wear debris loosely accumulated in

the valleys, the AFM image of the worn (111)-textured coating (Fig. 3.7(b)) reveals the typical

traces of brittle fracture and cleavage of diamond crystals, i.e. the evidence that diamond asper-

ities were fractured by tribological interaction.

Figure 3.7: AFM 3D images of MCD �lms [91]: (a) as-deposited (100)-textured coating;

(b) worn (111)-textured coating.
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For the purpose of comparing their surface topography, AFM 3D gray-scale images

of distinct varieties of diamond coatings from several studies [62, 92] are presented in Fig. 3.8.

Figure 3.8: AFM comparison of the surfaces of diamond coatings with different microstruc-

tures: (a) MCD and (b) UNCD [62]; (c) NCD coated Si3N4 [92].

A conventional CVD-grown (99% of H2 and 1% of CH4) MCD �lm with its sharp topographic

features is depicted in Fig. 3.8(a), while Fig. 3.8(b) exhibits the smoother surface of a ultra-

nanocrystalline diamond (UNCD) �lm grown in an atmosphere composed of: 98% of Ar,

2% of H2 and C60. It can be readily seen from these images that the nature of a sliding contact

involving such surfaces will be very different for these two varieties of coatings. Moreover,

the displayed topographies are in perfect harmony with the microstructures characterized by

micro-sized columnar grains (∼ 0.5−10 µm) and randomly oriented nanometer-sized equiaxed

grains (2− 5 nm) of MCD and UNCD, respectively. RMS surface roughness values were in

the range 400 nm to 1 µm and 20− 40 nm, respectively, for the MCD and UNCD �lms. An

AFM 2D image of a NCD coated Si3N4 surface is shown in Fig. 3.8(c) [92]. The examination

of the 20×20 µm2 scan produced surface roughness values of Ra = 0.34 µm, Rt = 3.01 µm and
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Rz = 2.57 µm, with the aforementioned height parameters de�ned like in Eqs. 3.13, 3.15, 3.16,

respectively. In terms of surface topography, the NCD coating deposited by radio-frequency

plasma-enhanced CVD (r.f. PECVD) exhibit clustered growth domains, often referred to as a

�cauli�ower-like� structure.

3.4.3 Raman spectroscopy of diamond �lms

The origin of Raman spectroscopy dates back to the early 20th century. Theoretical

studies postulated that photons should inelastically scatter from molecules in a similar fashion

to the Compton scattering of X-rays. In other words, Raman spectra result from the inelastic

scattering of optical photons by lattice vibration phonons [45]. The �rst experimental evidence

for such scattering events was provided by Raman, hence the name, and Krishnan, in 1928.

With the invention of the laser, the last 40 years have witnessed the transformation of Raman

spectroscopy into a sophisticated technique [93].

Raman spectroscopy has become a very popular technique for diamond �lm charac-

terization, for which no special requirements regarding sample preparation are needed. Indeed,

because Raman scattering is about 50 times more sensitive to p-bonded amorphous carbon and

graphite than to the phonon band of crystalline diamond, it constitutes a method of choice for

assessing the quality of CVD diamond �lms [46]. This results from its ability to give a �nger-

print of a material, with enough resolving power to discriminate between the distinct carbon

phases present. Moreover, for diamond �lms with very small (less than tens of nanometer)

defect-free regions, the size of those coherent scattering sites can be inferred from Raman data

and, concomitantly, dimensions (thicknesses) of distinct phase domains estimated [94].

Highly oriented pyrolytic graphite shows a strong E2g mode at 1580 cm−1 (G-band).

If graphite is reduced to small crystallites, say by mechanical grinding, additional modes as-

sociated to disordered graphite appear approximately at 1360 cm−1 (D-band) and 1620 cm−1

(D'-band) [43]. In contrast, tetrahedrally coordinated (sp3) pure diamond crystals exhibit a

very narrow F2g peak centered at 1332 cm−1, which is frequently used as a signature of high

crystalline nature [76]. A downshift and asymmetric broadening of the Raman line occurs for
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nanodiamond as a result of the phonon con�nement effect. Furthermore, using the intensity

ratio IG/Id , i.e. the ratio of the graphite G-band peak intensity in relation to the diamond peak

intensity, makes possible the assessment of the relative distribution of graphite on the diamond

surface over the sampled area, as well as estimate phase domain sizes [43].

Under speci�c conditions, instead of the appearance of a sharp diamond peak, the

triple degeneracy of the �rst-order Raman line may be partially or completely lifted as a re-

sult of the distortion of the cubic symmetry under biaxial or uniaxial stresses. According to

Windischmann and Gray [95], this phenomenon, which depends on the direction of the stress

relative to the crystallographic direction, will show its signature on the Raman spectrum by the

appearance of split peaks relative to the singlet and doublet lines. Another possible explanation

for the multiplicity of peaks was suggested by the same authors, where it is said that the effect

originates from a highly heterogeneous strain �eld occurring over micrometer length scales,

with possible sources for the strain �eld coming from dominant planar structural defects ob-

served in diamond, i.e. twining and stacking faults.

Figure 3.9(a) displays the Raman spectrum of a diamond coating produced by MW-

PACVD technique, where the main feature is the presence of a sharp peak clearly identifying

the tetrahedrally coordinated (sp3) diamond [54]. The diamond peak is centered at a frequency

of 1333 cm−1, i.e. very close to that of natural diamond (1332 cm−1), with a line width of

7.9 cm−1. This close vicinity to the diamond natural frequency is an indication that the coat-

ing is not under stress. Moreover, the large line width compared with that of natural diamond

(2 cm−1) points out that the microcrystallites likely have a high concentration of defects.

Selected results from a study conducted by Nistor et al. [94], regarding the Raman

characterization of diamond �lms grown at different CH4/H2 ratios (3, 30 and 100 %), are rep-

resented in Fig. 3.9(b). The coatings, deposited on Si substrates in a d.c. discharge reactor, were

of polycrystalline (3 % ratio) and nanocrystalline nature (30 and 100 % ratios). Readily, it can

be seen that the methane content appears to affect preferentially the shape of the fundamental

diamond mode, with the rest of the spectrum more or less unchanged for all �lms investi-

gated. Using computer deconvolution and subtraction of the photoluminescence background,
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Figure 3.9: Raman spectra of diamond �lms: (a) produced by MWPACVD [54]; (b) grown at

different methane contents [94].

six spectral components of Gaussian shape were identi�ed for spectrum A, i.e. corresponding

to the polycrystalline diamond coating. Each component was classi�ed as follows: disordered

sp3 carbon at peak position 1140 cm−1, C-N vibrations (1195 cm−1), diamond (1334 cm−1),

disordered graphite or D-band (1349 cm−1), distorted sp3 carbon (1488 cm−1) and graphite

(1579 cm−1). Nonetheless, it should be noted that the origin of the band at approximately

1150 cm−1 and the prolonged shoulder near 1480 cm−1 still constitute a source of intense de-

bate [46, 76, 94]. In fact, the very existence of a 1150 cm−1 Raman peak is widely used by many

researchers as a simple signature for the presence of NCD while others advocate that no relation

exists with any diamond frequency. In a recent study (2001) by Ferrari and Robertson [76], it

is argued that the 1150 cm−1 line cannot originate from a nanodiamond or related sp3-bonded

phase, but instead arise from a coexisting sp2 phase hypothesized as being transpolyacetylene.

Therefore, Raman spectra are useful in following the transition from microdiamond to nanodi-

amond, but one must be cautious in attempting to resolve C-C bonding information.

Besides the application of Raman spectroscopy to characterize the chemical bonding

and microstructure, its use as a stress measurement tool for CVD diamond �lms was �rst re-

ported by Knight and White [96] as far back as 1989. Since then, the straightforward model of

stress-induced linear shift in the peak position to assess stress states in diamond �lms has been

widely used. However, this simple model doesn't take into consideration several effects which
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will contribute as sources of error in the �nal stress calculations. In fact, temperature changes,

domain size effects, non-hydrostatic stress leading to lifting of the triple degeneracy of the sp3

line and variations in the stress sensitivity of the peak due to crystallographic orientation, can

all produce a measurable peak shift [95].

The diamond Raman peak suffers a downshift with increasing temperature. In a work

by Herchen et al. [97], a peak translation of −0.2 cm−1 per 10 ◦C temperature rise was re-

ported, which can account for an error of 80 MPa in the estimative of stress levels in diamond

coatings. Almost ten years before Knight and White's work [96], Richter et al. [98] had de-

veloped the phonon con�nement (domain size) model to explain the observed peak shift in

microcrystalline silicon, associated to the lack of wave vector momentum conservation. Thus,

accurate calculations for stress levels in diamond �lms must also take into consideration domain

size corrections, depending on the grain size. Measurement of the diamond Raman peak full

width at half-maximum (FWHM) will give the domain size correction [95].

For single-crystal diamond, a mean stress gauge factor of 2.58 cm−1 per GPa of com-

pressive stress has been evaluated based on results concerning the shift in Raman frequency as a

function of hydrostatic stress [99]. However, this hydrostatic stress factor cannot be used when

considering �lms deposited on substrates, since those are in a biaxial stress state. Considering

the speci�c case of biaxial plane stress, generally the stress tensor can be expressed as a su-

perposition of an hydrostatic and shear stress component. In such conditions, the hydrostatic

component represents only 2/3 of the biaxial stress. Therefore, the hydrostatic stress gauge fac-

tor must be multiplied by 3/2 in order to estimate the biaxial stress. Applying this correction

factor to a measured Raman peak shift around 3.57 cm−1 (stress value of 1385 MPa), for the

case of a 70 µm diamond �lm deposited onto a 3 mm thick molybdenum substrate, Windis-

chmann and Gray [95] reported a value around 2.10 GPa for the �lm's biaxial stress. Moreover,

they also refer an agreement with stress values calculated from substrate curvature measure-

ments, which validates the approach.

As said earlier, the stress-induced dependence of both shift and splitting of the diamond

peak will vary with crystallographic orientation. In fact, a single Raman line is observed under
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inexistent or hydrostatic stress states. For the case of CVD diamond, Ager and Drory [99] have

derived residual biaxial stress gauge factors for polycrystalline �lms. A more thorough dis-

cussion regarding biaxial stress calculations using Ager and Drory's model and micro-Raman

spectroscopy data of CVD diamond coatings, relevant to the present thesis work, is presented

in Publication II (Sec. 4.3). There, experimental data from µ-Raman studies of worn CVD

coatings were used in order to assess the tribologically-induced biaxial stresses of damaged

diamond �lms, as well as their implications in terms of maximum sustainable load for the de-

posited coatings under sliding.

3.4.4 Acoustic Emission (AE)

The real-time non-destructive acoustic emission (AE) technique was originally de-

veloped for testing and monitoring the integrity of static structures. However, over the years

its �eld of application has been broadened to include the monitoring of rotating machines and

rolling bearings, and to investigate the macroscopic response of materials to strain �elds. The

AE phenomenon originates from the rapid release of strain energy caused by a deformation

or damage within or on the surface of a material, where part of it radiates from the source in

the form of transient high frequency elastic waves (50 kHz to 2 MHz) [100, 101]. Regarding

tribological phenomena, AE can be de�ned as the transient elastic waves generated by the in-

teraction of two surfaces in relative motion [102].

Possible sources for these elastic waves would include crystal defects and dislocations, grain

boundary movements, initiation and propagation of cracks and fractures and compression of

voids or inclusions, among others [100]. The formation of subsurface cracks owing to the

Hertzian cyclic contact stress in rolling or sliding tribosystems will also constitute a source for

AE activity [102].

After the realization that sliding friction and wear constitute phenomena involving in

general deformation and/or fracture and, therefore, could be processes triggering AE activity,

several issues arose. The most pertinent questions left to answer related to the amount of AE

energy emitted from sliding counterparts and how such quantity could be correlated to parame-

ters ruling the behaviour of tribosystems [100]. Accordingly, several studies have been carried

out to investigate such relationship, if it existed, with some of a more practical nature deal-
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ing with the application of AE technique to diagnose speci�c tribosystems, like rolling contact

bearings [102, 103], tool wear evaluation [104, 105] or head/disc interface wear in hard-disc

drives (HDD) [106]. In another work involving HDD, Matsuoka et al. [107] made use of the

AE technique to study the contact conditions between the slider and disc, with the purpose of

assessing the minute wear which affects the performance of HDD. In their study, an expression

relating the AE signal (rms voltage) and wear coef�cient, which depends on two experimental

constants previously determined by different sets of measured wear volume and observed AE

activity, is presented. Therefore, once these experimental parameters are determined, the in-situ

wear of HDD's head/disc components could be evaluated by recording the AE signal [107].

In a more fundamental research work, Lingard and Ng [100] conducted several exper-

iments with the objective of measuring the AE in severe sliding of metallic specimens, so as to

determine a possible correlation between AE signal and wear-friction parameters. The authors

found that AE is readily observed in dry sliding and that emissions rates vary systematically

with the applied load, sliding speed and material combination. A correlation was also observed

between the cumulative AE count and the total frictional work done. Nonetheless, no consistent

relationship between the AE activity and absolute wear rate could be established by the authors.

In a work by Hisakado and Warashina [108], AE event counting was investigated as a mean to

estimate the wear rate and surface damage resulting from the sliding of metal surfaces under

various lubricated conditions. A general conclusion drawn by the authors was that an increase

of the mean AE event counting rate was readily observed with increasing values of the mean

friction coef�cient and speci�c wear rates of the tribo-elements. Moreover, the AE event count-

ing rates were seen to increase with the mean depth of micro-grooves resulting from wear.

A comprehensive review of some of the most relevant research works existing pre-

viously on AE applied to tribological phenomena, is presented in a paper by Jiaa and Dorn-

feld [101]. As a common denominator, the sensitivity of the AE signal to friction and wear

phenomena was clearly demonstrated on the various cited works. Among those, the study con-

ducted by Diei [109], incorporating AE measurements during pin-on-disc (POD) tribo-tests,

have suggested a close relationship between AE and friction work generated from the sliding

contact. Moreover, Diei also found that a distinction between �running-in� (self-accommodation)
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and �steady-state� friction regimes could be identi�ed by looking at the level of AE voltage

(rms). An increase in the rate of AE with the length of apparent area of contact was observed

as well. Besides, it's noteworthy that Diei's experimental �ndings also lead him to propose a

power function relation between AE rms signal and the rate of frictional energy dissipation.

Jiaa and Dornfeld's own experimental results have drawn the authors to divide the entire sliding

process into three distinct regions (running-in, steady-state and self-accelerating), based on AE

rms voltage and measured wear rate generated from the sliding contact of metallic pairs on a

POD apparatus. The in�uence of process variables such as the loading conditions, sliding speed

and distances, on the AE activity was also veri�ed. Results showed that, under a steady-state

regime, the AE rms voltage increases with increasing applied load and sliding speed, and the

mechanical properties of the materials will also in�uence the AE rms signal. Other important

conclusions of their study were: the analysis of the raw AE signal in the frequency domain en-

abled the detection of stick-slip phenomena in sliding contact, and the transition from running-

in to steady-state regime could be monitored using the rms level of AE signals. Therefore, the

effectiveness of AE techniques in detecting changes in the tribological characteristics of the

sliding surfaces was clearly demonstrated by them.

The usual measured parameters in AE technique for diagnostic or monitoring pur-

poses are the maximum amplitude of the signal (in Volt), rms voltage (a measure of signal

intensity), energy (Vs), pulse count and events. In counts operating mode, the number of times

the amplitude of the AE signal exceeds a preset threshold level (i.e. voltage) in a given time is

accounted for, while an AE event represents a group of counts which implies a transient elastic

wave [102]. Some of the most common methods of AE measurements are depicted in Fig. 3.10,

to better comprehend their meaning.

During sliding contact, the optimal use of AE technique could be sometimes compromised due

to the fact that many wear mechanisms could occur simultaneously. This could pose dif�culties

during acquisition, when e.g. using the pulse count mode. Nonetheless, these limitations can be

greatly lessen with the use of the rms amplitude measurement principle instead, where the AE

rms voltage represents the energy of the AE activity [110].

Based on the aforementioned works, positive remarks can be drawn regarding the use

of AE technique in monitoring the friction and wear behaviour of sliding materials, therefore
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Figure 3.10: Some of the most common measuring principles for AE technique [111].

demonstrating the validity of this real-time non-destructive technique in the study of the tribo-

logical performance of hard coatings. Moreover, one of the main advantage of AE, especially

for tool wear monitoring, is that the frequency range of AE signals is much higher than that of

the environmental noise or tribosystem vibrations, thus eliminating the risks of overlapping in-

terference [105]. The possibility of detecting in the early stage singular events like �lm seizure

by delamination or other forms of severe damage to the coatings constitutes another asset of the

AE technique.

However, several factors that affect the propagation of AE waves should be taken into consid-

eration, namely the materials microstructure, inhomogeneities, geometrical arrangement of free

surfaces, loading conditions, relative velocity or rotational speed of antagonist surfaces, and the

number of component interfaces. Moreover, It has been shown that the nature of the lubricant

could also in�uence the AE signal [102]. Besides, the type and positioning of the AE transducer

relative to the contact surface needs also a careful thought.

An AE acquisition system is normally composed of a AE transducer or sensor, one or

more ampli�cation and �ltering stages, analogue-to-digital converter (ADC) and data acquisi-

tion board to record the experimental data into a personal computer. The most commonly used

vibration transducers are of the piezoelectric and resonance accelerometers types, which should

be conveniently coupled to the source of elastic waves.
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In the present dissertation work a �broad band� AE transducer of the piezoelectric-

type (Bruël & Kjaer) was attached directly on the �ank of the �at specimens sample holder,

in close proximity to the contact region, in an attempt to correlate AE information and the

tribological interaction of self-mated MCD coatings. Further details regarding the experimental

setup and results of the investigation are presented in Publication III (see Sec. 4.4).
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4.1 Introduction

This chapter gathers four scienti�c articles (Publications I-IV), reporting on the tribo-

logical characterisation of self-mated MCD-coated Si3N4 tribosystems conducted in this thesis.

Tribo-testing for all studies was carried out in an adapted ball-on-�at (BOF) tribometer (PLINT

TE/67R), with linear reciprocating motion. The oscillating frequency (1 Hz) and amplitude

(3 mm) was kept constant in all studies, whereas the applied normal load and operating envi-

ronment constituted the experimental variables. Moreover, two durations were used in tribo-

testing, namely 2 h for the standard tests and 16 h for the endurance tests, which correspond to

approximate sliding distances of 86 m and 690 m, respectively.

The ceramic Si3N4 was used as the substrate material, where the �at specimens were

produced by pressureless sintering (1750 ◦C for 2 h), while the ball specimens were from com-

mercial origin (Kema Nord). Diamond deposition was carried out in a microwave plasma-

assisted CVD reactor, for the production of all samples used in these studies and where data

relative to the diamond grain size, �lm thickness and other processing parameters can be found

in the experimental procedure section of each article.

As a general procedure, the as-deposited and worn coatings were studied by several charac-

terisation techniques, namely scanning electron microscopy (SEM), atomic force microscopy

(AFM), optical microscopy (OM) and micro-Raman, with the purpose of assessing the diamond

quality and morphology of the coatings, their topography and prevailing wear mechanisms.

Moreover, the two tribological parameters, friction coef�cient and speci�c wear rate (or dimen-

sional wear coef�cient), were determined for all tribosystems and experimental conditions.

Publication I (Sec. 4.2) is dedicated to the study of the in�uence of diamond de-

position time and, therefore grain size, on the tribological performance of self-mated MCD

coatings. Three deposition times (1 h, 2.5 h and 10 h) were analysed in order to assess which

MCD coatings bear the most adequate tribological performance and, therefore, to be selected

for subsequent studies involving microcrystalline diamond-on-diamond tribosystems.

For such purpose, reciprocating unlubricated sliding experiments were performed in ambient

atmosphere, at room temperature, with applied normal load values in the leeway 10− 105 N.
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Moreover, this wide range of applied contact loads enabled the determination of the threshold

load of the MCD coatings under tribological stress, prior to �lm failure by delamination.

In this study, micro-Raman spectroscopy was also used to assess the diamond �lm quality of

the as-deposited coatings and to gather information concerning the residual stress state of worn

coatings, based on the diamond line shift.

In Publication II (Sec. 4.3), a comprehensive study of the tribological behaviour

of MCD-coated Si3N4 systems is presented, with particular emphasis on the various friction

regimes occurring and their explanation in terms of existing friction theories of diamond; the

identi�cation of prevailing wear processes and mechanisms, as well as other surface damage

mechanisms leading to the degradation of the coatings' surface roughness.

Additionally, a novel method is presented to estimate the speci�c wear rate of MCD �at speci-

mens, using AFM and OM characterisation techniques, which bears excellent results, in agree-

ment with those expected from the measurement of near-circular wear scars imprinted in round

specimens.

Publication III (Sec. 4.4) reports on the �ndings of a study concerning the application

of the acoustic emission (AE) technique to monitor the friction behaviour during the sliding

contact of MCD coatings. In particular, it aims to establish a correlation between the AE signal

and the frictional behaviour. For this purpose, the AE signal was recorded by a piezoelectric

transducer (Brüel & Kjaer), �rmly secured to the lower sample holder in a perpendicular po-

sition relative to the sliding direction. An ampli�cation/�ltering stage (Brüel & Kjaer), with

a frequency window of 50 kHz-2 MHz, was employed in the conversion of the AE pressure

intensity into a measurable voltage at adequate acquisition rates.

Besides the use of AE, this work was complemented by other characterisation techniques,

namely SEM, AFM and µ-Raman studies in order to analyse the as-deposited and worn fea-

tures of the MCD coatings.

The fourth article (Publication IV, Sec. 4.5) in this chapter is dedicated to the analysis

of the friction and wear behaviour of self-mated MCD-coated Si3N4 �lms, when subjected to

water lubrication. In this last work, intense contact stress conditions were experimented during
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sliding by imposing high loads (70−160 N), in order to evaluate the potential of MCD-coated

Si3N4 �lms in, e.g., metalworking and �uid handling applications.

A comprehensive study using AFM's three-dimensional resolving power, of wear-induced sur-

face features and topography resulting from the application of such high contact loads is equally

presented in the article.

Moreover, a relationship between the diamond surface asperities and morphology of the gener-

ated wear particle debris, entrapped in the aqueous media, is also established, which corrobo-

rates the description of the predominant wear mechanisms for MCD coatings.
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(A) UNLUBRICATED TESTS

4.2 Grain size effect on self-mated CVD diamond dry tribosystems

[Publication I]

C.S. Abreu, F.J. Oliveira, M. Belmonte, A.J.S. Fernandes, R.F. Silva, J.R. Gomes

Wear, 259 (2006) 771-778

Abstract

Chemical vapour deposited (CVD) diamond coatings are important for tribological

applications due to their unique combination of properties. Previous work demonstrated that sil-

icon nitride (Si3N4) excels as a substrate for diamond coatings due to its low thermal expansion

coef�cient mismatch relative to diamond �lms resulting in a signi�cant adhesion improvement.

In this study, dense Si3N4 substrates were fabricated by pressureless sintering and diamond

coated by microwave plasma chemical vapour deposition (MPCVD). The deposition time var-

ied between 1 and 10 h in order to investigate the effect of the diamond grain size and �lm

thickness on the tribological behaviour of self-mated CVD diamond coatings on Si3N4. Recip-

rocating dry sliding ball-on-�at wear tests were performed in air up to 16 h, at room temperature,

with normal applied load ranging from 10 N to 105 N. The stroke and frequency of the sliding

motion were kept constant with values of 6 mm and 1 Hz, respectively. Several characterisation

techniques (SEM, AFM, micro-Raman) were used to identify the prevailing surface damage

mechanisms. After a very short running-in regime, with high friction coef�cients, a steady-

state regime is reached, characterized by extremely low friction values (µ∼ 0.03). A mild wear

mode was achieved for the longer runs, with wear coef�cient values around 10−8 mm3N−1m−1.

The larger grain sized and thicker coatings present smaller compressive residual stresses (be-

low 1 GPa) due to a better in-depth accommodation of the contact pressure. This delays �lm

delamination to much higher applied loads (105 N) than the thinner, small grain sized coatings,

grown for 1 h that fail in sliding under 35 N of normal load.

Keywords: Wear, Friction, CVD diamond, Grain size
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4.2.1 Introduction

Diamond coating �lms can improve many surface properties of engineering substrate

materials, including erosion, corrosion, and wear resistance. Moreover, cleaved diamond sur-

faces exhibit one of the lowest friction coef�cients of any known material, making them ideal

for highly demanding tribological applications in open air [26, 32]. In particular, diamond �lms

obtained by chemical vapour deposition (CVD) technique have demonstrated suitable behaviour

that makes them appropriate for many technological applications where these characteristics are

determinant. This technology has signi�cantly lowered the cost of synthetic diamond compar-

ing to that of the conventional high pressure-high temperature (HPHT) diamond. Thus, CVD

diamonds �lms are used or being considered as coating material for machine cutting tools,

mechanical face seals, protective coatings for aerospace components, hard disks and medical

implants [33, 112, 113, 114].

Various metallic and nonmetallic substrate materials are employed for CVD diamond

deposition [24]. Among them, silicon nitride (Si3N4) is gaining increasing importance due

to the low thermal expansion coef�cient mismatch between the diamond �lm and substrate.

This minimises the interfacial residual stresses between the coating and substrate, leading to

enhanced diamond/substrate adhesion. Further, Si3N4 possesses high hardness, high fracture

toughness, an excellent thermal shock resistance, low coef�cient of friction in open air and ex-

cellent wear resistance [52, 73].

Most diamond-on-diamond tribological studies have been performed using mainly

natural single-crystal diamond as the counterpart material [9, 19, 26, 33]. Moreover, recent

work on CVD diamond �lms were primarily oriented on the study of frictional properties of the

coatings under vacuum conditions, under partial pressures of atmospheric gases or performed

with small applied normal loads [47]. Gardos [32] performed scanning electron microscope

(SEM) tribometry studies of self-mated diamond �lms in vacuum, or at partial pressures of hy-

drogen and oxygen, to examine the surface chemistry-induced friction and wear changes as a

function of atmospheric environment and temperature. Miyoshi et al. [25] investigated the po-

tential of CVD diamond-coated Si3N4 substrate for solid �lm lubrication, among other coatings,
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under humid air, dry nitrogen and ultra-high vacuum conditions. Low coef�cients of friction

(< 0.1) and moderate wear rates (≤ 10−6 mm3N−1m−1) were reported for the unlubricated slid-

ing of self-mated CVD diamond �lms in humid air. However, such tests were performed with

an applied load of only 0.98 N. To such an extent, very limited information regarding the wear

properties of self-mated CVD diamond-coated Si3N4, particularly for higher applied loads, is

available in the open literature.

The objective of this study is to investigate the in�uence of diamond grain size on the

tribological performance of self-mated CVD diamond-coated Si3N4 parts. Sliding tests were

performed in open air using a reciprocal motion ball-on-�at (BOF) con�guration in order to

assess their friction and wear properties at several loads (10−105 N range). Further, the critical

load prior to �lm delamination, originated by tribological action, was identi�ed. SEM and AFM

were used to characterize the morphology of the worn surfaces. Micro-Raman spectroscopy was

used to study the quality of the deposited �lms and to investigate the residual stress induced by

tribological action.

4.2.2 Experimental Procedure

Substrate material

Substrate material consisting of dense silicon nitride (Si3N4) was prepared from start-

ing powders of a-Si3N4 (Starck grade M11), Y2O3 (Starck grade C) and Al2O3 (ALCOA

CT-3000SG). Batch compositions with weight proportions of 89.3, 7.0 and 3.7%, respectively,

were Si3N4 ball milled in isopropyl alcohol during 4 h. The obtained homogeneous suspension

was then dried at 60 ◦C, sieved with an 115 µmmesh and burnt at 400 ◦C during 4 h. In order to

achieve full densi�cation of the Si3N4 substrates (> 99% of the theoretical density) the mixed

powders were consolidated by uniaxial pressing at 30 MPa, followed by isostatic pressing at

200 MPa and then placed inside powder-bed Si3N4/BN protected graphite crucibles. Flat quad-

rangular samples with 10 mm sides and thickness of 3 mm were �nally pressureless sintered at

1750 ◦C for 2 h, under nitrogen atmosphere. Dense commercial balls of Si3N4 with a diameter

of 5 mm were also used as substrate material.
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Prior to diamond deposition, all of the sintered �at samples were submitted to the

following surface pre-treatment: grinding with 15 µm diamond paste and subsequently polish-

ing to a specular �nishing with colloidal silica (0.25 µm; type Syton). In the follow-up, the

samples were manually abraded with 0.5−1 µm sized diamond powder on a silk cloth and then

rinsed in acetone/ethanol ultrasonic bath for 10 min, to remove loose diamond particles. The

chosen procedure for the surface pre-treatments relies on a study showing superior results, con-

cerning diamond nucleation density and �lm homogeneity, for the mechanically micro�awed

Si3N4 substrates [115]. Surface modi�cation pre-treatments of the ball samples consisted in

polishing with 0.25 µm sized colloidal silica, followed by micro�awing by ultrasonic agitation

of diamond powder (0.5−1 µm) suspension in n-hexane.

Deposition technique

Diamond deposition was carried out in a microwave plasma chemical vapour deposi-

tion (MPCVD) system (ASTeX PDS18, Seocal and Seki Technotron Corp., Japan). Different

deposition conditions were used in order to achieve diamond �lms with distinct grain sizes and

to adjust the deposition procedure to the distinct substrate geometries involved aiming simi-

lar �lm thicknesses in the �at and ball specimens. In the present study, three types of CVD

diamond-coated Si3N4 materials were tested corresponding to depositions times of 1 h, 2.5 h

and 10 h. The deposition parameters were as follows: microwave power = 2 kW; chamber total

pressure = 1.2×104 Pa; H2/CH4 gas �ow = 400/20 standard cubic centimetre per minute (sccm)

and 400/16 sccm for the �at and ball specimens, respectively.

The diamond �lms in all the samples exhibited a fully adhered and continuous �lm

aspect. A former study done by Belmonte et al. [73] in regard to the adhesion behaviour of

CVD diamond-coated Si3N4 produced using the same setup and similar deposition conditions

(deposition time = 2 h), demonstrated that the coatings did not delaminate up to an indentation

load of ∼ 800 N. The chosen deposition conditions lead to a growth rate of approximately

3 µmh−1 [116].
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Structural and tribological characterisations

In this study, a variety of experimental techniques were used in order to assess diamond

�lm quality, surface morphology and tribological response of the CVD diamond-coated Si3N4

ceramics. The combination of measurements and diagnostic techniques was applied to corre-

late diamond grain size effect on the tribological performance of the diamond �lms. Ultrasonic

cleaning of samples in ethanol was performed before each characterisation procedure.

Friction and wear testing of self-mated CVD diamond-coated Si3N4 samples were

conducted using an oscillating BOF adapted tribometer (PLINT TE67) in order to investigate

the in�uence of diamond grain size on the tribological behaviour of this tribosystem. The

diamond-coated balls (upper specimen) were �xed in a sample holder arm and made to contact

with a de�ned load onto the diamond-coated �at square specimens mounted on a reciprocating

table. The tests were performed under a dry sliding arrangement in open air (∼ 50−60% RH)

with a constant stroke and frequency of 6 mm and 1 Hz, respectively. The duration of the tribo-

logical experiments were chosen to be 2 h for the regular tests, which corresponded to a sliding

distance of approximately 86 m. Endurance tests run for an uninterrupted period of time of

16 h (sliding distance, x∼ 691 m) were also performed for some selected contact forces. Static

normal loads ranging from 10 to 105 N were applied directly over the ball specimens, by means

of dead-weights. Assuming Hertzian theory for the elastic contact between a spherical/planar

geometry, these conditions produced an initial contact pressure of approximately 5− 11 GPa,

respectively [117]. The friction force was measured by a load cell, its signal ampli�ed and pro-

cessed by a personal computer. Prior to testing, the load cell was calibrated by applying two to

three known dead weights in the range of the measured loads.

Micro-Raman spectroscopy was used to characterise the atomic bonding state and

diamond �lm quality of the CVD coatings [25, 26]. Further, measurements of the Raman

diamond peak shift of worn CVD diamond �lms permitted residual stress state evaluation in-

duced by the tribological action [113, 118]. Micro-Raman measurements were carried out with

a Jobin-Ybon spectrometer (Model T6400) using the 514.5 nm line of an argon-ion laser beam

focused onto the �lm, with a spot size of 1 µm and a laser power of few tens of mW.
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A Digital Instruments NanoScope IIIa atomic force microscope (AFM) was used to

study the surface morphology of as-grown and worn CVD diamond �lms. Roughness values

and surface features were calculated by inherent NanoScope III software. The surface mi-

crostructure, grain size and coating thickness of the studied CVD diamond �lms were observed

by a Hitachi (model S-4100) scanning electron microscope (SEM). Furthermore, low ampli-

�cation observations by SEM were also conducted with the purpose of measuring the radius

of near circular wear scar of the ball specimens and thereby estimate the wear volume of this

triboelement.

4.2.3 Results and Discussion

Morphology of as-grown and worn diamond �lms

The initial diamond grain size and morphology of the three distinct coatings in this

work is shown in Fig. 4.1. The polycrystalline �lms are composed of sharp, well faceted micro-

crystallites with diamond grain sizes of 1.8± 0.8 µm, 2.4± 1.1 µm and 4.6± 1.7 µm, for the

1 h, 2.5 h and 10 h deposited coatings, respectively. The corresponding initial surface roughness

(Ra) estimated from AFM characterization are 155, 170 and 396 nm (load = 0 N in Fig. 4.2).

Triangular {111} facets predominate in the larger grains. Such a surface morphology is charac-

teristic of most conventional CVD-grown thin �lms [52, 118].

Selected AFM images of unworn and tribologically tested �at samples are presented

in Fig. 4.3. Fig. 4.3(a) and (b) correspond to 1 h deposited specimens for the initial and the

smoothest �nishing condition, respectively. The latter one results from extensive self-polishing

action against the coated sphere counterpart. A homologous pair but for the 2.5 h diamond-

coated material is depicted in Fig. 4.3(d) and (e). The images set in Fig. 4.4 correspond to the

topographic features as a function of applied normal loads for the 10 h diamond-coated plate.

The pictures show enhanced smoothening of the surface with increasing load, the diamond as-

perities being truncated as a result of the sliding process, as quantitatively revealed in Fig. 4.2.

One of the features evidenced in Fig. 4.2 is the surface degradation above a speci�c load where a

minimum of roughness takes place, namely for 1 and 2.5 h curves. This behaviour is supported

by the image in Fig. 4.3(c), where some evidence of what seems to be diamond pull-outs are
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Figure 4.1: SEM micrographs of CVD diamond coatings on Si3N4 �at specimens: (a) 1 h of

deposition time; (b) 2.5 h; (c) 10 h.

visible, i.e. micron-sized pits caused by localized removal of crystal aggregates. From Fig. 4.2,

it is also clear that �endurance tests� of 16 h runs lead to similar �nishing (very low Ra values of

8 nm) independently of the initial diamond grain size. Similar surface morphologies for worn

CVD diamond �lms were reported by a number of other works [26, 32, 47, 52].

The plots for each coating growth time given in Fig. 4.2, which are directly propor-

tional to �lm thickness, also depict the respective critical loads (35, 80 and 105 N) prior to gross

�lm detachment by delamination, therefore, leading to coating failure under tribological action.

However, it is worth noting that a complete coverage of the diamond �lm on Si3N4 substrate can
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Figure 4.2: Roughness average values as a function of applied load used in ball-on-�at tribo-

logical experiments for distinct CVD deposition times (1, 2.5 and 10 h). �Endurance� tests refer

to 16 h sliding whereas the remaining results represent 2 h test runs.

still be observed after 16 h of sliding contact, even under 55 N of normal load, which suggest

a strongly adhered coating to the substrate. Similar intense mechanical solicitation is not found

in literature for tribological performance comparison.

Bonding and stress state evolution induced by tribological action

Raman spectroscopy is a suitable optical technique for analysing carbon based ma-

terials, since it is able to give both chemical (non-diamond phases, dopants, impurities) and

structural (strain) information [118]. The laser-optical Raman technique can differentiate with

great precision the atomic bonding states of the carbon atoms (sp3 for diamond and sp2 for other

non-diamond forms of carbon such as graphite) due to their different vibrational modes [26].

Representative expanded micro-Raman spectra for a given sample (10 h deposited)

are shown in Fig. 4.5(a) as a function of BOF applied load. For reference purposes, the

Raman spectrum of the as-deposited �lm (untested) is also represented. Also, the curves were

vertically displaced for viewing purposes. These curves are enlarged around the diamond peak

(1332 cm−1) with the purpose of evidencing diamond peak shifts and associated residual stress
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Figure 4.3: AFM images of selected CVD diamond-coated Si3N4 �at specimens: (a) 1 h de-

posited untested sample; (b) 1 h deposited and tested under 20 N; (c) 1 h deposited and tested

under 35 N; (d) 2.5 h deposited untested sample; (e) 2.5 h deposited and tested under 40 N.

state of each �lm. The picture shows a positive shift of the diamond peak with increasing

loads as well as FWHM broadening resulting from enhanced compressive state and anisotropic

stress distribution resulting from the contact pressures arising during the sliding tests [118].

The same trend is observed for increasing sliding distances, at constant load, as depicted in

Fig. 4.5(b). Full spectra do not show any signs of graphitic phases even after tribological action

(see Fig. 4.5(c)).

Several groups have used Raman spectroscopy for stress measurements in diamond

�lms. The dependence of the diamond Raman line shift on applied pressure can be estimated

from the expression s ∼ −0.34 Dn GPa·cm−1, where represents the shift of the diamond

line [113]. An upward or downward shift will indicate a compressive or tensile stress state

for the diamond �lm, respectively. Results from residual stress calculations are plotted in

Fig. 4.5(d). All studied �lms have revealed a compressive nature, which is less accentuated

for the thicker coatings grown for 10 h due to a better in-depth accommodation of the contact
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Figure 4.4: AFM pictures showing the variation of topographic features with applied loads for

the 10 h grown CVD diamond coatings: as-deposited (a); after 40 N (b); 80 N (c); 105 N (d)

sliding.

pressure. The increment of the peak shift with load already seen in Fig. 4.5(a) re�ects itself in

the positive slope of the compressive residual stress vs. load plot, Fig. 4.5(d).

Friction and wear properties of diamond �lms

Typical friction curves obtained for the sliding tests of the self-mated CVD diamond-

coated Si3N4 materials are characterized by an initial ephemeral sharp peak followed by a gra-

dual decay of the coef�cient of friction to very low steady state values (µ∼ 0.03). To illustrate

the friction regimes occurring in the sliding tests, a detail of an overall instantaneous friction

curve is shown in Fig. 4.6(a). Identi�ed in each plot are three distinct regimes (labeled I, II

and III) that correspond to a different behaviour for the friction coef�cient. Regime I is the ini-

tial transient resulting from intense mechanical interactions between the sharp tips of diamond

asperities of both the contacting surfaces. As sliding continued and the ball passed repeatedly

over the same track, the coef�cient of friction is signi�cantly affected by the gradual blunting of
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Figure 4.5: Micro-Raman spectra around the diamond peak (1332 cm−1): (a) curves for

untested and worn samples of the 10 h grown CVD diamond �at specimens for different ap-

plied normal loads; (b) curves for untested and worn samples of the 1 h grown CVD diamond

�at specimens for different sliding distances under 20 N; (c) extended spectra including the

graphite band region for untested and worn samples of 1 and 10 h grown CVD diamond �at

specimens for different applied normal loads; (d) calculated compressive residual stresses in-

duced by tribological action plotted as a function of applied load for different �lms.

asperities tips. Regime II corresponds to a relatively short transition stage and it is the result of

the running-in effect of accommodation between counter-bodies and debris action. Afterwards,

and for the rest of the duration of the tests, the coef�cient of friction leveled off and tended sta-

bilise (Regime III). Likewise, after the coef�cient of friction has reached its steady state value

it remained stable for the full duration of the tests, even for the endurance tests (sliding distance

x∼ 691 m). This behaviour for the stationary friction coef�cient is in accordance with data from

other authors [26, 47] for the dry sliding of diamond �lms in humid air, being a consequence of

the resulting smooth passivated contacting surfaces and low �nal Hertzian contact pressures.
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Figure 4.6: (a) Representative curve of the friction coef�cient evolution showing distinct fric-

tion regimes (1 h deposited �lm tested under 20 N). (b) Variation of the initial friction coef�cient

(µmax) with applied normal load for the three kind of CVD coatings.

The variation curves for the initial maximum friction coef�cient (µmax) with applied

normal load are presented in Fig. 4.6(b). As expected, µmax shows a growing tendency with

increasing load as a result of the higher initial maximum contact pressures at stake that in turn

gave rise to bigger friction forces. Likewise, a direct dependence of µmax on the initial surface

roughness of the �lm is observed [26].

The wear coef�cient of the ball specimens (Kb) were calculated from the diameter of

the near circular wear scars observed after completion of the tests. That is, in cases that wear

can be neglected on the �at specimen, i.e. only wear of the ball is considered on a BOF tri-
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bosystem, the volumetric wear (V ) can be calculated from the diameter (d) of the scar and the

radius (r) of the ball according to: V = pd4/64r [119]. Fig. 4.7 shows the calculated values of

Kb for the distinct �lms after 2 h sliding tests. The wear coef�cient values were calculated in

accordance with Archard's law: Kb =V/xW , were x is the sliding distance, andW the applied

load. Wear coef�cients in the 10−7 mm3N−1m−1 order of magnitude denote a mild wear mode

for the self-mated CVD diamond �lms sliding in ambient air. It is noteworthy that the assessed

values for the tests show values one order of magnitude smaller, i.e. in the ultra-mild wear mode

range. As can be seen from Fig. 4.7, the wear coef�cients are slightly dependent on grain size,

or initial surface roughness, of the CVD diamond �lms.

Figure 4.7: Average ball wear coef�cient values for self-mated tribological tests with distinct

deposition time CVD diamond �lms.

Miyoshi [33] found wear coef�cients in the 1.0× 10−7 to 1.2× 10−7 mm3N−1m−1

range for coarse grain (3.3 µm) diamond �lms, similar to the present ones. However, the tri-

bosystem used consisted of a natural single-crystal diamond pin sliding over a CVD diamond-

coated a-SiC substrate, in humid air (R.H. of 40%). In other work by Miyoshi et al. [25],

observed wear rates in the 2× 10−6 to 3× 10−6 mm3N−1m−1 range are reported for a CVD

diamond pin sliding over a polished diamond �lm in humid air (R.H. of 40%) and an applied

load of just 0.98 N. Considering the widely differing roughness and experimental geometries

involved, the wear rates shown in the present study are consistent with those of the diamond
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on diamond experiments previously referred, if not betters. Further, higher applied loads have

been used in the present work. This suggests that CVD diamond-coated Si3N4 �lms have com-

parable wear resistances to single-crystal diamonds, despite their polycrystalline morphology

and associated grain boundaries.

4.2.4 Conclusions

Continuous, well-adhered CVD diamond on silicon nitride �at and ball specimens

were produced by microwave plasma technique. Self-mated ball-on-�at tribological dry tests

reveal a self-polishing mechanism accomplished by diamond asperities truncation. This lead

to very low surface roughness �nishing of approximately 8 nm after 16 h sliding runs. Such

extremely low values occur at a speci�c applied load above which some surface degradation

takes place by diamond pull-outs. The �nishing quality is improved for the lower grain sized

coatings (1.8 µm) but these fail at much lower loads (35 N) than the larger grain sized (4.6 µm)

and thicker ones that delaminate only at 105 N.

Micro-Raman characterisation of the tested samples did not reveal any signs of sur-

face graphitic phase transformation. Spectra show increasingly diamond peak broadening and

positive shift deviation with increasing loads, or increasing sliding distances, coming from

higher compressive residual stresses and enhanced stress anisotropy imposed by the contact

pressures, or working time. The compressive magnitude of the residual stresses is smaller for

the thicker coatings grown for 10 h, with values below 1 GPa, due to a better in-depth accom-

modation of the contact pressure.

The friction evolution of the self-mated tests with the CVD diamond-coated Si3N4

materials start with a sharp peak arising from mechanical interlocking between the diamond

asperities. A subsequent transition regime of running-in, corresponding to the accommoda-

tion between counter-bodies, leads to a �nal steady-state regime where very low friction values

(∼ 0.03) are attained. In this regime, the wear coef�cient of the balls reached a value of the

order of 10−8 mm3N−1m−1, denoting a mild wear mode.
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Abstract

Friction and wear behaviour of self-mated chemical vapour deposited (CVD) diamond

�lms coating silicon nitride ceramics (Si3N4) were investigated in ambient atmosphere. The tri-

bological tests were conducted in a reciprocal motion ball-on-�at type tribometer under applied

normal loads up to 80 N (∼ 10 GPa). Several characterisation techniques - including scanning

electron microscopy (SEM), atomic force microscopy (AFM) and micro-Raman studies - were

used in order to assess the quality, stress state and wear resistance of the coatings. In addition, a

novel method is presented to estimate the wear coef�cient of the diamond coated �at specimens

from AFM and optical microscopy (OM) observations of the wear tracks.

Keywords: CVD diamond, Silicon nitride, Residual stresses

4.3.1 Introduction

Diamond �lms grown by chemical vapour deposition (CVD) technique keep most of

the outstanding properties of natural diamond, including extreme hardness, high resistance to

abrasion, very low coef�cient of friction in ambient atmosphere, chemical inertness and high

corrosion resistance. CVD diamond has already found applicability or constitutes a material

with acknowledged potential for the aerospace, automotive, machining and �uid-handling in-

dustries [33, 114], and more recently in microelectromechanical systems (MEMS) and biome-

chanical applications [47, 62].

Tribological characterisation of dissimilar pairs involving diamond against ceramics

or cemented carbide, generally shows that the counterbody suffers intense wear damage as op-

posed to diamond, that almost invariably stays unaltered [119, 120, 121, 122]. Thus, in order to
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know the correct tribological performance of diamond under more realistic conditions, diamond

on diamond sliding tests must be performed, particularly under high loads and without lubrica-

tion.

Earlier studies done by a number of researchers, concerning the tribological behaviour

of natural diamond and diamond �lms, are summarised in the papers by Field et al. [11] and

Habig [42]. For reciprocating sliding tests of diamond �lm discs in contact with natural diamond

pins and under an applied load of 1 N, in humid air, the reported values for the friction coef�-

cient range between 0.03− 0.04 with a wear coef�cient of 2× 10−7 mm3N−1m−1 for the �at

specimens. In another mentioned work, fretting studies of homologous pairs of diamond �lms

produced by hot �lament CVD report a decrease of the friction coef�cient from initial values in

the 0.2− 0.3 range to steady-state 0.05, in ambient atmosphere (R.H. 50-60%). However, the

substrate material used for the deposition of the diamond coatings is not indicated.

Concerning the testing of self-mated systems of CVD diamond coatings, various

metallic and non-metallic substrate materials have been used by a number of authors. Hollman

et al. [123] investigated the performance of self-mated hot �ame diamond coated cemented car-

bide as a face seal material. Unlubricated sliding tests in ambient air, under a nominal contact

pressure of 0.5 MPa, showed an initial coef�cient of friction of 0.05 which increased to a steady

state value of 0.2. With respect to the wear behaviour of the coatings only a qualitative de-

scription is given by the authors and no values for the wear coef�cient were reported. Kelly et

al. [55] tested homologous pairs of polycrystalline diamond coatings deposited by microwave

plasma CVD (MPCVD) onto SiC substrates. Friction coef�cients in the range 0.05−0.07 were

recorded, under an applied pressure of ∼ 0.5 MPa and marginal water lubrication. Once more,

no wear coef�cients for the diamond coated discs are presented.

In a study conducted by Gahlin et al. [124], the effects of high biaxial compressive

stresses on the abrasive wear of diamond coatings were evaluated using the crater grinding

method. Diamond coatings were deposited on cemented carbide substrates by the hot �ame

method and subjected to abrasion with diamond particles under an applied load of 0.3 N. An

important conclusion of this study was that the coatings with residual compressive stresses
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(∼ 2 GPa), showed lower values for the wear coef�cient (10−7 mm3N−1m−1) compared to that

of free-standing stress-free �lms (2.2×10−6 mm3N−1m−1), i.e. a reduction of an order of mag-

nitude.

In more recent studies, long-term experiments with the purpose of assessing the tribo-

logical behaviour of diamond coated Ti-6Al-4V self-mated pairs were conducted by De Barros

et al. [23], and Vandenbulcke and De Barros [39]. The tests were carried out with a moderate

applied load (13 N) on a pin-on-disc apparatus in ambient air (R.H. 40−60%) and for sliding

distances as high as 70 km. The polycrystalline diamond counterparts exhibited an evolution of

the friction coef�cient characterised by a rapid decrease down to∼ 0.05, after a sliding distance

of 200 m, followed by an increase up to ∼ 0.2 and thereon �uctuated in the 0.15− 0.20 range

for the rest of the test. However, these relatively high �nal friction values for diamond coated

counter-pairs, in ambient air, were explained by the arising of some of the Ti-alloy in the contact

zone. A �nal wear coef�cient of 1×10−9 mm3N−1m−1 was reported for the pin specimen [23].

Such low value was mainly attributed to the decrease of the contact pressure and polishing of

the diamond track on the disc. As it was too low to be properly measured, no wear coef�cient

for the disc specimen is indicated in both works. A recent case study by Met et al. [47] also

reports on homologous pairs of smooth diamond coated Ti-6Al-4V substrates, in ambient air,

using a pin-on-disk tribometer. The friction and wear tests were carried out under an applied

load of 13 N and a sliding distance of 8 km. The reported friction coef�cient and pin wear rate

were 0.06 and 4×10−9 mm3N−1m−1, respectively. Analogously, as it was too low to measure,

the wear coef�cient for the disc is not given.

Nonetheless, satisfactory adherence of diamond coating �lms to Ti-6Al-4V and other

metallic substrates was only attainable by the use of interlayers, in order to compensate the

large interfacial thermal expansion mismatch between the coating and substrate material. Fur-

thermore, diamond coatings deposited on intermediate layers generally show worse adhesion

compared to optimised direct deposition on adequate substrate material [72]. In order to cope

with these constraints, research has been done using substrate materials exhibiting a low ther-

mal expansion coef�cient mismatch relative to that of diamond. A serious candidate to be

used as a substrate material for diamond coatings is the technical ceramic Si3N4 [73]. Stud-
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ies concerning the tribological characterisation of CVD diamond coated Si3N4, in different

environments, were performed by Miyoshi et al. [25]. Hemispherical pins produced by braz-

ing a free standing hot-�lament CVD diamond �lm on a steel pin were made to slide against

CVD diamond coated Si3N4 �at specimens, in ambient air (R.H. 40%). These self-mated tests

were characterised by low friction coef�cient values (∼ 0.08) and moderate wear coef�cients

(∼ 3×10−6 mm3N−1m−1). However, the relatively low Hertzian contact pressures (∼ 2 GPa)

used in such experiments cannot give a correct image regarding the performance of self-mated

CVD diamond coating in more severe conditions. Further, no experimental values for the criti-

cal load of the coatings under tribological action are presented.

To conclude and as a general rule, available literature on the tribological performance

of diamond-on-diamond tribosystem focuses mainly on the friction properties of single-crystal

diamond or diamond coatings, and is normally conducted under relatively low applied loads. In

addition, the wear coef�cients for the �at counterparts specimens are generally not presented,

mainly due to the inherent dif�culty in assessing such low wear volumes for this specimen.

Furthermore, there is no indication of the critical loads prior to �lm delamination, under tribo-

logical actions.

In the present study, the tribological performance of CVD diamond coated Si3N4 ho-

mologous pairs in ambient air is described. Sliding tests of diamond coatings were conducted

using a reciprocal motion ball-on-�at geometry under moderate to high applied loads (10 N to

80 N range). The main criteria for coating performance evaluation in terms of tribological re-

sponse were the friction coef�cient, wear coef�cient and critical load for delamination under re-

ciprocal sliding interaction. The various friction regimes were identi�ed and analysed based on

friction models. Different analytical techniques - including micro-Raman spectroscopy, SEM

and AFM - were used to assess the quality, surface morphology and topography of the as-

deposited and worn CVD diamond �lms. Micro-Raman studies also permitted investigation of

the residual stress state of the diamond �lms induced by tribological action. A novel method

for assessing the wear coef�cient of �at counterpart specimens is also presented.
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4.3.2 Experimental setup and test procedure

Dense disc-shape Si3N4 substrates with a diameter of 10 mm and thickness of 3 mm

were pressureless sintered at 1750 ◦C/2h for diamond deposition. Details of the processing

conditions for the production of Si3N4 substrates are described elsewhere [115]. Commercial

ball specimens (Kema Nord) of Si3N4 with a diameter of 5 mm were also used as substrates

for diamond deposition, in order to act as counter-bodies in the tribological tests. The �at sam-

ples were submitted to the following �nishing pre-treatments: grinding with a 46 µm grit size

diamond wheel, 15 µm diamond polishing, and �nally, manually scratching with 0.5-1 µm sized

diamond powder on a silk cloth. To remove loose diamond particles, all the Si3N4 discs were

�rstly rinsed in an acetone ultrasonic bath for 10 min and subsequently in an ethanol bath for

10 min. Due to the high intrinsic roughness of the Si3N4 balls, a gradual polishing with 15, 6 and

1 µm sized diamond powder was done to reduce surface roughness, followed by micro�awing

by ultrasonic agitation with diamond suspension (0.5−1 µm) in hexane to promote adhesion.

Diamond deposition runs were performed in a Microwave Plasma Chemical Vapour

Deposition (MPCVD) apparatus (ASTeX PDS18, Seocal and Seki Technotron Corp.). The de-

position conditions were adjusted to achieve similar �lm thickness in both �at and ball samples

as follows: microwave power, ∼ 3 kW; total pressure, 1.2×104 Pa; H2/CH4 �ow, 400/25 sccm

and 400/16 sccm, respectively; deposition time, 2.5 h. The diamond �lms for both types of sam-

ples exhibited approximately a thickness and a diamond grain size of 12− 14 µm and 2.5 µm,

respectively, without a preferential grain morphology. The average diamond grain size and �lm

thickness of the coatings were obtained, respectively, from stereological and cross-sectional im-

age analysis from higher magni�cation SEM (Model S-4100, Hitachi) micrographs.

Diamond coatings were characterised by a variety of techniques in order to assess

diamond quality, surface morphology and tribological response of the �lm. Micro-Raman study

of as-deposited and worn �lms was carried out with a Jobin-Ybon T6400 spectrometer, using

a 514.5 nm Ar+ incident laser beam, with a few tens of mW power at the sample and a spot

size of ∼ 1 µm. The instrument was calibrated using the strong Raman diamond peak line of a

highly transparent geological type IIa gem. Micro-Raman spectra allowed the characterisation

of the �lms in terms of diamond quality and purity.
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Self-mated wear tests of CVD diamond coated Si3N4 were conducted on a ball-on-

�at adapted tribometer (PLINT TE67) using an unlubricated reciprocating sliding arrangement.

The coated balls (upper specimen) were �xed in a sample holder arm and pressed with a de-

�ned load onto diamond coated Si3N4 disc-shape �at specimens mounted on a reciprocating

table. All the tests were performed in ambient air (R.H. ∼ 50−60%) at room temperature with

constant stroke (6 mm) and frequency (1 Hz). The normal applied load varied in the range 10

to 80 N. Assuming elastic contact (Hertz theory) [117], these conditions produced initial maxi-

mum contact pressures (Pmax) of ∼ 5 to 10 GPa for 10 to 80 N, respectively. In order to assess

the short and long term evolution of the tribological response of the diamond coatings, recip-

rocating sliding tests were conducted over sliding distances ranging from 3×10−2 m to 690 m

(endurance tests). Normal tribological tests were completed for a sliding distance of 86 m.

The friction coef�cient was continuously measured during tests with a load cell. Prior

to testing, the load cell was calibrated by applying two known dead-weights in the range of the

measured loads. The wear volume of the diamond coated ball specimens (W ball
v ) was calculated

from SEM observation of the diameter (d) of near circular wear scars, as follows [119]:

W ball
v =

p ·d4

64 · r
(4.1)

where, r, represents the ball radius. According to Archard's law, the ball wear coef�cient can

then be calculated using the expression:

kball =
W ball

v

P · x
(4.2)

where, P, is the applied load and, x, the sliding distance. Due to the dif�culty in correctly

measuring the wear volume of the �at specimens by the usual techniques (weight loss or con-

ventional pro�lometry), a model for the estimation of the wear coef�cient of the �ats is proposed

in the discussion.

After the sliding tests, the surface morphology of as-deposited �lms and wear tracks

were observed by SEM. Topographical information and surface roughness parameters of as-

deposited �lms and worn samples were assessed using atomic force microscopy (AFM, Model
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NanoScope IIIa, Digital Instruments) operated in tapping mode, by acquiring three �elds with

a scan size of 50×50 µm2. Those parameters are de�ned as: Ra is the arithmetic average of the

absolute values of the surface height deviations from the mean plane, Rz the average difference

in height between the �ve highest peaks and �ve lowest valleys relative to the mean plane, and

Rmax the maximum vertical distance between the highest and lowest data points in the image.

Optical Microscopy (OM) observations were performed in order to measure the lat-

eral width of the wear tracks on the �at specimens and to quantify the percentage of worn

area. Furthermore, analysis of the diamond peak shift on ultrasonically cleaned worn samples

by micro-Raman spectroscopy makes possible evaluating the stress state of diamond coatings

induced by tribological action [118].

4.3.3 Results and discussion

Morphology of diamond �lms

Polycrystalline CVD diamond coated surfaces are characterised by crystallites having

a triangular faceted morphology typical of diamond [26, 52]. In this study, all �lms deposited

on Si3N4 substrates presented faceted diamond crystallites with preferential 〈100〉 crystallo-
graphic growth orientation, showing a similar surface morphology for both ball and �at spec-

imens. A SEM micrography of an as-deposited CVD �lm is depicted in Fig. 4.8(a) which

reveals prevailing octahedral asperities and a rough morphology. Surface roughness parame-

ters of as-deposited �at specimens assessed by AFM measurements showed average values of

Ra ∼ 170 nm, Rz ∼ 1450 nm and Rmax ∼ 1480 nm. Columnar growth of large diamond crys-

tallites on top of Si3N4 substrate, resulting in rough surfaces, is also observed in Fig. 4.8(b).

Micro-Raman studies of as-deposited �lms showed the presence of sharp peaks around the

diamond frequency line of 1332 cm−1 and no evidence of graphitic bands (Fig. 4.9). These

features, combined with excellent adhesion between studied CVD �lms and Si3N4 substrates,

assessed elsewhere by acoustic emission studies [73], con�rms the high purity and good quality

of the tested �lms.
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Figure 4.8: SEM micrographs of as-deposited CVD diamond coated Si3N4 ceramics: (a) Typ-

ical appearance of 〈100〉 oriented micropyramidal �lm; and (b) cross-sectional view showing

columnar growth.

In Fig. 4.10 are depicted AFM images of samples subjected to tribological action,

with the purpose of analysing the topographic evolution of worn surfaces for different applied

normal loads (10, 20, 40, 55, 70 and 80 N). The pictures show a progressive smoothening of the

surface for increasing load with asperity peaks having been truncated as a result of the sliding

process. This feature is reported after a sliding distance of∼ 86 m. Nonetheless, a phenomenon

of surface degradation is observed for the higher load condition (80 N) where the presence of

diamond pull-outs can be seen, i.e. micron-sized pits caused by localised removal of crystal

aggregates.

Figs. 4.11(a) and 4.11(b) show SEM photomicrographs of �at CVD specimens after 86 m and

690 m of sliding distance, respectively, under an applied load of 55 N. The worn surfaces ap-

pear to be rather smooth, which is an indication of gradual wear of the diamond coating by

abrasion. If the untouched valleys of the diamond �lms are discarded from the AFM surface

roughness calculation, the polished zones exhibit very low roughness, Ra ∼ 16 nm and∼ 13 nm,

respectively. Furthermore, the endurance test (690 m) micrography (Fig. 4.11(b)) shows the
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Figure 4.9: Typical micro-Raman spectrum of as-deposited CVD diamond �lms, showing a

sharp peak centered at the diamond frequency line of 1332 cm−1.

preservation of the complete coverage of the Si3N4 substrate by the diamond �lm after slid-

ing interaction, without signs of delamination. Similar surface morphologies for worn CVD

diamond �lms deposited on various substrates are reported in the literature [26, 32, 47, 52]. Al-

though in a different experimental setup (abrasion wear tester) but similar applied load (50 N),

Mallika et al. [52] suggested that such progressive wear is an indication that wear processes of

diamond coatings are not related to microcracking and brittle fracture of the �lm but to attritious

wear by abrasion. In the present study, a small amount of submicron wear debris was observed

on the surfaces of the �at samples (Fig. 4.11(c)), mainly located in the voids between asperities

plateaus, therefore, leaving the real areas of contact essentially free of wear debris.

The surface roughness parameter Ra for the tested CVD �at specimens is represented

as a function of the applied normal load in the plot of Fig. 4.12(a). The plotted values result from

AFM �elds taken in two distinct locations on the wear track of the �at specimens, namely at the

centre and near the boarder (labeled edge) of the track. The curve relative to the centre of the

track shows an accentuated decrease in Ra (∼ 80%) with increasing applied normal load until

40 N, as a result of the intensi�cation of the self-polishing effect obtained with greater contact
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Figure 4.10: AFM images of worn diamond coated surfaces. Evolution of the surface topogra-

phy of �at specimens wear tracks with different applied loads (10, 20, 40, 55, 70 and 80 N).

pressures. Higher values of applied load re�ect themselves in an increase of Ra. Nonetheless,

the variation of Ra is smaller than that observed for the 10 N to 40 N range. The minimum of

Ra at 40 N is observed both at the centre and at the edge of the track. A similar behaviour is

found for the surface parameter Rz (Fig. 4.12(b)) where a minimum also occurs for 40 N.

The greater values of Ra and Rz for high applied loads (70−80 N) can be explained

by the degradation of the diamond surface, associated to the increasing importance of brittle

microfracture of the coating in the overall wear mechanisms at stake, leading to diamond pull-

outs. This trend is also visible on the results for Rmax (Fig. 4.12(c)), where a very high value is

observed for 80 N in the centre of the track rather than near the edge. This feature is consistent

with AFM observations of worn �lms where pronounced grooves and depressions are visible

for the highest applied load (Fig. 4.10, 80 N).

Bonding and structure of diamond �lms

Micro-Raman spectroscopy was used to characterise the structure of CVD diamond

coated Si3N4 �lms. The Raman spectra of natural diamond exhibits a single sharp peak at
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Figure 4.11: SEM micrographs of worn diamond coated �at specimens: (a) after a sliding

distance of 86 m and with an applied load of 55 N; and (b) after 690 m and with an applied load

of 55 N; (c) aspect of submicron wear debris, mainly located between the voids of truncated

micropyramidal diamond crystals (applied load of 10 N and a sliding distance of 30 m).

1332 cm−1 (sp3 C-C bonding), with a full width at half-maximum (FWHM) of ∼ 2 cm−1. For

CVD diamond �lms the sharp line characteristic of natural diamond is normally shifted relative

to the stress-free frequency due to internal residual stress, and a broadening of the peak occurs as

a result of crystal defects or anisotropic stress distribution [118, 125]. Consequently, many au-

thors have used this shift in order to assess the total residual stress in diamond �lms [126, 113].

The diamond peak shift changes linearly with residual stress, depending on the nature of the

stress state (uniaxial or biaxial constraints). For polycrystalline diamond �lms the constraints

are of the biaxial type and a proportionality factor of -0.384 GPa/cm−1 has been calculated by
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Figure 4.12: Variation of surface roughness parameters of the tested CVD diamond �lms as

a function of the applied normal load � measured at the centre and edge of the wear tracks �

calculated from AFM observations of �at specimens: (a) Ra; (b) Rz ; and (c) maximum peak-

to-valley height (Rmax). All results are relative to a sliding distance of 86 m.

Ager and Drory [99] for the doublet phonon, over all crystallite orientations. However, since

the examination of Raman spectra of tested CVD �lms reveals a single diamond line (no ob-

served splitting for singlet and doublet Raman components), values for the total biaxial residual

stress (s) of worn diamond �at specimens were calculated using a factor proposed by other

authors [127, 128, 129] in cases of a single peak, as follows:

s(GPa) ∼−0.488 ·Dn(cm−1) (4.3)

where, Dn, represents the diamond peak shift. A positive (or negative) Dn corresponds to a com-

pressive (or tensile) total residual stress state.
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Micro-Raman spectra taken from wear tracks of worn diamond �lms are presented

in Fig. 4.13(a). The vertical dotted line corresponds to the Raman frequency of stress-free

diamond (1332 cm−1) and the spectrum of an as-deposited �lm is depicted for comparative

purposes. The two graphitic broad bands at∼ 1360 cm−1 (D-band) and∼ 1580 cm−1 (G-band)

are not present, instead a sloped luminescence background appears mostly generated by the

substrate. All depicted curves exhibit the characteristic diamond line and a pronounced peak

located at ∼ 1331 cm−1 with a FWHM of ∼ 6 cm−1 was obtained for the as-deposited �lm,

con�rming that high quality unstressed diamond coatings were deposited on-top of Si3N4 sub-

strates.

The plot of Fig. 4.13(b) shows the expandedmicro-Raman spectra around the diamond

peak of worn coatings, taken from the wear track region of �at specimens, altogether with a ref-

erence spectrum of the as-deposited CVD diamond �lm. The various spectra were vertically

displaced for viewing purposes and correspond to a sliding distance of 86 m, and different ap-

plied loads. Frequency-shifted diamond peaks are indicative of residual stresses induced by

tribological action. However, the presence of a single diamond peak represents weaker con-

straints as compared to spectra were the degeneracy is lifted [127]. Another revealed feature

is the increasing positive Dn relative to the stress-free frequency with load increment, which

represents higher compressive constraints for the �lms. A broadening and decreasing of the

diamond peak height relative to the as-deposited curve can also be observed for the worn �lms.

This effect can be attributed to inhomogeneous distribution of stresses resulting from the con-

tact pressures arising during the sliding tests.

Results for the residual biaxial stress of worn �at specimens and corresponding FWHM

of the diamond line, as a function of the various loads used in the tribological tests, are repre-

sented in Fig. 4.13(c). The plotted values were calculated from Eq. 4.3 and correspond to a

sliding distance of 86 m. The data for the as-deposited �lm, not subjected to wear stress (0 N),

is also represented for comparing purposes. As can be seen from the �gure, the as-deposited

�lm reveals a slight tensile residual stress state of magnitude ∼ 0.4 GPa. Furthermore, tribo-

logical tests conducted under an applied load of 10 N were unable to change the nature of the

�lm stress state. For higher loads (≥ 20 N) the graph trend shows a shifting from tensile to a
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Figure 4.13: Micro-Raman spectra of studied CVD diamond �lms. The curves are vertically

displaced for viewing purposes: (a) full spectra of worn samples (10, 40 and 80 N) and as-

deposited diamond coating; (b) expanded view around the diamond peak for various applied

loads; (c) residual biaxial stress and respective FWHM as a function of the applied load. All

results correspond to a sliding distance of 86 m.

compressive stress state, with constraints of∼ 0.1 GPa and∼ 0.8 GPa for tests conducted under

20 N and 40 N, respectively. Further increase in the applied load resulted in small changes for

the magnitude of the residual biaxial stress of worn coatings.

In what concerns the FWHM of the diamond peak, results shown in Fig. 4.13(c) reveal

an increasing broadening with applied load up to ∼ 9 cm−1 (under 55 N), which relates to an

increase in anisotropy of the in-plane biaxial stress distribution. The existence of a plateau for

loads≥ 55 N could also indicate the freezing of stress anisotropy, until �lm delamination occurs

(> 80 N). As a concluding remark, examination of Raman spectra of worn CVD �lms indicates
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that compressive biaxial residual stresses of up to ∼ 0.9 GPa can be accommodated in the �lm

prior to delamination. This suggests a strongly adhered coating, resilient to �lm detachment

provoked by tribological solicitation under high contact pressures (up to∼ 10 GPa).

Tribological parameters of diamond �lms

Fig. 4.14(a) presents the evolution curves of friction coef�cients (µ) for three levels

of applied normal load. As it can be seen from the plots, three distinct regimes (labeled I, II

and III) mark out the general behaviour of the friction curves. Regime I is characterised by an

ephemeral peak with a relatively high amplitude and is attributed essentially to the mechanical

interlocking between sharp tips of diamond asperities, occurring during the relative motion of

contacting surfaces. The measured values for the initial friction coef�cient (µmax) as a function

of the applied load are represented in the plot of Fig. 4.14(b). It can be observed that µmax

shows a growing tendency with increasing load, as a result of higher initial contact pressures.

The highest measured value for µmax during the sliding of self-mated diamond coatings in ambi-

ent air was 0.67. However, the naturally occurring surface roughness of as-deposited diamond

�lms can also affect µmax [26, 33]. Likewise, this helps to explain the dispersion found for the

experimental data of µmax under similar applied loads.

As sliding continued and repeated traversals on the same wear track occurred, the

friction coef�cient was appreciably affected by the progressive blunting of diamond surface

asperities. Following the initial friction peak, a �running in� regime (II), associated to the

accommodation of opposing counterfaces, sets in. As it can be seen from Fig. 4.14(a), this

�running in� stage lasts for a short distance (. 2 m) and depends on the applied load. After-

wards, and for the remaining duration of the tests, the friction coef�cient levels off and tends to

stabilise (regime III). This regime is characterised by very low steady state friction coef�cient

(µeq ∼ 0.03−0.04) values, for unlubricated sliding in ambient air. Furthermore, µeq has proven

to be independent of the initial roughness of the CVD diamond coatings. The endurance tests

(x = 690 m) showed no modi�cation in this friction behaviour, i.e. the initial surface roughness

has in�uence in the initial µmax, but not in the long term µeq. Such behaviour agrees with results

found in the literature [26, 33, 47].
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Figure 4.14: Friction coef�cient of self-mated CVD diamond �lms in ambient air: (a) evolution

under different applied loads with indication of the distinct friction regimes; (b) initial friction

coef�cient (µmax) as a function of the applied load.

Directly related to the friction behaviour, the critical load for the tested CVD diamond

�lms on Si3N4 substrates has been established as 80 N (Pmax ∼ 10 GPa). In other words, ex-

perimental results showed that diamond coating tribological failure by �lm delamination only

occurred when the initial µmax surpasses the threshold value of∼ 0.65 (attained with an applied

load of 80 N), which corresponds to a maximum bearable tangential frictional force of ∼ 52 N

for these 12−14 µm thick coatings.
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The generally accepted mechanism of wear for diamond is that of small fragments

chipping off the surface [33], which is characteristic of a self-polishing abrasive type of wear,

as stated before. During the tests the ball produced a narrow wear track on the �at specimen,

with both contacting surfaces showing a dark coloration at the end. This suggests the forma-

tion of �aky carbonaceous material in the contact region, since later ultrasonic cleaning with

alcohol could dislodge it from the coatings. Direct OM observation of the wear tracks (�ats)

and scars (balls) revealed smooth polished surfaces, with both counterfaces still diamond coated

(Fig. 4.11(b)).

The wear volume of the ball specimens, as a function of the applied load, is depicted

in Fig. 4.15(a). As can be seen,W ball
v increases linearly with load and reveals an approximate

eight-fold variation when load changes from 10 N to 80 N. The ball wear coef�cient values were

characterised by a mild wear regime, i.e. values for kball - calculated with Eq. 4.2 and a sliding

distance of 86 m - were of the order of magnitude of 10−7 mm3N−1m−1. It is noteworthy that

the endurance tests produced very mild wear (10−8 mm3N−1m−1). A plausible explanation for

this result is that, for low sliding distances (few tens of meters), the wear coef�cients assessed

using the wear scar diameter are out-weighted by the imposed initial damage to the surfaces,

i.e. the truncating of diamond micro-pyramids as a result of the sliding process. Therefore, the

contribution of this initial wear damage will become diluted for greater sliding distances, which

correspond to the steady-state regime of self-polishing abrasion wear mechanism.

It is worth noting that it was not possible to assess the wear volume of the �at speci-

mens (W
f lat
v ) by the usual techniques (weight loss method and conventional pro�lometry) since

only smooth wear tracks were obtained. Nonetheless, using the results from AFM and OM ob-

servations, a model was developed to give an adequate estimation forW
f lat
v . Thus, considering

that the produced wear track has a rectangular-shaped cross section, its wear volume can be

expressed as follows:

W f lat
v =

1

3
·A f ·a ·b ·Dh (4.4)

where, a, b, and, Dh, represents the length, width and depth of the wear track, respectively, and,

A f , the fraction of polished area on the wear track. The correction factor 1

3
results from con-
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Figure 4.15: Wear volume of CVD diamond �lms as a function of the applied load (sliding dis-

tance of 86 m): (a) wear volume of ball specimens; (b) estimated wear volume of �at specimens.

sidering the volume of pyramidal diamond grains, with preferential 〈100〉 orientation, instead
of prismatic grains. The wear track depth (Dh) can then be calculated from AFM results of the

maximum peak-to-valley height (section 4.3.3), using the expression: Dh = Rmax−R′
max, where,

Rmax, and, R
′
max, are the maximum peak-to-valley height of the as-deposited and worn coating,

respectively.

However, an assumption must be implemented on the model in order to cope with

the fact that AFM results show the occurrence of diamond pull-outs for the higher applied
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loads, thus giving misleading Rmax values. Therefore, it was established that for applied loads

P > 40 N, R′
max will be extrapolated from the linear �t curve of the maximum peak-to-valley

height AFM data (Fig. 4.12(c), track centre) � considering for the �t only the heights measured

in the load range 10 N to 40 N � since for higher loads an inversion in the curve trend occurs.

Fig. 4.15(b) shows the track wear volume of �at samples, as a function of the applied

load, calculated from Eq. 4.4. The plot reveals a linear increase ofW
f lat
v in relation to the ap-

plied load, with an approximate six-fold variation when load changes from 10 N to 80 N. This

result is in accordance with the variation (8×) observed for the ball specimensW ball
v . Further-

more, the �at parts exhibit a larger absolute wear volume than their ball counterparts at all loads,

Fig. 4.15(a) and 4.15(b), which is expected due to fatigue effects resulting from the intermittent

contact.

A contributing factor for the variation ofW
f lat
v with the applied load comes from an

increase in the polished area, A f , since the track length is �xed and its lateral width suffered

minimal changes especially for the higher loads. The fraction of polished area in the wear track

was calculated based on image segmentation procedure of taken OM photomicrographs. As

can be seen in Fig. 4.16(a), typical values of A f fall in the range 0.50 (10 N) to 0.87 (80 N),

for a sliding distance of 86 m. In addition, a plateau at ∼ 0.65 exists in the range of applied

loads 20− 55 N, which indicates a stall in the intensi�cation of wear damage by progressive

self-polishing. Only bigger contact pressures, i.e. higher applied loads, can further increase A f .

Estimated values for the dimensional wear coef�cient of �at specimens (k f lat) � cal-

culated using Eq. 4.2 and the proposed model forW
f lat
v (Eq. 4.4) � are depicted in Fig. 4.16(b).

The presented values are relative to a sliding distance of 86 m and show a mild wear regime for

this triboelement, i.e. magnitudes of the order of 10−7 mm3N−1m−1. The curve trend reveals

a minimum at 40 N for k f lat , which was linked to the aforementioned plateau in the fraction of

polished area of the wear tracks (Fig. 4.16(a)). As a �nal remark, it is worth to note that the

estimated values for k f lat are in good agreement with what would be expected from the results

of the wear performance of the ball specimens.
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Figure 4.16: Tribological performance of CVD diamond coated Si3N4 ceramics �at specimens

as a function of the applied load (sliding distance of 86 m): (a) fraction of polished area in the

wear track; (b) estimated wear coef�cient.

Tribological tests involving self-mated CVD diamond coatings in ambient atmosphere

report mostly low values for the friction coef�cient and wear coef�cients of magnitude 10−7 to

10−6 mm3N−1m−1 [25, 33, 124, 130]. However, those were performed under relatively low

applied loads or Hertzian contact pressures and, in some cases, involved the use of polished

coatings or interlayers to ensure adequate adhesion to the substrate. Therefore, considering

the distinct material substrates, deposition techniques, surface morphology and test conditions

found in the literature, the CVD diamond coated Si3N4 specimens tested in the present study

showed a comparable friction and wear behaviour under more severe conditions, i.e. in terms
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of applied load. Complementary, the observed adequate adhesion to the substrate is essential

for the good tribological performance of CVD diamond coated Si3N4 substrates.

4.3.4 Conclusions

High quality unstressed, continuous and well-adhered diamond �lms were deposited

on Si3N4 ceramic substrates using MPCVD technique. The friction behaviour of diamond-on-

diamond sliding tests, in ambient atmosphere, was characterised by a short-life initial friction

peak followed by a �running in� regime resulting from the accommodation between counter-

bodies. Subsequently, the coef�cient of friction leveled-off and reached low steady-state values

(0.03−0.04), regardless of the applied load.

Morphological and topographical analysis revealed a self-polishing abrasive wear

mechanism accomplished by truncation and subsequent blunting of diamond asperities, leading

to very smooth surface �nishing. The wear coef�cient for the ball specimens was of the order of

10−7 mm3N−1m−1, characteristic of a mild wear regime. In addition, lower values by one order

of magnitude were assessed for the longer endurance tests, denoting a very mild wear regime.

Micro-Raman spectra analysis of the diamond line peak shift showed an augmenta-

tion in the compressive stress state of worn coatings with increasing applied loads (maximum of

∼ 0.9 GPa at 80 N). This tribologically activated stress state modi�cation was not accompanied

with surface phase transformations to non-diamond forms of carbon.

Surface-topographical information obtained from AFM observations revealed the oc-

currence of diamond pull-outs for applied loads higher than 40 N. The 12−13 µm thick diamond

coatings were unable to sustain stable operation under tribological stress when the applied nor-

mal load exceeded 80 N, due to gross �lm detachment by delamination.

A new method for estimating the wear coef�cient of diamond coated �at specimens

has been presented. Small wear damage, hardly measurable with conventional techniques, can

then be quanti�ed using AFM and OM observations of the wear track region. Application

of the proposed model gave estimated wear coef�cients for the �at specimens of the order of
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10−7 mm3N−1m−1, i.e. characteristic of a mild wear regime, which is in very good agreement

with the measured wear for the counterbody specimen.

The present results suggest that CVD diamond coated Si3N4 ceramics constitute a

viable solution where diamond-on-diamond tribological applications are required.
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4.4 In-situ friction monitoring of self-mated CVD diamond

coatings using acoustic emission [Publication III]

C.S. Abreu, F.J. Oliveira, J.R. Gomes, M. Belmonte, A.J.S. Fernandes, R.F. Silva

Mater. Sci. Forum, 514-516 (2006) 749-753

Abstract

In-situ measurements of acoustic emission (AE) in self-mated tribological pairs of

CVD diamond coated silicon nitride (Si3N4) were made with the purpose of investigating the

relationship between AE signal and friction events. A good correlation is found between the

energy dissipation/emission processes, therefore enabling the possibility of monitoring the dif-

ferent friction regimes occurring during the sliding contact of microcrystalline diamond (MCD)

coatings. Deposition of MCD on �at and ball-shaped Si3N4 samples was accomplished using

microwave plasma assisted chemical vapour deposition (MPCVD) with H2/CH4 gas mixtures.

The friction behaviour of self-mated MCD coatings was assessed using a reciprocating ball-

on-�at geometry. The tests were run in ambient atmosphere without lubrication, the frequency

(1 Hz) and stroke (6 mm) were kept constant while the applied normal load varied in the range

10− 80 N. The microstructure, surface topography and roughness of the MCD coatings were

characterised by SEM and AFM techniques. The diamond quality was assessed from micro-

Raman spectroscopy. The friction evolution was characterised by a short running-in period

where the main feature is a sharp peak reaching values as high as approximately 0.6 followed

by a steady-state regime with very low values in the range 0.03−0.04.

Keywords: CVD diamond, Silicon nitride, Friction behaviour, Acoustic emission

4.4.1 Introduction

Acoustic emission (AE) is a phenomenon originating from a rapid relaxation of strain

energy produced by deformation, part of which radiates as a short time stress wave that can be

detected by an appropriate transducer, coupled to the source surface [110]. Research has been

undertaken into the use of AE technology in monitoring the material response to tribological
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strain, principally on how signi�cant the emission from sliding pairs is and how it relates to

parameters governing the behaviour of tribosystems [100]. A relationship was found between

the acoustic phenomenon and the dissipation of mechanical energy that can be used to classify

different friction contacts [104].

Homologous contacts of chemical vapour deposition (CVD) diamond coated �lms are

characterised by a wide range of friction coef�cient values, depending on the sliding conditions.

Even in ambient atmosphere, which gives very low equilibrium friction values, a variation of

more than one order of magnitude could be found between the steady-state value and the starting

friction coef�cient. This wide range makes dif�cult analysing the friction behaviour in terms

of prevailing friction events or mechanisms, due to physical limitations in the measuring range

of load cells. Thus, in-situ friction monitoring by AE could allow an easier detection of the

distinct friction regimes or sliding events. The aim of this investigation was to study the use of

AE for condition monitoring the sliding contact of self-mated microcrystalline diamond (MCD)

coatings, submitted to high applied loads, in a dry sliding reciprocating arrangement.

4.4.2 Experimental setup and test procedure

Dense silicon nitride (Si3N4) substrates were prepared from powder mixtures of

a-Si3N4 (Starck grade M11), Y2O3 (Starck grade C) and Al2O3 (ALCOA CT-3000SG) with,

respectively, the following proportions (wt.%): 89.3/7.0/3.7. Following a procedure of ho-

mogenisation and sieving, the mixed powders were consolidated by uniaxial pressing (30 MPa),

followed by isostatic pressing (200 MPa). Pressureless sintering in a conventional graphite fur-

nace (1750 ◦C, 2 h), was used to produce fully dense (> 99% of the theoretical density) disc-

shaped Si3N4 substrates. All the sintered samples were ground in order to achieve the �nal

dimensions of 10 mm of diameter and thickness of 3 mm. Commercial balls (Kema Nord) of

Si3N4 with 5 mm diameter were also used as substrate material for the counter-bodies. In order

to achieve adequate adhesion level and to enhance nucleation density, the �at specimens were

submitted to surface pre-treatments with diamond paste polishing (15 µm), followed by manual

scratching with 0.5−1 µm sized diamond powder on a silk cloth. A more thorough description

of the processing of Si3N4 substrates can be found elsewhere [73].

The deposition of MCD �lms was carried out in a microwave plasma chemical vapour de-
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position (MPCVD) system (ASTeX PDS 18, Seki Technotron Corp.). The deposition pa-

rameters used for all tested samples were as follows: microwave power = 3 kW; chamber

pressure = 1.2×104 Pa; H2/CH4 gas �ow = 400/25 sccm; deposition time = 2.5 h.

The tribological response of the MCD coated Si3N4 �lms was assessed by a ball-on-

�at tribometer (PLINT TE67/R). Self-mated sliding tests were conducted using a reciprocal dry

sliding arrangement in ambient atmosphere (∼ 50−60% RH). The diamond coated �at speci-

mens were �xed to an oscillating table and made to contact with diamond coated balls (upper

specimen), �rmly attached to a sample holder arm. All the tests were performed with a con-

stant stroke (6 mm) and frequency (1 Hz), while static applied normal loads in the range 10 N

to 80 N were applied directly over the ball specimens. Considering a Hertzian elastic contact

model, these loads produced initial pressures of 5−10 GPa [117].

The friction force was measured by means of a load cell, its signal ampli�ed and acquired by a

PC. Before each test, the load cell was calibrated by applying external dead-weights in the range

of the measured loads. The sliding distance varied between 2× 10−2 m and 86 m in order to

have a systematic account of the friction phenomenon, focused at different phases of the sliding

interaction.

The AE signal was recorded during the sliding tests by a piezoelectric transducer

(Brüel & Kjaer) tightly �xed to the disc sample holder, in a position perpendicular to the slid-

ing direction. An ampli�cation/�ltering (Brüel & Kjaer) stage, with a frequency window of

50 kHz-2 MHz, was used to convert the acoustic pressure intensity into a 0−10 V DC signal, at

adequate acquisition rates by means of an A/D conversion board (Keithley PCMCIA 12 AIH).

The diamond quality of the deposited �lms was studied by ex-situ micro-Raman spectroscopy

using a 514.5 nm Ar+ incident laser beam, with a spot size of∼ 1 µm and few tens of mW power

at the surface. Atomic force microscopy (AFM, Digital Instruments NanoScope IIIa) was used

to study the surface topography and roughness of as-deposited and worn MCD coatings. Sur-

face roughness values were assessed using inherent NanoScope III software, by acquiring three

AFM �elds with a scan size of 50× 50 µm2. The surface microstructure, diamond grain size

and �lm thickness were analysed by a Hitachi (model S-4100) scanning electron microscope

(SEM).
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4.4.3 Results and Discussion

The most conventional morphology of CVD-grown diamond thin �lms corresponds

to pyramidal micro-crystallites with well de�ned triangular (111) facets and a preferential 〈100〉
crystal growth orientation [52]. The SEM photomicrograph in Fig. 4.17 (a), taken from a

diamond coated Si3N4 �at specimen, is a clear example of that morphology.

All the CVD diamond coated samples exhibited a fully adhered and continuous aspect. The av-

erage diamond grain size and �lm thickness of the MCD coatings, obtained from stereological

and cross-sectional image analysis of higher magni�cations SEM photomicrographs, showed

values of 2.4±1.1 µm and ∼ 12−14 µm, respectively.

A representative AFM micrograph of an as-deposited MCD �at sample is presented in

Fig. 4.17 (b). As it can be seen, the �lms present a hilly topography combined with the presence

of some deep valleys. These rugged surfaces were characterised by surface roughness parame-

ters of Ra ∼ 170 nm, Rz ∼ 1450 nm and maximum peak-to-valley height of ∼ 1480 nm.

Figure 4.17: As-deposited diamond coated Si3N4 �lms: (a) SEM micrograph of representative

C{111}-micro-pyramidal �lm on �at samples; (b) AFM image of typical �at specimens.

Fig. 4.18 (a) shows a micro-Raman spectrum of the diamond �lms deposited onto

�at specimens. The presence of a sharp peak centred around the line of natural diamond

(1332 cm−1) and no evidence of broad graphitic bands (sp2 C-C bonding), con�rms the high

quality and purity of the deposited �lms, while showing a stress-free state.
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Figure 4.18: Characterisation of MCD coated Si3N4 �lms. (a) micro-Raman spectrum of as-

deposited coatings, revealing a sharp peak centred at the diamond frequency line (1332 cm−1);
(b) representative friction curve evolution showing the different friction regimes (applied load

of 80 N).

A typical friction coef�cient evolution curve for self-mated MCD �lms is depicted in

Fig. 4.18 (b). The plot reports to an applied load of 80 N and shows, as its main feature, a pro-

nounced initial peak with a friction coef�cient of ∼ 0.60, followed by a gradual decay to very

low friction coef�cient values. These different behaviours for the friction coef�cient are identi-

�ed in the plot according to three distinct regimes (labeled I, II, III). Regime I results from the

initial intense mechanical interaction between diamond asperities of contacting surfaces. Fur-

thermore, it was observed that the magnitude of this sharp peak, for �lms with the same starting

surface roughness, depends on the applied load, which corroborates a friction mechanism based

on the interlocking of asperities. Such dependency is also found in the literature [33]. As slid-

ing progressed the friction coef�cient was signi�cantly affected by the truncating and gradual

blunting of diamond tip asperities. As such, regime II is related to a running-in effect associ-

ated to the accommodation of mating surfaces. The experimental results also showed that the

length of this transition regime depended on the applied load. Afterwards, and for the remain-

ing length of the sliding tests, the friction coef�cient levels-off and enters into a steady-state

phase (regime III), characterised by very low values (∼ 0.03− 0.04), this time as a result of

the interaction between �attened diamond asperities and the minor contribution of adhesion for

the overall friction mechanism in ambient atmosphere [32]. Regime III is also characterized by
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very low surface roughness values. AFM measurement yielded Ra ∼ 27 nm after tribological

tests run under an applied load of 40 N for 86 m.

The relation between the sliding distance run immediately after completion of regime

I, taken from the friction curves, and the duration of the AE signal burst corresponding to the

friction peak is represented in the graph of Fig. 4.19 (a), as a function of the applied load.

The AE signal burst was considered extinct when its amplitude had fallen below the back-

ground noise threshold level. As can be seen, a good correlation exists between the two curves

stating that a process of energy dissipation driven by friction mechanisms of asperity interlock-

ing/truncating is intimately related to a process of acoustic emission. This was accompanied

by the production of an intense strident sound that lasted for a few initial reciprocating cycles

(< 20). In addition, the plotted curves reveal an almost linear variation of the sliding distance

run after ending of regime I, with increasing applied load, until 55 N. Afterwards, and up to the

critical load for �lm delamination (> 80 N), both curves suffer little changes.

Figure 4.19: Correlation between the sliding distance run at the end of (a) regime I and

(b) regime II and the duration of AE signal burst, for various applied loads.

Similarly, the relation between the sliding distance run at the end of regime II and the

duration of the corresponding AE signal burst is depicted in Fig. 4.19 (b), for different applied

loads. The correlation between the two curves is signi�cant, which opens the possibility to

clearly identify the distinct sliding regimes of MCD �lms by means of AE signal monitoring.

Another feature shown in Fig. 4.19 (b), is that steady-state sliding condition is achieved sooner
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for an intermediate applied load of 40 N, i.e. the accommodation between opposing surfaces

ends after a shorter sliding distance. A possible explanation for this could be related to a com-

peting effect between the contact pressure level and the subsequent rate of surface smoothening

by the blunting of asperities � translated in a shorter or longer running-in regime � and some

surface degradation by diamond pull-outs observed for the higher loads, which delays further

the accommodation of mating surfaces.

4.4.4 Conclusions

The friction behaviour of MCD coated Si3N4 �lms revealed a characteristic running-

in regime denoting an intense initial friction peak, followed by a short transition period, which

in turns leads to very low equilibrium friction coef�cients (∼ 0.03−0.04).

A correlation exists between the AE signal and the frictional behaviour of sliding

contacts. The friction peak at beginning and its evolution is closely followed by the AE signal.

A steady-state response is achieved sooner for an intermediate load (40 N). This relates to

a competing effect between the rate of the blunting of asperities and surface degradation by

diamond pull-outs. This con�rms the possibility of monitoring the distinct friction regimes by

AE techniques.

Acknowledgements

C.S. Abreu acknowledges PRODEP III funds supporting his PhD work. M. Belmonte

acknowledges the �nancial support of the �Ramón y Cajal� program (MEC, Spain). The �nan-

cial support of project POCTI/CTM/45423/2002 is gratefully acknowledged.

125



Chapter 4. Microcrystalline CVD diamond tribosystems

(B) WATER LUBRICATED TESTS

4.5 CVD diamond water lubricated tribosystems for high load

planar sliding [Publication IV]

C.S. Abreu, E. Salgueiredo, F.J. Oliveira, A.J.S. Fernandes, R.F. Silva, J.R. Gomes

Wear, 265 (2008) 1023-1028

Abstract

Water lubricated tribological systems involving chemical vapour deposited (CVD)

diamond coatings are appealing to many practical situations, namely in metalworking and �uid

handling applications. The motivation behind the present study lies in insuf�cient knowledge on

the behaviour of these water-based lubricated tribosystems especially under high loads. The mi-

crowave plasma chemical vapour deposition technique was used to coat dense Si3N4 substrates

from CH4-H2 gas mixtures, setting adequate deposition parameters during 2.5 h, resulting in

a �lm thickness around 15 µm. Self-mated planar reciprocating sliding ball-on-�at wear tests

were performed up to 16 h (690 m of sliding distance) with normal applied load ranging from

70 N to 160 N. SEM and AFM characterisation techniques were used to identify the prevailing

wear mechanisms. The worn surfaces exhibit a polished appearance resulting from diamond

asperities abrasion on the counterface combined with the action of nanometric debris. Some

longitudinal wear grooves along the sliding direction are the result of two-body abrasive action

of larger debris spawn from the truncation of aggregates of crystals in the �rst steps of sliding.

A steady-state sliding regime sets for almost the test full duration, with a very low friction co-

ef�cient in the range 0.04− 0.05 and a wear coef�cient of about 10−8 mm3N−1m−1. Partial

�lm wear-out was found at a threshold load of 160 N, however without seriously affecting the

tribosystem performance.

Keywords: Sliding wear, Diamond, CVD coatings, Water lubrication
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4.5.1 Introduction

The study of water lubricated CVD diamond tribological systems is important in or-

der to anticipate the frictional and wear response of such highly protective coatings in many

practical situations. The intentional use of water-based lubricants is found in metalworking

technologies, like wire drawing [131] and cutting or grinding operations [132]. Special applica-

tions in �uid handling industry, as in mechanical face seals [37, 133], undergo wet functioning

after the initial dry running-in regime. Still, information involving CVD diamond-on-diamond

water lubricated tribosystems is scarce and, therefore, comprehensive studies on the subject are

in the agenda.

In a paper by Grillo and Field [15], a natural diamond stylus was made to slide against

a (100) textured hot �lament CVD polycrystalline diamond �lm deposited on Si3N4 ceramic

substrates. The experiments were performed in water solutions of different pH at low speeds

(0.05−0.2 mms−1) and small applied loads (0.5−2 N). For the neutral de-ionized water solu-

tion, sliding speed of 0.2 mms−1 and applied load of 1 N, they observed a reduction of the fric-

tion coef�cient from its value in air, around 0.1, to 0.07. This slight decrease was attributed to

the passivation of surfaces originating from the chemisorption of hydride and hydroxyl groups

on the surface. In line with earlier studies of diamond friction in water or moist air, the reduction

in friction has been attributed to the formation of thin hydrocarbon waxy surface layers [9, 134].

A similar trend has also been observed for CVD diamond coatings by Enomoto et al. [134], who

suggested the possible occurrence of a tribochemical wear mode on diamond surfaces reacting

with water or moisture.

In the studies indicated above, tests were performed under small applied loads and, generally,

constitute more fundamental works concentrated on the friction properties of diamond coatings.

As such, a better understanding on both the friction and wear performance of CVD diamond

submitted to high applied loads is needed to assess their tribological properties under more in-

tense sliding conditions, better approximating practical use.

The present authors have previously characterized the unlubricated tribological be-

haviour of homologous pairs of CVD diamond coated Si3N4 [135]. The steady-state coef�cient
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of friction displayed values in the range 0.03−0.04, regardless of the applied load (10−80 N).

The wear coef�cient values for both ball and plate specimens revealed a mild wear regime

(10−8 mm3N−1m−1). Above a threshold applied load of 80 N, it was observed gross �lm

detachment induced by the tribological action. The present study now deals with the CVD

diamond-on-diamond planar sliding water lubricated contact at moderate to high normal loads

(70−160 N). The frictional behaviour is related to existing models of polycrystalline diamond

friction and predominant wear mechanisms were identi�ed. Results concerning the maximum

sustainable load for CVD diamond coated Si3N4 ceramics submitted to tribological stress are

also presented.

4.5.2 Experimental Procedure

Dense silicon nitride (Si3N4) ceramics were used as the substrate material for the de-

position of CVD diamond. Details regarding substrate processing can be found in a previous

work by the authors [135]. Geometries used in the present work were as follows: circular discs

with 10 mm diameter and 3 mm of thickness, and 5 mm diameter balls. Before diamond depo-

sition, the �at samples were subjected to the following surface pre-treatment: 46 µm grit size

diamond wheel grinding, 15 µm diamond polishing on a metallic plate, and manual scratching

with 0.5− 1 µm sized diamond powder on a silk cloth. Subsequently, the Si3N4 discs were

rinsed in an acetone ultrasonic bath for 10 min and then in an ethanol bath for 10 min. Con-

cerning the Si3N4 balls, these were gradually polished with 15, 6 and 1 µm sized diamond

powder suspension followed by micro�awing by ultrasonic agitation with diamond suspension

(0.5−1 µm) in n-hexane to promote diamond nucleation.

A microwave plasma reactor was used for the production of CVD diamond coatings

on both the �at and ball specimens. The deposition parameters of the MPCVD process were

as follows: microwave power = 3 kW; chamber total pressure = 1.2× 104 Pa; H2/CH4 gas

�ow = 400/25 standard cubic centimetre per minute (sccm) and 400/16 sccm for the �at and

ball specimens, respectively. The selected growth conditions were previously reported to lead to

similar �lm thicknesses for both geometries, around 12−14 µm, after 2.5 h of deposition [135].
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Planar sliding wear tests were performed in a ball-on-�at reciprocating con�guration.

Prior to each tribotest, both plate and ball specimens were cleaned with alcohol for 10 min in an

ultrasonically agitated bath. The diamond coated balls were mounted as the upper sample and

the disc shaped �at specimens were �xed to the oscillating table. The contact region remained

immersed in a pool type container �lled with distilled water. The tests were performed at

constant stroke (6 mm) and a frequency of 1 Hz, corresponding to an average linear velocity of

9 mms−1, during 16 h (690 m of sliding distance). The normal applied load varied in the range

70−160 N. The friction coef�cient was determined from measurements of the tangential force

exerted on a load cell attached to the upper sample holder. The wear coef�cient (k) of the ball

specimens was estimated from the diameter (d) of near-circular wear scars, the ball radius (r),

the applied normal load (W ) and sliding distance (x) following Archard's law of wear [119]:

k =
pd4

64rWx
(4.5)

The surface topography of the as-deposited and worn �lms was characterized by

atomic force microscopy (AFM), using tapping mode. The surface roughness parameter

Rq (RMS), as determined from AFM 50×50 µm2 scans, was used to quantify surface degrada-

tion. The coatings morphology of pristine and damaged specimens was observed by scanning

electron microscopy (SEM), which also allowed direct measurements of the radius of the ball

wear scars and wear debris.

4.5.3 Results

Tribotesting of CVD diamond coated Si3N4 ceramics was performed using two ranges

of applied normal load magnitudes hereafter labeled as moderate and high. The �rst group of

experiments involved applied load values in the range 70− 90 N and were selected based on

experimental data from former studies using self-mated CVD diamond systems under dry slid-

ing conditions [135]. To also assess the maximum sustainable load of deposited CVD diamond

coatings under planar sliding, i.e. prior to delamination by gross �lm detachment or �lm wear-

out, the second group of tests involved harsher conditions using heavier loads in the range

110−160 N.
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Moderate loads (70-90 N)

In Fig. 4.20, SEMmicrographs of as-deposited and worn CVD diamond coated Si3N4

�lms are depicted. Fig. 4.20 (a) and (b) show that the surface morphologies of both the as-

deposited plate and ball specimens are characterized by the presence of well faceted crystallites

with preferential 〈100〉 crystallographic growth orientation. Aside the presence of prevailing

octahedral diamond crystallites, ball specimens (Fig. 4.20 (a)) also exhibit some tilted grains

whereas plate specimens do not (Fig. 4.20 (b)), however, both geometries show the occurrence

of grain twining. Insets in each micrography reveal also larger crystallites in the case of �lms

deposited on the balls. Therefore, plate specimens possess a more homogeneous surface mor-

phology as well as smaller diamond grains.

Figure 4.20: SEM micrographs of as-deposited CVD diamond coatings: (a) on the ball; (b) on

the plate.Worn surfaces after self-mated testing under 70 N: (c) ball; (d) plate. High magni�ca-

tions are shown on the insets.

Fig. 4.20 (c) and (d) show the general aspect of worn CVD diamond coatings submit-

ted to a moderate load of 70 N. These �gures illustrate that the octahedral protruding asperities

were worn down and surfaces exhibit a polished appearance. From the inset of Fig. 4.20 (d), it
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can also be observed that the polishing was performed to a lesser degree on the plate specimen,

where voids corresponding to the valleys existing between pyramidal shaped asperities are still

visible. These micro-pyramids were leveled off into plateaus of (100) diamond planes. Super-

imposed to the polished topography of worn CVD diamond �lms, parallel wear grooves along

the sliding direction are observed on both specimens which, however, present a higher spatial

density in the ball.

Representative AFM 3D scans of as-deposited and worn CVD diamond �lms are

depicted in Fig. 4.21. The aspect of the pristine plate specimens is characterized by a hilly to-

pography, where high sharp peaks corresponding to the octahedral asperities are surrounded by

deep valleys (Fig. 4.21 (a)). AFM measured values for the Rq of as-deposited plate specimens

varied in the range 330− 418 nm. The surface topography of a worn plate resulting from a

sliding test under a load of 70 N is shown in Fig. 4.21 (b). The presence of longitudinal wear

grooves, reported above in the SEM images of worn �lms, can be observed here with increased

detail. However, evidence of the deepest valleys are still visible for this moderate load. The

surface roughness suffered an approximately �ve-fold reduction, Rq ∼ 74 nm, resulting from

the substantially lower heights of the wear grooves as compared to the octahedral peaks. An

AFM 3D scan and a 2D pro�le cut-out performed at the edge of the wear track are shown in

Fig. 4.21 (c) and (d), respectively. The variation of the vertical characteristics of the surface to-

pography can be observed with greater detail on the 2D pro�le of Fig. 4.21 (d), spanning 50 µm

from the wear track border.

Typical friction coef�cient evolution curves of water lubricated self-mated coatings

are represented in Fig. 4.22. The friction behaviour under a moderate load of 70 N (Fig. 4.22 (a))

is characterized by an initial sharp peak attaining a value of about 0.38 (regime I), followed by

a rapid transition (regime II) to a steady-state regime (regime III) in which the friction response

is very low (0.04−0.05). As observed from the inset, the change from moderately high friction

values (regime I) to a very low energy dissipation condition (regime III) occurs within only

a few meters of sliding distance. Moreover, the naturally occurring friction noise remained

relatively low throughout the entire steady-state regime, without evidencing pronounced spikes.
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Figure 4.21: Tapping mode AFM scans of CVD diamond coatings on plate specimens. (a) As-

deposited. (b)Worn surface inside the wear track after self-mated testing under 70 N. 3D image

(c) and 2D pro�le cut (d) of the transition topography at the wear track border after self-mated

testing under 70 N.

Fig. 4.22 (b) corresponds to the friction behaviour under high loads and it will be addressed in

the next sub-section.

High loads (110-160 N)

SEM micrographs of worn CVD �lms under high loads are depicted in Fig. 4.23. A

wear damaged ball and the mating plate specimen, submitted to a normal load of 110 N and

sliding of 690 m, are shown in Fig. 4.23 (a) and (b), respectively. As can be readily observed,

the resulting surfaces are much smoother than as-deposited ones and also present wear grooves

parallel to the sliding direction. Moreover, as veri�ed in the moderate loads tribotests, the ball

specimens tend to show a higher number of grooves with respect to the CVD diamond coated
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Figure 4.22: Friction curve evolution as a function of sliding distance under an applied load

of 70 N (a) and 160 N (b). Details of the �rst 4 m of the tests are shown in the insets. La-

bels correspond to: I � initial friction peak; II � running-in period; III � steady-state regime;

IV � partial contact with the substrate.

plates. For the highest load (160 N), the SEM micrography of the ball specimen (Fig. 4.23 (c))

shows a near-circular wear scar with a lighter area at the centre. This corresponds to the Si3N4

ceramic material being exposed and, therefore, it reveals partial wear-out of the coating. How-

ever, the regular contour of this lighter region indicates progressive wear damage instead of

premature failure by gross �lm detachment, characterized by highly irregular borders as re-

ferred to in unlubricated tests [135]. The resulting counterbody plate surface is depicted in

Fig. 4.23 (d) without disclosure of the planar substrate. A magni�ed image in the inset shows

with higher detail, the resulting morphology of the worn surfaces closer to the wear track border
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where CVD diamond micro-pyramids were truncated and progressively leveled to form exten-

sive plateaus.

Figure 4.23: SEM micrographs of CVD diamond worn surfaces after self-mated testing under

110 N: (a) ball; (b) plate. Worn surfaces after self-mated testing under 160 N: (c) ball; (d) plate

(inset: high magni�cation).

3D AFM images of a worn plate resulting from a tribotest with an applied load

of 160 N are represented in Fig. 4.24 (a) and (b), inside the wear track region and border,

respectively. As expected from such high stress conditions, the wear track topography reveals

no traces of the original CVD diamond features and exhibits closely spaced wear grooves, in-

dicative of abrasion wear processes.

The typical morphology of the wear debris collected from the lubricant is shown in

Fig. 4.25. The low magni�cation on Fig. 4.25 (a) reveals the presence of large blunted particles

with different shapes. Elongated particles prevail and a few show a peculiar doughnut-like

shape. At the higher magni�cation of Fig. 4.25 (b), agglomerates of submicrometric debris

particles are also discernible. These spread in between the large particles as well as are covering
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Figure 4.24: Tapping mode AFM scans of CVD diamond coatings on plate specimens.

(a) Worn surface at the centre of the wear track after self-mated testing under 160 N. (b) 3D

image of the transition topography at the wear track border after self-mated testing under 160

N.

them as a result of the SEM sample preparation. Fig. 4.22 (b) depicts the friction curve under

an applied load of 160 N. The friction evolution as a function of sliding distance is similar to the

one previously described for moderate loads (Fig. 4.22 (a)) from a new regime (IV) appearing

after 400 m of sliding distance translated by a slight increase in slope.

Figure 4.25: SEM images of the morphology of the wear debris. (a) Low magni�cation.

(b) Detail of debris showing distinct sizes.

4.5.4 Discussion

The present water lubricated tests of homologous pairs of CVD coated materials re-

vealed striking differences compared with the dry sliding behaviour of the same materials, pre-
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viously reported [135]. First, to achieve destructive conditions leading to �lm removal, higher

loads (150− 160 N) were needed than those for �lm delamination (80 N) under unlubricated

conditions. Secondly, results showed a different worn morphology, where the lubricated sam-

ples revealed a grooved surface (for example Fig. 4.21 (b)), in contrast to the more �attened

surfaces tested in dry conditions, although the later denoted extensive occurrence of pull-outs

of diamond crystal aggregates [135]. The enhanced load supporting capability of the tribosys-

tem can be attributed to a different stress distribution promoted by the lubricant �lm, resulting

in a substantial reduction of the Hertzian contact pressures, estimated to be around 4.5 GPa in

dry conditions [135].

Water also constituted a diamond debris reservoir, as the lubricant is not renewed dur-

ing the test. This way, a sort of abrasive suspension with a wide size distribution of diamond

particles (Fig. 4.25) act on the contact region, promoting three-body abrasion and intense groove

formation. On the contrary, in dry experiments, the largest debris particles are rapidly expelled

from the contact region and the abrasive action takes place at a smaller length-scale leading to

a more effective polishing [135].

A mechanical wear type governed the CVD diamond material loss in the presence

of water. The revealed surface topography features in Fig. 4.21 (c) give clues on the differ-

ent phases of wear damage, as well as point out some of the occurring wear mechanisms. A

transition between near pristine sharp diamond crystallites, truncated peaks and progressively

leveled-off and blunted asperities towards the centre of the wear track is observed. It is re-

alistic to establish a correspondence between this spatial gradient and the sequence of events

taking place during wear damage. This is corroborated by the images sequence in Fig. 4.26 that

exempli�es the relationship between the as-deposited diamond �lm and generated debris mor-

phologies entrapped in the aqueous media. The smallest fragments result from a single crystal

vertex cut-off, while the larger ones outcome from truncation of aggregates of crystals. Both

types of debris subsequently round-off and �attened under the sliding interaction of the mating

surfaces, acting at the same time as abrasive particles, assisting on the self-polishing process,

although allowing groove formation by the action of the larger particles.
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Figure 4.26: Schematics of the correspondence between protruding asperities of diamond crys-

tals and wear debris particles, featuring two distinct morphologies corresponding to single and

agglomerated crystals.

A possible explanation for the higher density of grooves observed on the balls (see for

example Fig. 4.20 (c) and (d)) could result from the in�uence of the gravitational force on the

wear debris, forcing them to stay attached statistically for longer periods of time to the lower

�at specimen, and, therefore, abrading more aggressively the upper specimen (ball). In other

words, the debris predominantly performs as a two-body abrasive agent on the ball, while they

act as a three-body on the disc.

In contrast to most other engineering surfaces, the friction coef�cient depends on

the surface roughness of the diamond �lms [6, p. 92, 93] which explains the occurrence of

three different regimes in the friction curves of the water lubricated self-mated CVD diamond

tests (Fig. 4.22). In the beginning of the tribotest, the interlocking of rough diamond asperities

produces a peak in the friction trace (regime I). This initial sharp peak corresponds to the max-

imum recorded values for the friction coef�cient. After this initial phase, a range with rapidly

decreasing friction coef�cient values takes place (regime II). During successive sliding passes,

the sharp asperity tips are blunted and the valleys between asperities are �lled with wear debris

particles. This corresponds to a running-in phase of accommodation between opposing surfaces

and lasts up to about 2 m. Afterwards an equilibrium of very low frictional response sets in for

the rest of the test when leveled diamond plateaus are in mating contact (regime III).
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The described frictional response of the lubricated systems has no striking differences

when compared to dry sliding conditions with the same coatings [135]. The main distinction

is in the initial friction peak, with amplitudes as low as about 60% than those observed in the

unlubricated case (maximum of ∼ 0.60, for 80 N). The change in behaviour caused by the

water lubricant is attributed to the reduction of two contributions: (i) adhesion component, by

the passivation of the diamond surfaces by hydrogen and hydroxyl ions, which bind to the sur-

face dangling bonds and lead to a reduction of the adhesion component of the friction [18];

(ii) mechanical component, due to the role of the lubricant in reducing the real area of contact

and, therefore, the lowering of the incidence of contacts. Moreover, the absence of friction

spikes and localized �lm detachments, and/or other catastrophic events below 160 N, consti-

tutes an indication of progressive wear for the self-mated coatings. The small increase in slope

in the friction coef�cient starting at 400 m of sliding distance for the 160 N test (Fig. 4.22 (b))

is believed to be related to wear-through of the CVD diamond coating on the ball, exposing

the ceramic. However, an outer circular diamond crown surrounding the exposed substrate

(Fig. 4.22 (c)), is responsible for maintaining essentially a homologous diamond contact of

relatively low friction, instead of a distinctive Si3N4/CVD diamond trace. Reports on water lu-

bricated Si3N4/diamond systems were not found by the authors, however, these contacts under

60% of relative humidity showed a friction coef�cient value around 0.1 [136].

The water lubricated diamond �lms exhibited an excellent wear resistance. Estimated

wear coef�cient values based on damage scars imprinted on the balls specimens revealed a

very mild wear regime (∼ 10−8 mm3N−1m−1) for all tested loads. The assessed values showed

a slight increase in wear damage from 2.3× 10−8 mm3N−1m−1 to 3.0× 10−8 mm3N−1m−1

when testing under moderate (70 N) and high loads (110 N), respectively.

Experimental data by Miyoshi et al. [34] show for the friction coef�cient of water lubricated

polished coarse-grain CVD diamond sliding against CVD diamond pins, values around 0.06

and an ultra-mild wear regime (< 10−10 mm3N−1m−1). The equilibrium friction values of the

present study are slightly better, although exhibiting a lower wear resistance, since the wear

coef�cient values are two orders of magnitude higher. However, the much lower applied load

(0.49 N) used in the work of Miyoshi et al. [34] accounts for the better wear performance, since

it represents a less intense tribological interaction than the one here presented.
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4.5.5 Conclusions

Ball-on-plate self-mated reciprocating tests of CVD diamond coated Si3N4 ceramics

in the presence of water proved that these materials constitute an effective wear-resistant and

low-friction alternative for demanding tribo-applications.

Under moderate loads, up to 90 N, the worn surfaces exhibit a polished appearance

corresponding to a �ve-fold reduction of the RMS value in relation to the as-deposited �lms,

after 16 h (690 m) of continuous sliding. The topography of the worn �lm also reveals some

longitudinal wear grooves along the sliding direction. The sequence of the wear damage events

is described as follows: truncation of protruding diamond asperities, blunting of exposed edges,

grooving with large debris particles and self-polishing at microscale level by two-body and

three-body abrasion. The steady-state sliding regime is reached after a few reciprocating traver-

sals (∼ 2 m) attaining a very low friction coef�cient in the leeway 0.04− 0.05 and a wear

coef�cient as low as 2.3×10−8 mm3N−1m−1.

For high-loading tribotests (110− 160 N), the density of resultant grooves on the

surface is higher and progressive wear damage is observed until the threshold load (160 N) to

�lm partial wear-out in the balls. However, the very low friction behaviour is essentially kept

due to the load supporting role of a peripheral diamond crown in the ball. The CVD diamond

coatings keep a high wear resistance (3.0×10−8 mm3N−1m−1) for loads below 160 N.
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5.1 Introduction

This chapter comprises four scienti�c articles, with the �rst three (Publications V-VII)

already published in international journals and a fourth (Publication VIII, Sec. 5.5) accepted for

publication in the international journal Diamond & Related Materials. All four papers report

on particular aspects of the tribological characterization of homologous pairs of NCD-coated

Si3N4 tribosystems conducted in this thesis.

The friction and wear behaviour of the NCD �lms was assessed in the same operating environ-

ments as those as the MCD coatings, i.e. unlubricated sliding in open air and water lubrication,

both at ambient temperature. Tribo-testing in all studies was carried out in an adapted ball-

on-�at (BOF) tribometer (PLINT TE/67R) with linear reciprocating motion, and where the

frequency (1 Hz) and amplitude (3 mm) was kept unchanged. Thus, the experimental variables

covered in the various studies were the applied normal load (contact pressure), NCD deposition

technique, sliding environment and type of substrate surface pretreatment

As was the case for the MCD coatings, several non-destructive techniques were employed in the

characterization of as-deposited and worn NCD �lms, namely SEM, AFM and µ-Raman. The

�rst two techniques were mainly used to study the morphology and topography, as well as to

obtain the surface roughness parameters of virgin and wear damaged diamond coatings. Infor-

mation provided by those techniques was also used to identify the prevailing wear processes and

mechanisms, and to estimate speci�c wear rates for the NCD �lms. Moreover, X-ray diffraction

analysis was used exceptionally in Publication V (Sec. 5.2) for crystallographic studies and to

estimate the diamond grain size.

The �rst article (Publication V, Sec. 5.2) appearing in this chapter is dedicated to the

evaluation of the tribological properties of self-mated NCD-coated Si3N4 �lms, synthesized by

the microwave plasma-assisted chemical vapour deposition (MWPACVD) technique. Diamond

growth was achieved in a Ar/H2/CH4 gas mixture, using microwave discharges in continuous

wave (CW) and pulsed wave (PW) mode for the �at and ball specimens, respectively. The self-

mated diamond coatings were made to slide in ambient atmosphere, under applied normal loads

spanning the range 10−40 N, which correspond to severe sliding contact conditions.

Tribo-testing was performed over two different length-scales, i.e. shorter standard experiments,
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corresponding to a sliding distance of approximately 43 m (1 h), and lengthier endurance ex-

periments of about 690 m (16 h). The choice of two distinct sliding distances enabled a better

representation of the evolution of the friction coef�cient, where the shorter distance is more

appropriate to analyse the initial friction peak and running-in regime, as well as in screening the

threshold load under sliding, whereas the endurance tests become important for assessing the

steady-state friction coef�cient, resistance to fatigue wear and more accurately estimate speci�c

wear rate values for the NCD coatings (because the tribosystem reaches a stable regime, where

the predominant wear mechanisms remain unchanged).

Publication VI (Sec. 5.3) reports on the tribological properties of self-mated NCD-

coated Si3N4 �lms, this time using the hot-�lament CVD (HFCVD) variant because of its lower

complexity, greater versatility and lower costs involved as compared with MWPACVD.

Prior to diamond deposition, the �at substrates were submitted to three different surface �nish

conditions, namely �at lapping, pre-polishing and polishing to a specular surface condition.

The mechanical processes used to achieve these surface �nish conditions are found in the ex-

perimental section of this second paper.

In order to compare the tribological performance of MWPACVD and HFCVD nanocrystalline

diamond coatings, tribo-testing in this second study was performed under the same operating

conditions, i.e. at ambient temperature without lubrication and using applied normal loads of

the same order (10−40 N). Once more, two different sliding distances resulting from test dura-

tions of 2 h (x∼ 86 m) and 16 h (x∼ 690 m) were used to better analyse the various occurring

friction regimes.

Complementary to the objective of assessing the tribological potential of the more cost-effective

HFCVD-based NCD �lms, this paper reports also on the in�uence of the mechanical surface

pretreatments applied to the Si3N4 substrates in terms of the friction and wear performance

of NCD coatings. This will make possible to choose an adequate pretreatment for subsequent

studies.

In the third article (Publication VII, Sec. 5.4), the in�uence of plasma pretreatments

on Si3N4 substrates and their effect on the tribological performance of self-mated HFCVD-

based NCD coatings is addressed. The main objective of this study consisted in further im-
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proving on the adhesion levels demonstrated by the smoothest NCD coatings, described in the

preceding work (Publication VI, Sec. 5.3), i.e. those obtained by polishing the substrate to a

mirror-like �nish. As referred in Publication VI (Sec. 5.3), these were characterized by the

lowest friction resistance, which make them serious candidates for biotribological applications.

Nonetheless, they were also characterized by the least resistance to delamination under inten-

sive tribological stress and, therefore, needed to be more thoroughly studied to enhance their

potential of applicability.

For the purpose of analyzing the tribological potential of plasma pretreated NCD coatings, the

substrates were etched by an hydrogen plasma inside a MWPACVD reactor for 30 min, and the

dry sliding experiments performed under normal loads in the leeway 10−90 N, in open air.

Finally, the last article (Publication VIII, Sec. 5.5) is dedicated to the tribological

evaluation of NCD-coated Si3N4 tribosystems under water lubrication. Likewise, the Si3N4

substrates were mechanically polished to a specular �nish to obtain the smoothest and lowest

friction coatings, which bear an higher potential for biotribological applications, such as in total

arthroplasty. Moreover, as a result of the bene�cial effect observed in plasma pretreated coat-

ings (see Publication VII, Sec. 5.4), the ceramic substrates were also subjected to a tetra�uo-

romethane (CF4) plasma etching for 1 h (Emitech, K 1050X), in order to enhance �lm adhesion.

The tribo-tests were carried out by maintaining the contact region permanently immersed in a

water pool type reservoir, attached to the lower oscillating table, and under applied normal load

values ranging from 10 to 90 N.

The morphology of as-deposited and worn NCD �lms, as well as of the wear debris particles,

were studied by SEM to conclude on the prevailing wear processes and mechanisms. The to-

pographic features and surface roughness parameters of the NCD coatings were also obtained

from AFM measurements operated in non-contact tapping mode. Moreover, when considered

useful, a comparison is given between the tribological performance of HFCVD-based plasma

pretreated NCD coatings in the presence of water and dry sliding conditions.
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(A) UNLUBRICATED TESTS

5.2 Tribological testing of self-mated nanocrystalline diamond

coatings on Si3N4 ceramics [Publication V]

C.S. Abreu, M.S. Amaral, F.J. Oliveira, A. Tallaire, F. Bénédic, O. Syll, G. Cicala

J.R. Gomes, R.F. Silva

Surf. Coat. Tech., 200 (2006) 6235-6239

Abstract

Due to their much lower surface roughness compared to that of microcrystalline

diamond, nanocrystalline diamond (NCD) �lms are promising candidates for tribological appli-

cations, in particular when deposited on hard ceramic materials such as silicon nitride (Si3N4).

In the present work, microwave plasma-assisted chemical vapour deposition of NCD is achieved

using Ar/H2/CH4 gas mixtures on plates and ball-shaped Si3N4 specimens either by a conven-

tional continuous mode or by a recently developed pulsed regime. The microstructure, mor-

phology, topography and purity of the deposited �lms show typical NCD features for the two

kinds of substrate shapes. Besides, tribological characterization of the NCD/Si3N4 samples is

carried out using self-mated pairs without lubrication in order to assess their friction and wear

response. Worn surfaces were studied by SEM and AFM topography measurements in order

to identify the prevalent wear mechanisms. Friction values reached a steady-state minimum of

approximately 0.02 following a short running-in period where the main feature is a sharp peak

which attained a maximum around 0.44. Up to the critical load of 35 N, corresponding to �lm

delamination, the equilibrium friction values are similar, irrespective of the applied load. The

calculated wear coef�cient values denoted a very mild regime (K ∼ 1× 10−8 mm3N−1m−1)

for the self-mated NCD coatings. The predominant wear mechanism was identi�ed as self-

polishing by micro-abrasion.

Keywords: Nanocrystalline diamond; Silicon nitride; Tribological characterization
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5.2.1 Introduction

In the past few years, an increasing interest has been focused on the synthesis of

nanocrystalline diamond �lms (NCD) due to their extreme hardness and their nanometre-scale

grain size which ensures a very low surface roughness [137, 138]. However, the mechanical

and tribological applications of such coatings are mainly limited by the weak properties of the

substrates used since depositions are usually performed on silicon. Recently the possibility to

use silicon nitride (Si3N4) ceramics as substrates has been pointed out [139, 140]. Indeed Si3N4

is a tough and hard material that ensures load-bearing capability for mechanical purposes and an

adequate af�nity and adhesion with diamond. NCD �lms deposited on silicon nitride substrates

could �nd applications in numerous �elds such as biomaterials, mechanical face seals, bearings

or cutting tools. Diamond �lms have a very low friction and high wear resistance under a wide

range of sliding contact conditions [24] whose performance may be improved if ultra-smooth

NCD �lms are used. Values of the friction coef�cient in the range of 0.03−0.06 were obtained

in self-mated �ne grain microcrystalline diamond coatings [39]. Also, high values were mea-

sured in the early phases of wear tests of microcrystalline diamond �lms [41, 141]. It is then of

great interest to further assessing the tribological properties of NCD coated Si3N4 substrates in

what matters their friction and wear behaviour.

High quality homogeneous NCD �lms can be deposited on Si3N4 substrates with

typical growth rates of a few micrometers per hour using microwave plasma assisted chemi-

cal vapour deposition (MPACVD) process working in a conventional continuous mode [140].

Controlling the deposition temperature is, however, quite dif�cult when depositing on complex-

shape substrates since the dielectric sample may deeply penetrate the discharge which leads to a

pronounced edge effect and to a subsequent graphitisation of the �lm [142]. This phenomenon

is particularly important for Si3N4 material due to its low thermal conductivity, but can be suc-

cessfully overcome by the use of an appropriate pulsed microwave discharge [142].

In this work, the tribological properties of Si3N4 ceramic substrates coated with a

NCD thin layer are investigated. The diamond depositions were performed under Ar/H2/CH4

microwave discharges both on silicon nitride plates and on ball-shaped substrates in continuous
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wave (CW) and pulsed wave (PW) mode, respectively. Tribological characterization of such

NCD �lms is achieved using self-mated pairs (ball and plate) without lubrication in order to as-

sess their friction coef�cient values and wear behaviour when subjected to such extreme surface

contacts.

5.2.2 Experimental details

Dense Si3N4 plates (10×10×3 mm3) and balls (5 mm diameter) were used as sub-

strates for diamond deposition. The mirror polished plates were produced by pressureless sinter-

ing at 1750 ◦C/2 h under nitrogen atmosphere, followed by cutting, grinding, lapping and �nally

polishing with colloidal silica. The balls, commercially available (Kema Nord), were polished

down to 1 µm with diamond slurry before scratching for NCD growth. NCD deposition was

carried out using previously optimised growth conditions in a bell-jar type reactor [140, 142].

Prior to the plasma treatment, all the samples (plates and balls) were submitted to an appropriate

ultrasonic pre-treatment in a 40 µm grain size diamond powder suspension in order to enhance

diamond nucleation on the substrate surface [143]. Two ceramic plates, referred as P1 and P2,

were successively recovered by a thin NCD layer (∼ 12 µm) using the conventional CW mode.

The feed gas was an Ar/H2/CH4 mixture (96%:3%:1%) with a total �ow rate of 250 sccm.

The pressure in the chamber was set to 200 mbar while the injected microwave power was

maintained constant at 600 W. The surface temperature monitored with a bichromatic infrared

pyrometer was controlled using an additional heating system located in the substrate holder and

set at 925 and 825 ◦C for samples P1 and P2, respectively. In order to avoid the edge effect in-

duced by the shape of the substrates, the two Si3N4 balls, labeled B1 and B2, were coated under

PW discharges. The gas mixture and �ow rate were the same than those described above, but

in this case the input power was modulated with a pulse repetition rate of 1000 Hz and a duty

cycle of for a maximum input microwave power of 800 W. The balls were carefully placed in a

circular hole made in the molybdenum substrate holder, the depth of which was approximately

half their diameter. The surface temperature was estimated for both samples at 925 ◦C. The

growth duration imposed for each sample was 3 h to give a �nal thicknesses of approximately

12 µm for the �at substrates.
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The microstructure, morphology, topography and purity of NCD �lms deposited on

Si3N4 ceramic plates and ball-shaped substrates in the conditions described above were dis-

cussed in previous papers [140, 142]. The main features are brie�y summarized in the next

section where observations by scanning electron microscopy (SEM) (Hitachi S4100), atomic

force microscopy (AFM) (Digital Instrument Multimode IIIa) and micro-Raman spectroscopy

(high-resolution confocal spectrometer Jobin-Yvon HR800) are also reported.

The tribological characterization of the NCD �lms was achieved using a ball-on-�at

reciprocating tribometer (PLINT TE67/R). Unlubricated self-mated tests were performed in

ambient atmosphere (RH of 50− 60%) at room temperature, with constant stroke (6 mm) and

frequency (1 Hz). The NCD-coated balls (upper specimen) were mounted in the sample holder

arm and made to contact with a de�ned applied load onto the counter surface. The oscillatory

relative motion between the opposing surfaces was obtained by clamping NCD-coated square

plate counterbodies (lower specimen) on a reciprocating table. The applied normal load varied

in the range of 10 to 40 N. Considering a Hertzian elastic contact for a sphere pressed by a

determined load into a �at specimen, the applied loads used in this study produced initial peak

pressures under the ball in the range of 5−8 GPa [62, 117]. All tribological experiments were

conducted over a sliding distance (x) of 43 m, for the normal tests, and 690 m for the endurance

tests.

Friction scans were completed during the sliding tests by means of a load cell, pre-

viously calibrated by applying known dead-weights in the range of the measured loads. The

wear coef�cient (k) of the NCD-coated balls was assessed from the volumetric wear (V ) of this

triboelement determined from SEM observations of the near circular wear scars produced in the

contact zone [141].

After completion of the sliding tests, the worn surfaces were examined by SEM and AFM

(Digital Instrument NanoScope IIIa) with the purpose of ascertain the morphological and topo-

graphical characteristics of the �lms subjected to damage stress, and correlate the results with

the friction and wear mechanisms of NCD �lms in ambient atmosphere.
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5.2.3 Results and Discussion

Characterization of the NCD �lms

All the NCD �lms synthesized either under CW or PW discharges exhibit smooth

granular surfaces where no faceted crystallites can be noticed. Typical SEM and AFM im-

ages obtained on sample P2 are presented in Fig. 5.1 as an illustration. The SEM micrograph

(Fig. 5.1 (a)) emphasises the full recovering and uniformity of the NCD �lms, whereas the AFM

image (Fig. 5.1 (b)) points out their surface smoothness, with typical surface roughness values

(Ra) in the range between 20 and 40 nm. For the ball-shaped samples B1 and B2, the deposit

consisted in a hemispherical NCD �lm recovering homogeneously the upper part of the balls

since only a portion of the substrates was exposed to the plasma due to their position on the

substrate holder.

Raman spectroscopy of the samples was performed using the 488 nm line of an Ar+

laser as the excitation wavelength (Fig. 5.2). Typical NCD features are observed for both plates

and ball-shaped substrates, in particular the trans-polyacetylene bands at 1150 and 1480 cm−1,

the graphite D and G bands around 1350 and 1580 cm−1, respectively, and a weak broad

diamond peak at 1332 cm−1 [76, 144]. Note that, in the spectrum of sample P1, the trans-

polyacetylene bands and the diamond peak have a weaker intensity with regard to sample P2.

This may be due to the higher deposition temperature imposed for sample P1 since an increase

of the surface temperature was shown to provoke a transition towards more graphite-like NCD

layers [145]. The XRD analysis done in the NCD �lms deposited on Si3N4 plates give evidence

a good crystallinity through the observation of the characteristic 〈111〉 and 〈311〉 diffraction
peaks. The grain size was estimated around 12 nm from the broadening of the 〈111〉 peak [142].
By measuring the thickness of the �lms on cross-section SEM images, the growth rate of the

NCD layers on the ceramic plates was estimated to be about 4 µmh−1.

Tribological behaviour

A �rst set of ball-on-�at reciprocal tests was carried out to determine the maximum

critical load the NCD �lms could withstand. The NCD coatings sustained stable operation,

without �lm breakage, under tribological action for applied loads up to 35 N that corresponds
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Figure 5.1: Typical morphology and topography of the deposited NCD �lms as observed for

sample P2 by: (a) scanning electron microscopy; (b) atomic force microscopy on a 5× 5 µm2

surface.

to a maximum contact pressure of ∼ 6.8 GPa.

Fig. 5.3 shows typical friction scans of self-mated NCD coatings on Si3N4 ceramics

as a function of the sliding distance. The represented curves reveal a running-in effect with a

pronounced peak as its main feature, followed by a stationary phase with extremely low friction

coef�cients. The initial friction coef�cient of examined NCD coatings is in the range from 0.13

to 0.44 and denoted a signi�cant dependence on the starting surface roughness of as-deposited

�lms. This behaviour exists in spite of the nano-scale nature of the surface roughness of the

NCD thin �lms, and has been referred in some studies involving �ne-grained (20− 100 nm)

polycrystalline self-mated CVD diamond coatings [33]. This same feature was observed for
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Figure 5.2: Raman spectra of the NCD �lms deposited on the silicon nitride substrates: (a) P1

and P2 plates; (b) B1 and B2 balls. The excitation line was 488 nm and the main bands are

indexed on the spectra.

larger grain sized MPACVD diamond �lms (1.8− 4.6 µm) in experiments similar to those of

the present work [141]. This suggests that the initial friction regime is predominantly by a strong

interaction between surface asperities, i.e. by a mechanism of fragmentation and deformation

of contacting asperities. This process can be observed in the SEM micrograph of Fig. 5.4 (a),

where a change from the nominal NCD topography (Fig. 5.1 (a)) to more �attened surfaces took

place. In this case, there is not a large degree of polishing due to the low load (10 N) and short

sliding distance (43 m). For longer distances, the surface becomes fully �attened, revealing

extensive polishing. The micrograph in Fig. 5.4 (b) was taken from the border of the wear track

of a test conducted for 690 m under 10 N. In the centre of the track, the NCD �lm is fully �at

(lack of topographic contrast under SEM), with surface roughness values of about 2 nm (rms)

determined by AFM, while laterally it still contains unpolished zones.
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Figure 5.3: Representative evolution of the friction curve, for unlubricated self-mated NCD

�lms in ambient atmosphere, as a function of the sliding distance on a sample tested for

x = 43 m underW = 30 N.

As sliding continues, an equilibrium track is reached with the nano-asperities worn

down. The relevance of the interlocking mechanism gradually looses its importance in the over-

all friction phenomena thus giving very low steady-state friction values (0.02−0.04). This idea

is reinforced by the well known fact that the adhesive component of friction is highly reduced

during the sliding of smooth passivated diamond surfaces in ambient atmosphere, following

saturation of the dangling carbon bonds by adsorbed species [19]. Another feature observed in

this study was that the steady-state friction values remained the same, irrespective of the starting

surface roughness of as-deposited NCD �lms and applied load. Miyoshi [33] reports a similar

behaviour in terms of the starting surface roughness in�uence in the �nal equilibrium friction

of self-mated �ne-grained polycrystalline diamond. In addition, as can be seen from the inset

of the friction curve of Fig. 5.3, the leveling of the friction coef�cient is readily achieved after

a few decimeters of sliding distance, thus indicating a short running-in regime for homologous

pairs of NCD in open air.

The AFMmicrographs shown in Fig. 5.5 reveal the differences between the centre and

sides of wear tracks produced at short (Fig. 5.5 (a)) and long (Fig. 5.5 (b)) running distances
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Figure 5.4: SEM micrographs of NCD �lms revealing the smooth morphology of worn disc

specimens: (a) x = 43 m,W = 10 N at the centre of the wear track; (b) x = 690 m,W = 10 N

near the border of the track, showing ultra-smooth plateaus.

under 35 N and 30 N loads, respectively. Even for the 43 m experiment, the centre of the track

is already very smooth (rms ∼ 7 nm), unlike the case of the 10 N test (Fig. 5.4 (a)). For longer

distances, the surfaces become even smoother as the AFM micrograph of Fig. 5.5 (b) clearly

evidences. Surface roughness values in the range of ∼ 2 nm (rms) are achieved. The observed

morphology and this extremely �attened topography are characteristic of a self-polishing wear

mechanism by micro-abrasion.

The wear coef�cient values of balls sliding against NCD plate specimens varied in

the range of 1.0−1.4×10−8 mm3N−1m−1, indicating a very mild wear regime in ambient at-

mosphere for the long duration tests (690 m). It is worth noting that the wear of the NCD plate

specimens was not measurable by standard techniques (weight loss and conventional pro�lom-

etry) although the NCD �lm becomes smoothened as described above (Figs. 5.4 (b) and 5.5 (b)).
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Figure 5.5: AFM scans of worn NCD coatings taken from the borders of wear tracks on disc

specimens using tapping mode: (a) x = 43 m,W = 35 N; (b) x = 690 m,W = 30 N.

Although the deposited NCD diamond �lms contain some non-diamond phases

(Fig. 5.2), there is no apparent effect of their presence on the friction coef�cients or wear resis-

tance. The main differences relatively to wear tests conducted with self-mated microcrystalline

diamond are the lower starting friction coef�cient peaks and shorter running-in periods. These

can be accounted for entirely by the much smaller starting surface roughness of NCD �lms rela-

tively to polycrystalline diamond ones. Thus, the role of graphitic phases on the wear behaviour

of these NCD-coated Si3N4 ceramics is yet to be fully understood.

5.2.4 Conclusions

NCD �lms were successfully deposited by MPACVD method from Ar/H2/CH4 gas

mixtures on Si3N4 ceramic plates and balls, using CW and PW modes, respectively.

Ball-on-�at tribological experiments allowed the estimation of a critical load of 35 N (∼ 6.8 GPa)

for �lm delamination.

Friction curves show a pronounced friction peak attributed to the mechanical interlocking of sur-
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face diamond asperities, quickly followed by very low steady-state friction coef�cients

(0.02− 0.04) caused by the decrease of surface roughness through extensive polishing mech-

anism. Final surface roughness reached values of the order of 2 nm (rms) after long running

distances (690 m). Such low wear damage of the coated plates hindered a weight loss suf�cient

enough to be measured by usual techniques. In the balls, the calculated wear coef�cient is typ-

ical of a very mild wear regime, in the range of 1.0−1.4×10−8 mm3N−1m−1.

The very low friction, high wear resistance and enhanced adhesion of the NCD coat-

ings deposited on Si3N4 substrates make this tribosystem an excellent choice for dry tribological

applications involving high contact stresses, such as cutting tools or mechanical seals.
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5.3 Friction and wear performance of HFCVD nanocrystalline

diamond coated silicon nitride ceramics [Publication VI]
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Abstract

Silicon nitride (Si3N4) ceramics were selected as substrates due to their thermal and

chemical compatibility to diamond that ensure the adequate NCD adhesion for mechanical pur-

poses. NCD deposition was performed by hot-�lament chemical vapour method (HFCVD)

using Ar/H2/CH4 gas mixtures. The tribological assessment of homologous pairs of NCD �lms

was accomplished using reciprocating ball-on-�at tests using NCD coated Si3N4 plates and

balls. The friction evolution is characterized by an initial running-in regime with a sharp peak

up to 0.7, shortly followed by a steady-state regime identi�ed by very low friction coef�cient

values (0.02− 0.03). The threshold load prior to delamination depends on the starting surface

roughness of the substrates and attains a value of ∼ 40 N. In terms of wear performance, the

NCD �lms reveal a mild wear regime (K ∼ 10−7 mm3N−1m−1) for self-mated dry sliding con-

ditions.

Keywords: Nanocrystalline; Hot-�lament CVD; Tribology

5.3.1 Introduction

Nanocrystalline diamond coatings (NCD) are gaining increasing interest as serious

candidate materials for high performance engineering surfaces in mechanical and tribological

applications, due to their intrinsic smoothness combined with most of the outstanding proper-

ties of natural single-crystal diamond [24]. Highly demanding tribological applications where

NCD coatings are already in use or thought of vary from the �uid handling and cutting tools

industries to, more recently, micro-electromechanical systems (MEMS) and biomedical appli-

cations [62, 92, 146].

The wear performance and, more extensively, the friction properties of NCD coatings

sliding against metallic or ceramic dissimilar counterpairs have been studied [21, 41]. However,
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to our knowledge, no reports are found in the literature concerning the tribological performance

of unlubricated homologous pairs of NCD �lms under high applied stresses.

Silicon nitride (Si3N4) ceramics constitute a novel and prospective substrate material

for the deposition of NCD �lms due to their chemical compatibility and low thermal mismatch

with diamond, which translates as an improved adhesion [73, 141]. Being one of the toughest

ceramic materials, it possesses an advantageous combination of intrinsic mechanical, thermal

and chemical properties, as well as good wear resistance, imperative for demanding tribome-

chanical applications.

The hot-�lament chemical vapour deposition (HFCVD) technique is one of the most common

available methods of producing polycrystalline diamond �lms and, more recently, NCD �lms.

This versatile CVD based deposition technique allows the diamond deposition in a simple and

cost-effective way, overcoming some of the limitations of other more sophisticated CVD tech-

niques such as microwave plasma CVD (MPCVD), namely in the ability of coating complex

geometries.

Reciprocating ball-on-�at experiments were undertaken to assess the tribological be-

haviour of NCD homologous pairs. Three different surface �nishing states were employed

on the Si3N4 substrates. The applied load threshold at which delamination of the �lms oc-

curs under tribological stress was determined for all tested conditions. Different characteri-

zation techniques were used in order to examine the quality, morphology and topography of

the deposited and worn NCD �lms, respectively, µ-Raman spectroscopy, scanning electron mi-

croscopy (SEM) and atomic force microscopy (AFM).

5.3.2 Experimental details

Details on powder preparation and sintering of Si3N4 substrates can be found else-

where [147]. Square substrates (10× 10× 3 mm3) were cut from dense ceramics, ground and

submitted to three different surface �nish conditions: (i) �at lapping with 15 µm diamond slurry

(FL samples); (ii) hard cloth polishing with 15 µm diamond slurry (PP); and (iii) polishing to

a mirror-like �nish with colloidal silica (P). Commercial silicon nitride balls (Ø 5 mm, Kema

Nord) were also used for diamond deposition, in order to act as counterbodies in the sliding
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experiments. Silicon nitride substrates were then scratched for 1 h in an ultrasonic suspen-

sion with 1 µm diamond powder in n-hexane (1 g/100 ml). Nanocrystalline diamond �lms were

grown by the HFCVD technique using an Ar/CH4/H2 gas mixture where the Ar/H2 and CH4/H2

ratios were �xed at 0.1 and 0.04, respectively. The other deposition conditions were the follow-

ing: W �lament temperature � 2300 ◦C, total gas �ow � 50 ml·min−1, total pressure � 50 mbar,

substrate temperature � 750 ◦C. The nanodiamond growth rates were, respectively, 1.6 µm·h−1

on the plates and 2.2 µm·h−1 on the balls.

All the substrates were characterized by AFM (Digital Instruments, IIIa, USA) be-

fore and after deposition in order to distinguish their topographic features. The morphology

and thickness of the NCD �lms were assessed using SEM (Hitachi S4100, J). The NCD quality

of the as-deposited �lms was characterized by a µ-Raman spectrometer (Jobin Yvon T64000, F)

with the 514.5 nm line.

The tribological testing of self-mated NCD �lms was performed on a ball-on-�at

reciprocating sliding tribometer (PLINT TE67/R, UK). Tests were conducted in ambient atmo-

sphere (∼ 50− 60% RH), under unlubricated conditions, with a constant stroke of 6 mm and

frequency of 1 Hz. Sliding distances were chosen to be of ∼ 86 m (regular tests) and for the

lengthier ones ∼ 690 m (endurance tests), which correspond to 2 h and 16 h of in-interrupt

sliding, respectively. Normal loads in the range of 10 to 40 N were applied by means of weights

and were kept constant for each run. Considering a purely elastic contact of the sphere/plane

surface, these conditions represent a mean Hertzian pressure (normal stress) in the range of

4.4−7.1 GPa [10, 148].

Following the sliding tests, the worn NCD surfaces were examined by SEM and AFM tech-

niques. The wear coef�cient of the balls was assessed by measuring the corresponding wear

scar diameter in SEM.
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5.3.3 Results and Discussion

Morphology of substrates and as-grown NCD �lms

The morphology of the as-deposited NCD �lms on silicon nitride substrates reveals a

good uniformity, as shown in Fig. 5.6 (a), for a∼ 25 µm thick �lm grown on a ball. The included

inset exhibits the presence of a pattern of smooth round elevations on the top of which the nano-

sized diamond grains are perceptible. Fig. 5.6 (b) depicts a representative µ-Raman spectrum

of an as-deposited NCD �lm, containing the diamond characteristic peak at ∼ 1332 cm−1 and

the features usually assigned to transpolyacetylene (at 1140 and 1480 cm−1), typical of NCD

�lms [76, 149]. The D and G bands (at 1350 cm−1 and 1580 cm−1, respectively) associated

with the sp2 coordinated material are also present.

Figure 5.6: (a) Morphology of a representative NCD �lm on a Si3N4 ball substrate. The inset

shows a detail �ve times magni�ed relative to the main micrograph; (b) Raman spectrum of a

typical as-deposited NCD �lm.
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AFM scans of the Si3N4 substrates with the distinct surface �nishing conditions an-

alyzed in the present study, along-side with the corresponding deposited NCD �lms, are pre-

sented in Fig. 5.7. Each 3D plot is accompanied by its respective surface roughness value,

Rq (rms). The different uncoated substrate surface �nishing quality is clearly evidenced: for the

FL sample, deep grooves are visible as a result of the roughing operation; for the PP sample, a

somewhat irregular surface topography is still patent, however without the presence of grooves;

�nally, for the P sample, a high smoothness was achieved. The above described surface distinct

conditions are corroborated by their relative Rq values, in the range of 169 nm for the roughest

and of 15 nm for the smoothest one. After coating, the roughness rank is kept. However, partic-

ular phenomena must be taken into account. In fact, for deposition time used, the �lm tends to

magnify the roughness for rougher starting surfaces, such as in the case of FL (Fig. 5.7 (a), (d)).

As it can be seen, the NCD �lm growth follows the grooves of this sample, while prominent

conglomerates formed in the vicinity of local asperities, resulting on increased Rq up to 206 nm.

On the other hand, since the PP sample presents lower starting roughness, the magnifying effect

does not take place, a smoothing occurs instead (Fig. 5.7 (b), (e)). For this sample, the NCD

smooth deposit actually improves the surface �nish, whose initial roughness was not enough to

promote the above described magnifying effect. The intrinsic smoothness of the NCD deposits

is put in evidence for the case of the P sample, whose starting Rq roughness of 15 nm augmented

to only 41 nm for a ∼ 20 µm thick �lm. Concerning the NCD coated a nominal roughness of

87 nm was obtained.

Morphology of worn NCD �lms and tribological behaviour

As can be seen from the low magni�cation SEM micrograph of the FL wear track

(Fig. 5.8 (a)), material loss by polishing takes place under an applied load of 20 N for shorter

runs (∼ 86 m), without completely masking the deep scratches inherent to this surface �nish

condition. In the PP wear track, a similar morphology of the worn surface indicates identical

phenomena, although a more evenly distribution of polished sites can be observed due to the

lower initial roughness associated to this surface �nish condition.

At high magni�cation (Fig. 5.8 (c)), depressions can be observed alongside with plateaus formed

by a self-polishing (micro-abrasion) mechanism, which lead to the truncating of NCD conglom-

erates and subsequent �attening. The depressions between the plateaus correspond to undam-

aged NCD regions.
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Figure 5.7: 3D AFM images of uncoated (left column) and NCD coated (right column) sub-

strates. FL � �at lapped substrate; PP � pre-polished; P � polished.

Also noticeable (Fig. 5.8 (d)) is the crack pattern in lumps of material localized at the edge

of the wear tracks, originated from the NCD wear debris smeared by the contact pressure and

sliding interaction.

Representative friction evolution curves for each surface �nishing condition are de-

picted in the plots of Fig. 5.9 (a)�(c). Regardless the analyzed sample, each friction coef�cient

(µ) curve is characterized by an intense narrow initial peak, originated from the mechanical in-

terlocking of the �lm asperities. Following this main feature, a relatively short transition stage

sets-in associated to the �attening of asperities, until the accommodation of the antagonist sur-
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Figure 5.8: Aspect of the wear tracks for samples (a) FL and (b) PP under an applied load of

20 N and a sliding distance of 86 m; (c) detail of polished plateaus, originated from truncated

NCD conglomerates; (d) lumps of cracked material at the edge of the wear track.

faces is reached. Finally, due to widespread polishing, the friction coef�cient levels off, reaching

extremely low values in the range of 0.02− 0.03. The friction behaviour of FL (Fig. 5.9 (a))

and PP (Fig. 5.9 (b)) samples is similar but the initial peak of the FL sample reaches a higher

intensity due to its rougher surface.

On the contrary, the curve corresponding to the very smooth P sample reveals an en-

larged friction peak (Fig. 5.9 (c)) from premature �lm detachment. In fact, the threshold load

for this tribosystem is below 10 N, much lower than the more resistant FL (40 N) and PP ones

(20 N), denoting poor adhesion. In the P system, the self-polishing transition regime is absent.

Nonetheless, very small values for the friction coef�cient are observed after the occurrence of

delamination as a consequence of the tribological interaction between a smooth NCD �lm still

present in the ball, sliding against a softer exposed Si3N4 �at substrate.

For the endurance tests (Fig. 5.9 (d)), the friction coef�cient gradually increases with the slid-

ing distance after remaining at its minimum for distances in the range of the regular tests. This
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Figure 5.9: Typical friction curves obtained for the various surface conditions: (a) FL under an

applied load of 20 N, (b) PP under 10 N, (c) P under 10 N and (d) 690 m endurance test under

10 N for a PP sample.

relates to a progressive surface degradation effect that is documented in Fig. 5.10 for the NCD

coated balls, in which cracking is discernible and a chipping wear mechanism is revealed.

The general trend for the NCD friction behaviour is also characteristic of self-mated

sliding systems of microcrystalline diamond coated Si3N4 ceramics [141]. However, a higher

friction peak is obtained for NCD (∼ 0.7) than for diamond (∼ 0.25) for the same applied load

(20 N). A possible explanation is related to the higher energy required for the truncating of

NCD conglomerates when compared to the easier cleavage of micropyramidal sharp crystals,

the reported main wear mechanism of diamond.
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Figure 5.10: SEM micrographs taken from a ball specimen, depicting the surface degradation

after the endurance tests at different magni�cations. Crack features and the chipping wear

mechanism are clearly evidenced.

The reported threshold load prior to delamination for the Si3N4 microcrystalline

diamond coated tribosystem is 80 N, for a coating thickness close to that of the present work [141].

This value is twice the highest one obtained in the present work for the FL specimen, what de-

notes lower adhesion levels compared to the microcrystalline deposits. However, the same

threshold of 40 N is found for self-mated tribosystems of NCD grown by MPCVD [150]. The

wear performance of self-mated NCD �lms, in terms of the wear coef�cient values for the ball

specimens are in the order of 10−7 mm3N−1m−1. These values point out to a mild wear regime.

It is noteworthy that a very mild wear (5×10−8 mm3N−1m−1) was measured for the endurance

tests, which represent a more accurate assessment of this tribological parameter than the shorter

ones. These results are similar to those obtained for self-mated microcrystalline diamond �lms

and NCD grown by MPCVD on the same substrate material [141, 150].
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5.3.4 Conclusions

NCD �lms were grown by HFCVD on Si3N4 ceramic substrates presenting surface

roughness of 15 nm to 169 nm. NCD matches the starting surface during growth, mimicking its

topography.

The friction behaviour of the NCD self-mated system is affected by the surface roughness, re-

sulting in intense and ephemeral friction coef�cient peaks up to 0.7. After an accommodation

period also dependent on the surface roughness, very low µ values of 0.02− 0.03 are reached

for dry sliding conditions. Self-polishing (micro-abrasion) is the predominant wear mechanism

of the NCD �lms resulting in ultra-smooth surfaces. The lengthier tests indicate an increase of

µ up to 0.15 due to some chipping of the worn NCD �lm on the ball.

The threshold load prior to delamination attained a value of 40 N, which denotes a good adhe-

sion level. Wear coef�cient values for the ball specimens are of the order of∼ 10−7 mm3N−1m−1,

for the shorter tests, while the endurance tests result in very mild wear regimes

(10−8 mm3N−1m−1).
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5.4 Enhanced performance of HFCVD nanocrystalline diamond
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Abstract

Nanocrystalline diamond (NCD) coatings were grown by the hot-�lament chemical

vapour deposition (HFCVD) method on hydrogen plasma pretreated silicon nitride (Si3N4) sub-

strates. The friction and wear behaviour of self-mated NCD �lms, submitted to unlubricated

sliding and high applied loads (up to 90 N), was assessed using an oscillating ball-on-�at con-

�guration in ambient atmosphere. The reciprocating tests revealed an initially high friction

coef�cient peak, associated to the starting surface roughness of NCD coatings (Rq = 50 nm).

Subsequently, a steady-state regime with low friction coef�cient values (0.01−0.04) sets in, re-

lated to a smoother (Rq = 17 nm) tribologically modi�ed surface. A polishing wear mechanism

governing the material loss was responsible for mild wear coef�cients (k∼ 10−7 mm3N−1m−1).

The hydrogen etching procedure notably increased the �lm adhesion with respect to untreated

surfaces as demonstrated by the high threshold loads (60 N; 3.5 GPa) prior to �lm delamination.

Keywords: Nanocrystalline; Diamond �lm; Hot �lament CVD; Tribology

5.4.1 Introduction

Diamond �lms grown by chemical vapour deposition (CVD) constitute materials of

strategic importance in �elds such as coatings for liquid pump seals and cutting tools [41],

optical windows [58], surface acoustic wave (SAW) devices and conformal coatings for mi-

cromechanical systems (MEMS) [46, 62]. In addition, the exceptional chemical inertness and

good biocompatibility of CVD diamond �lms, combined with an excellent wear resistance,

foretell of future applications as tribomaterials in arthroplasty and other biomedical applica-

tions [151]. However, due to the polycrystalline nature of CVD diamond, the �lm surface is
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usually too rough for immediate use of as-grown �lms, particularly in tribological components.

One solution is polishing, which is, however, time-consuming, expensive and impractical in

the case of complex geometries [94]. Another more interesting pathway consists in reducing

the diamond grain size to the nanoscale level [24]. This is where very smooth nanocrystalline

diamond (NCD) comes into play, with their inherent lower surface roughness while maintaining

the exceptional physical properties of CVD diamond �lms.

Although tailoring the surface properties and structure of the �lms is crucial for any

application, another mandatory requisite for high tribological performance is the adequate adhe-

sion between the coating and the substrate. In that sense, because of their low thermal expansion

coef�cient mismatch relative to diamond and carburizing nature, silicon nitride (Si3N4) ceram-

ics constitute a substrate material with high potential for the deposition of stress-free highly

adherent NCD coatings [73]. Despite very promising results found in our previous studies re-

garding the tribological performance of self-mated NCD coated Si3N4 substrates [152], further

optimisation of the adhesion levels is still needed in order to achieve higher threshold loads

prior to �lm delamination under tribological stress.

The main motivation behind the present study is, therefore, to assess the effect of

hydrogen plasma pretreatment prior to deposition on the adhesion levels of NCD coated Si3N4

ceramics subjected to sliding wear and, ultimately, on their tribological behaviour. Reciprocat-

ing sliding experiments were conducted using a self-mated con�guration. Worn surfaces were

analysed by scanning electron microscopy (SEM) and atomic force microscopy (AFM).

5.4.2 Experimental details

Flat square shaped Si3N4 samples (10× 10× 3 mm3) were used as substrate mate-

rial, whose processing can be found elsewhere [147]. Prior to NCD deposition, the �at ceramic

substrates were submitted to the following surface �nish conditions: �at lapping with 15 µm

diamond slurry; hard cloth polishing with 15 µm diamond slurry; polishing to a specular �nish

with colloidal silica (0.25 µm). In order to activate the surface for better adhesion, the substrates

were pretreated by hydrogen plasma for 30 min.

The deposition of NCD coatings was carried out in a hot-�lament CVD (HFCVD) reactor
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using a Ar-CH4-H2 gas mixture, where the Ar/H2 and CH4/H2 ratios were �xed at 0.1 and 0.04,

respectively. The values used for the deposition parameters were as follows: W �lament tem-

perature, 2300 ◦C; total gas �ow, 50 ml min−1; total pressure, 50 mbar; substrate temperature,

750 ◦C; deposition time, 12 h and 24 h. These conditions lead to a growth rate of 1.6 µmh−1 and

a �nal crystallite size of about 28 nm estimated from X-ray low incident beam angle diffraction

(LIBAD) measurements. A more in-depth description concerning the reactor setup can be found

elsewhere [139]. For the counterface material, Si3N4 commercial balls (Kema Nord) having a

diameter of 5 mm, were subjected, as received, to identical plasma pretreatment before NCD

growth.

Self-mated unlubricated sliding tests were carried out in ambient atmosphere (ambi-

ent temperature, R.H. 50− 60%). All tests were conducted with a reciprocating ball-on-�at

tribometer, where the ball upper-specimen is pressed against an oscillating lower �at speci-

men at �xed applied loads varying in the range 10−90 N. Considering a purely elastic contact

model [10, p. 14�15] and a Young modulus for the Si3N4 substrate of 280 GPa [153], those

values impose a mean Hertzian pressure in the range of about 1.9 to 4.0 GPa, respectively. The

sliding experiments were performed at a constant frequency of 1 Hz, which translates to an av-

erage surface velocity of 9 mms−1 for a 6 mm stroke length. Total sliding distances were 86 m

for the regular tests and 690 m for the endurance ones.

Friction coef�cient values were determined from measurements of the lateral force from a load

cell attached to the sample holder and a measure of the normal force. Wear rate assessment

was done by determining the wear volume loss from SEM measurements of near-circular wear

scars taken from the ball specimens [154]. SEM and AFM techniques were used to analyse the

morphology of the as prepared and worn surfaces in order to identify the dominant wear modes

and mechanisms, as well as to obtain surface roughness data and topographical information,

respectively.

5.4.3 Results and Discussion

SEM micrographs and topographic AFM images of representative as-deposited NCD

coated Si3N4 �lms (deposition time of 12 h) are shown in Fig. 5.11. The typical morphol-

ogy of both plate and ball specimens can be observed on the side-by-side SEM micrograph of
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Fig. 5.11 (a), where both exhibit the random nanometer-scale roughness characteristic of NCD.

The spatial organisation of elemental structural units is characterised by clusters or collections

of nano-sized diamond grains which appear to have grown outward in a randomised fashion

from a single nucleation site. This distribution of clusters is represented on the AFM 3D scan of

Fig. 5.11 (b), acquired using an intermittent contact �tapping mode� of a 100×100 µm2 region.

Figure 5.11: Representative SEM (a) and AFM (b) micrographs of the as-deposited NCD 12 h

coated elements of the tribosystem.

The surface topography is characterised by closely spaced roughness irregularities, which could

be classi�ed as subroughness or physical relief according to the multi-level Archard's

model [155]. Therefore, the surface is relatively smooth and exhibits a low r.m.s roughness

(Rq) value of about 50 nm. As-grown 24 h deposited �lms were characterised by rougher sur-

faces with an Rq of about 115 nm.
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NCD worn surfaces of �at and ball specimens (deposition time of 24 h) subjected to reciprocat-

ing self-mated sliding are shown in the SEM micrographs of Fig. 5.12 (a) and b, respectively.

The elements of the tribosystems were subjected to an applied load of 60 N, which corresponds

to a normal stress of about 3.5 GPa, and completed a sliding distance of 86 m. The �at speci-

men image (Fig. 5.12 (a)) shows a selected portion of the transition region corresponding to the

border of the wear track.

Figure 5.12: Morphologies of worn NCD 24 h coated plate (a) and ball (b). AFM 3D scan

detail (c) and respective 2D pro�le (d) of the topographic transition between the worn track and

the pristine region of the coating.

The polished NCD �lm (right lower side of the picture), leveled off by tribological

interactions between protruding asperities [156], is sided by unworn diamond clusters (upper

left side of the picture). Also visible at the transition region, there are smeared wear debris. The

smooth morphology of the ablated clusters indicates a polishing wear mechanism. A similar

polishing effect can be observed on the near-circular wear scar of the ball sample (Fig. 5.12 (b)).

However, deep crevices are also observed, a possible evidence for brittle fracture. Such features
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resulted from the intense tribological stress associated to high contact pressures combined with

hard-on-hard dry sliding. Therefore, a mechanism of formation, propagation of fractures leads

to the embrittlement of certain areas on the contact surface and possibly material loss by spal-

lation. The circular areas inscribed on the balls were used to assess the wear rate of the NCD

coatings. An average wear rate value for the balls (kb) of 9.7× 10−8 mm3N−1m−1 was found

for the 12 h deposited �lms. This denotes a mild wear regime for the self-mated unlubricated

NCD coatings. This value was assessed from the lengthier endurance tests (690 m), which more

accurately represents the wear rate since it corresponds to a �non-wear� stationary regime [135].

The highest wear rate, kb ∼ 3.3×10−7 mm3N−1m−1, was determined for a 24 h �lm subjected

to an applied load of 60 N and a sliding distance of 86 m. However, this value corresponds to a

shorter length test and, therefore, is affected by a higher contribution from the �intensive wear�

regime present at the initial running-in phase.

The AFM 3D scan in Fig. 5.12 (c) at the border of the wear track depicts the net variation on

the topography from the unworn and polished regions, after 690 m of sliding distance. The

respective Rq values acquired in 20× 20 µm2 scanned areas are 40 nm and 17 nm. The latter

evidences the effectiveness of the polishing mechanism. A 2D pro�le perpendicular to the slid-

ing direction is given in Fig. 5.12 (d) to stress the distinctive topography: extensive plateaus

in the wear track region (left) and �hilly� con�guration of the natural occurring NCD surface

superimposed with adhered wear debris (right).

The friction behaviour of the CVD diamond �lms is governed by a combination of

physical, chemical and mechanical interactions at their sliding interfaces. The amount of dissi-

pated energy resulting from these friction interactions can be divided into two major contribu-

tions: a deformation component imparting from mechanical ploughing and a physical/chemical

attraction or adhesion component. For rough microcrystalline CVD diamond �lms, a signi�-

cant initial interlocking between asperities takes place, causing high friction levels at the be-

ginning [135], in contrast to most engineering surfaces, where according to Coulomb's friction

law the friction force is independent of the nature of the surface roughness. The threshold loads

prior to �lm delamination under tribological stress were evaluated as 25 N (2.6 GPa) and 60 N

(3.5 GPa), respectively for 12 h and 24 h of deposition time. Friction evolution curves at such

threshold loads are depicted in Fig. 5.13 (a). An initial regime of high friction is noted, lasting
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for a few cycles, but rapidly decays to very low steady-state friction coef�cient values in the

range 0.01−0.04. This magnitude is the result of smooth passivated diamond surfaces [24, 46].

Therefore, after repeated traversals over the same contact zone and subsequent smoothing of

the wear track region, friction notably drops off. For comparison purposes, in the same �gure,

a friction curve for an NCD/NCD experiment carried out with untreated surfaces is shown, also

for an applied load at its threshold value (10 N) [152].

Figure 5.13: Friction coef�cient evolution of self-mated experiments with NCD coated spec-

imens subjected to: (a) threshold applied loads of 10 N, 25 N and 60 N respectively for the

untreated, 12 h and 24 h coated specimens treated by hydrogen plasma (the inset gives a detail

of the running-in stage of the 24 h �lm); (b) destructive running conditions above the threshold

loads of the untreated samples (20 N), hydrogen treated 12 h (30 N) and 24 h coated (70 N)

substrates.
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Fig. 5.13 (b) reveals the characteristic signatures of the occurrence of early delam-

inations above the threshold loads for the two types of �lms on treated substrates. Also, a

friction curve for the untreated system is given for an applied load above its threshold value.

The initial friction peak in the experiments with treated substrates is substituted by a broader

irregular one and the leveled value (∼ 0.15) is worse than in the corresponding preserved slid-

ing pairs (Fig. 5.13 (a)), being slightly higher than the reported one for a NCD-Si3N4 contact

(∼ 0.1) [24]. This difference may be due to the smoother NCD �lms (Rq = 30 nm) studied in

the work of Erdemir et al. [24]. In the friction pro�le of the untreated substrates, premature �lm

failure occurs followed by a high friction regime with a coef�cient value near that of a Si3N4

homologous system. Direct comparison between the threshold loads of the untreated and hy-

drogen plasma treated substrates clearly enhances the sustained load under tribological action.

This is likely the result of silicon nitride activation by an effective removal of the super�cial

silicon oxide layer, similar to what is observed in hydrogen plasma precleaning of silicon for

electronic purposes [157].

5.4.4 Conclusions

Hydrogen plasma pretreatment of silicon nitride substrates has a bene�cial effect on

the delamination threshold loads under tribological stress of nanocrystalline diamond (NCD)

coatings. However, the friction and wear behaviour is unchanged relatively to the untreated

substrates when delamination does not occur. The hydrogen etching procedure increases the

�lm adhesion with respect to untreated surfaces as demonstrated by the very high threshold

loads (60 N; 3.5 GPa) prior to �lm delamination, evaluated in reciprocating ball-on-�at tests.

The friction coef�cient evolution is characterised by an intense initial peak, directly related to

the starting surface roughness of NCD coatings (Rq = 50 nm). Subsequently, a steady-state

regime with very low friction coef�cient values (0.01− 0.04) sets in, related to a very smooth

(Rq = 17 nm) tribologically modi�ed surface. A polishing wear mechanism governing the

material loss, is responsible for mild wear coef�cients (k ∼ 10−7 mm3N−1m−1).
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Abstract

Nanocrystalline diamond (NCD) is increasingly popular as engineered surface coat-

ings intended for tribo-mechanical applications. Sliding may occur in the presence of water,

or aqueous solutions, for example in mechanical face seals, MEMS, or in preliminary testing

bearing surfaces for biotribological applications. NCD coatings of 20 µm thickness were grown

by the hot-�lament chemical vapour deposition (HFCVD) method on Si3N4 ceramic substrates.

The water lubricated NCD/NCD tribosystem was studied in an oscillating ball-on-�at tribome-

ter. For all loading conditions up to the threshold load prior to �lm delamination (85 N), very

low friction coef�cient values (µ∼ 0.02 to 0.05) combined with a high wear resistance (10−9 to

10−8 mm3N−1m−1) were observed.

Keywords: Nanocrystalline diamond; Chemical vapour deposition (CVD);

Tribology; Water lubrication

5.5.1 Introduction

Chemically vapour deposited (CVD) nanocrystalline diamond (NCD) is attracting

considerable interest in functioning as an extremely hard and chemically inert material for use

as protective coatings with conspicuous tribological performance [41, 46, 92, 158, 159]. Sim-

ilarly to what is found for CVD polycrystalline diamond �lms [15], the friction behaviour of

NCD is considerably affected by the environment in which sliding occurs. That being said, the

evaluation of NCD friction properties and resistance to wear damage reveals itself of uttermost

importance in many practical applications involving lubricated contact, frequently subjected to
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high stress conditions or where stiction [160] is impairing on the good functioning of the tri-

bosystem. In particular, sliding may occur in the presence of water, or aqueous solutions, for

example in mechanical face seals [133], MEMS [60], or in preliminary testing bearing surfaces

for biotribological applications [161]. To this date, tribological data concerning the sliding con-

tact of water lubricated self-mated NCD coatings is very limited or nonexistent if involving high

applied loads and, as a result, further comprehensive studies on the subject should be carried out.

To our best knowledge, a single publication [41] can be found addressing water lu-

bricated systems involving NCD coatings, where a ball-on-disc geometry of contact was used

for tribological evaluation. The sliding tests were performed with an applied normal load of

2 N, a sliding distance of 120 m and a linear speed of 0.1 ms−1. Smooth (Ra ∼ 30 nm) NCD

coatings were tested against cemented carbide, two varieties of steel, titanium and aluminium

alloy. They found that the initial friction coef�cient was around 0.3 against cemented carbide

and steel materials due to the ploughing component of friction. After a sliding distance of 5−10

m, the friction decreased to a constant value in the leeway 0.06−0.08 due to surface smoothen-

ing. Water lubrication further decreased the friction to very low values in the range 0.03−0.06.

They also estimated very low wear rates of the order of 10−10 mm3N−1m−1 for the unlubricated

NCD �lms.

The present authors have previously studied the tribological behaviour of unlubricated self-

mated NCD coatings [152, 162]. Owing to their excellent thermal and chemical compatibility

with diamond, substrates were made of silicon nitride (Si3N4) ceramics in order to achieve high

levels of adhesion for the NCD �lms [73]. Results showed that the steady-state coef�cient of

friction displayed values in the range 0.01−0.04, regardless of the applied load (10−60 N) and

starting surface roughness. Calculated wear rates for the ball specimens showed a mild wear

regime (10−7 mm3N−1m−1).

In the present study, NCD coated Si3N4 �lms were deposited with a HFCVD appa-

ratus and were tribologically characterised using a reciprocating ball-on-�at geometry. Applied

normal loads ranged from 10 N to 90 N, in order to assess the maximum sustainable load for the

water lubricated coatings submitted to tribological stress. Scanning electron microscopy (SEM)

and atomic force microscopy (AFM) techniques were employed to study the morphology and

175



Chapter 5. Nanocrystalline CVD diamond tribosystems

topography of worn �lms, as well as the prevailing friction and wear mechanisms. The friction

behaviour is also compared to existing models of diamond friction.

5.5.2 Experimental Procedure

Dense Si3N4 ceramic substrates were produced using a processing route described

elsewhere [147]. Flat samples with square geometry (10× 10× 3 mm3) were diamond wheel

ground (46 µm grit size), �at lapped in a metallic plate with 15 µm diamond slurry and �nally

polished in a soft cloth with 15 µm diamond paste. Commercial silicon nitride balls (5 mm

diameter, Kema Nord) were employed as substrates for the counterbodies of the sliding experi-

ments. In order to enhance �lm adhesion, all the Si3N4 ceramic substrates were submitted to a

tetra�uoromethane (CF4) plasma etching for 1 hour (Emitech, K 1050X). Afterwards, the sub-

strates were immersed in an ultrasonically agitated bath of a 1 µm diamond powder suspension

in n-hexane (1 g/100 ml), during 1 h, for diamond seeding and surface scratching purposes. The

NCD deposition was carried out in a home-built hot-�lament apparatus using a three gas mix-

ture of Ar/CH4/H2 in volumic ratios of Ar/H2 = 0.1 and CH4/H2 = 0.04. Deposition parameters

were as follows: a tungsten �lament temperature of 2300 ◦C, a total gas �ow of 50 ml.min−1, a

total pressure of 50 mbar, and a substrate temperature of 750 ◦C. A deposition time of 22 hours

lead to a �lm thickness of about 18 µm.

Self-mated tribotests were carried out using a ball-on-�at geometry contact with re-

ciprocating motion in an adapted tribometer (Plint TE 67/R). The NCD coated balls and the

square shaped �at specimens were mounted as the upper and the lower oscillating samples, re-

spectively. The sliding contact region remained immersed in distilled water for the full 16 hours

duration of the test (approx. 690 m of sliding distance). Other experimental parameters were

the constant stroke length of 6 mm and 1 Hz frequency, corresponding to an average linear ve-

locity of 9 mm.s−1. Tested normal load values ranged from 10 to 90 N. These values impose

a mean Hertzian pressure in the range of about 1.9 to 4.0 GPa, respectively [162]. The friction

coef�cient was acquired from the variation of the tangential force exerted on a load cell attached

to the upper sample holder divided by the applied normal load.

The morphology and thickness of as-deposited and worn NCD �lms, as well as of wear debris,

were studied by SEM (Hitachi S4100). The topographic features of the NCD coatings were also
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characterized by tapping mode AFM measurements (Digital Instruments, IIIa). Moreover, the

surface roughness parameter Rq (RMS) of pristine and damaged coatings was determined from

AFM 50×50 µm2 scans.

The wear coef�cient (k) of the ball specimens was estimated from Archard's law of

wear considering the diameter (d) of near circular wear scars, the ball radius (r), the applied

normal load (W ) and sliding distance (x), as follow:

k =
pd4

64rWx
(5.1)

Wear coef�cient values were also estimated for the �at samples based on AFM bear-

ing function for volume loss quanti�cation data, described elsewhere [67].

5.5.3 Results and Discussion

The as-deposited NCD coating morphology and topography on a plate specimen is

depicted in Figs. 5.14 (a) and (b), respectively. It shows a spatial organisation of micrometric

clusters of nano-sized diamond grains which can be classi�ed as subroughness or physical re-

lief, according to the multi-level Archard's model [155]. Due to the roughening effect induced

by the plasma chemical etching on the Si3N4 substrate, the NCD surface roughness is some-

what high, with a Rq value of about 315 nm, although localized roughness at the cluster level

estimated from 2×2 µm2 AFM scans gives values around 65 nm.

The wear damaged surface of NCD coatings after testing at a load of 40 N is presented

in Figs. 5.14 (c) and (d). Comparing to the as-deposited micro rough surfaces (Figs. 5.14 (a) and

(b)) the worn surfaces are characterized by extensive smooth mesa-tops. The measured surface

roughness attained a value of Rq ∼ 136 nm, although a much lower �gure of 15 nm was found

in the mesa-tops regions alone, taken from 20× 20 µm2 AFM scans. This morphology is the

result of the truncation and leveling-off of salient clusters, followed by a self-polishing wear

mechanism. In terms of ball specimens, the worn surfaces also exhibit a polished appearance

without evidences of tribomechanically induced cracking (Fig. 5.14 (e)).
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Figure 5.14: Morphology (SEM micrographs) and corresponding topography (AFM scans) of

NCD coated specimens. As-deposited plates: (a) SEM and (b) AFM. Worn surfaces of plates

under a load of 40 N: (c) SEM and (d) AFM. SEM micrographs of wear scars on the ball

specimens tested at: (e) 40 N and (f) 85 N.

The determined threshold load before gross �lm detachment by delamination was

85 N. Under this stress condition, the worn surfaces became very smooth (Rq ∼ 22 nm) in the

vast majority of the wear track region of the plates (Figs. 5.15 (a) and (b)). However, lengthy

cracks occur, both in the �at and ball (Fig. 5.14 (f)) specimens. Also, the onset of �lm delami-

nation is visible on the ball (lower left mark at the border of the wear scar, in Fig. 5.14 (f)). This

constitutes a further evidence of critical load condition in the present tribosystem. Comparing

to the unlubricated performance of the NCD on NCD tribosystem, where �lm removal occurred

above a threshold load of 60 N [162], the role of water contributed in reducing local contact

stresses, therefore improving the load-supporting capability of the coating.
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Figure 5.15: Worn surfaces of �at specimens under high loading conditions (85 N): (a) SEM

and (b) AFM of ultra-polished regions, (c) SEM and (d) AFM denoting the presence of wear

grooves on the wear tracks. SEM images of the morphology of the wear debris: (e) low magni-

�cation and (f) high magni�cation detail of the smallest particles.

Another feature observed using SEM and AFM analysis is the appearance of wear

grooves oriented longitudinally in the �at specimen wear track, under high loading (Figs. 5.15 (c)

and (d)). These marks are indicative of an abrasion wear process originated from three-body

action of loose wear debris, whose size and morphology are depicted in Figs. 5.15 (e) and (f).

These are constituted by two dimensional ranges: i) long blunted agglomerates (Fig. 5.15 (e))

originated from the initial truncation of NCD clusters, followed by smearing due to repeated

traversals inside the contact interface; ii) nano-sized near-spherical debris (Fig. 5.15 (f)) result-

ing from wear removal of NCD nanocrystallites. A striking difference arises in relation to the

dry sliding of self-mated NCD pairs, where grooves are absent and the worn surfaces appeared
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very polished with the occurrence of deep crevices, for the highest loads [162]. The presence

of grooves is due to the fact that water is not renewed during the test, therefore acting as a

reservoir for the abrasive debris particles that cause the groove mechanism, contrarily to the dry

experiments where the debris are expelled away from the contact region.

Fig. 5.16 shows representative friction coef�cient curves at loads below the thresh-

old load (Fig. 5.16 (a)) and above it (Fig. 5.16 (b)). The friction trace under a load of 60 N

(Fig. 5.16 (a)) reveals an initial sharp peak of magnitude around 0.33 (regime I), associated

to mechanical interlocking of protruding NCD clusters. A running-in phase (regime II) of ac-

commodation between the opposing surfaces follows. This regime translates the blunting and

leveling-off processes on the truncated clusters. Finally, a steady-state regime (regime III) sets-

in with friction values of very low magnitude (0.02− 0.05). A similar friction behaviour was

observed for dry sliding experiments of NCD/NCD contacts, although the initial friction peaks

attained two-fold values of 0.65 [162]. The reduction of the friction peak in the presence of

water results from a less intense mechanical interaction between protruding NCD clusters, due

to the lowering of local contact pressures. Moreover, water plays a second role in obtaining

very low steady-state friction values, by passivation of the surface dangling bonds of diamond

with hydrogen and hydroxyl ions [15]. In the present lubricated condition, when the experi-

ments were conducted above the threshold load, extensive �lm delamination occurred. This

phenomenon is depicted in the inset of Fig. 5.16 (b) and is translated by a second pronounced

peak in the friction curve. Thereafter, a steady-state condition of sliding interaction between

water-lubricated NCD/Si3N4 contact is reached, with a friction coef�cient value of about 0.07.

The homologous contact of water lubricated NCD coatings denoted an excellent wear

resistance, showing wear coef�cient values in the range 10−9 to 10−8 mm3N−1m−1 (Fig. 5.17),

which correspond to mild to very mild wear regimes. The �at specimens exhibit one order of

magnitude higher wear coef�cient values than the ball counterparts. This difference is more

accentuated for the highest loads, where mechanical cracking induced by fatigue becomes more

important in relation to the self-polishing process that prevails at lower loads. Fatigue wear

mode is characteristic of the intermittent loading on the �at specimen contrarily to what happens

in the upper ball, thus explaining the lower wear coef�cient values of the later. Another indi-
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Figure 5.16: Friction curve evolution as a function of sliding distance under an applied load

of 60 N (a) and 90 N (b). Details of the �rst 5 m of the tests are shown in the inset. Labels

correspond to: I � initial friction peak; II � running-in period; III � steady-state regime. A SEM

micrograph evidencing extensive �lm delamination is correlated to the second friction peak.

cation of this feature is the extensive delamination on the �at specimen at 90 N (Fig. 5.16 (b)),

whereas the ball still preserves the NCD coating.

The results of the present NCD/NCD sliding pair in the presence of water can be com-

pared with analogous systems involving diamond coatings. The authors of this work have also

carried out a very similar study with microcrystalline CVD diamond �lms [163], that showed a

steady-state sliding regime characterized by friction coef�cient values in the range 0.04−0.05

and a wear coef�cient value of about 10−8 mm3N−1m−1. Tribological data gathered from the

present nanocrystalline CVD diamond coatings con�rmed an improvement of the tribological
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Figure 5.17: Wear coef�cient values as a function of applied load for ball and �at specimens.
∗omitted value due to �lm delamination.

performance, namely in terms of wear resistance which exhibited a wear coef�cient value one

order of magnitude lower. As expected from the lower nominal surface roughness of the NCD

�lms, the steady state friction regime is attained in a shorter sliding distance than for the mi-

crocrystalline CVD diamond tribopair. Nevertheless, the threshold load for �lm delamination

is higher (160 N) in the case of microcrystalline diamond than for NCD (90 N), denoting the

better adhesion level of the former coatings. Concerning the sliding of homologous surfaces

of single crystal natural diamond in the presence of water, literature data [19] only refers to

experiments at low normal loads (0.5− 1 N) and low sliding speeds (0.05− 0.2 mms−1). The

friction coef�cient values lay in the range of 0.005−0.05, although it must be pointed out that

the testing conditions are not directly comparable to those of the present study. Another widely

used tribological coating is DLC, however, to be best of our knowledge, there is no data on

self-mated water lubricated systems for such carbon-based structures. For dissimilar pairs, like

DLC/steel or DLC/tungsten carbide, it is reported that the DLC coating easily fails in the pres-

ence of water, even at low tribological loading [164, 165].
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5.5.4 Conclusions

The wear behaviour of water-lubricated NCD/NCD self-mated pairs is characterized

by a sequence of events: truncation, leveling-off of protruding NCD clusters and self-polishing,

leading to very smooth worn surfaces. For high loading conditions (85 N), the abrasive action

of debris particles results in wear grooves on the worn surface, as well as lengthy cracks start

to arise. At 90 N, extensive delamination takes place in the �at specimen induced by intense

fatigue wear mode.

For all loading conditions below the threshold load of 85 N, the friction behaviour

shows an initial sharp peak (µ ∼ 0.33) related to the mechanical interlocking between salient

NCD clusters, followed by a running-in regime that evolves into a very low friction regime

(µ ∼ 0.02 to 0.05). This very low friction results from the key role of water in reducing local

contact stresses and passivating the NCD surface.

Regarding the wear performance of the NCD/NCD tribopair, the wear coef�cient val-

ues, varying in the leeway 10−9 to 10−8 mm3N−1m−1, evidences a very mild to mild wear

regime. The intermittent contact at the �at specimens leads to a one order of magnitude higher

wear coef�cient value than the ball counterparts, due to the surface fatigue contribution to the

overall wear phenomenon.

Such excellent tribological behaviour envisages a great potential of applicability for

NCD coatings in water-based lubricated sliding contacts such as found in face seals, MEMS for

moving assemblies, and in the biotribology �eld.
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Main conclusions and future work

The microcrystalline and nanocrystalline diamond coated silicon nitride coatings, de-

posited by microwave plasma-assisted and hot-�lament CVD techniques, were characterized

tribologically in open air and water lubricated conditions. Moreover, the load supporting capa-

bility under tribological stress of both diamond varieties was also ascertained.

The following main conclusions can be drawn based on the research conducted in this thesis:

. By using the microwave plasma-assisted CVD (MWPACVD) technique, high quality un-

stressed microcrystalline diamond (MCD) coatings exhibiting high levels of adhesion

were deposited onto Si3N4 ceramic substrates, having spherical and �at geometries in

order to be used in reciprocating ball-on-�at (BOF) tribo-experiments.

. SEM and AFM characterization of worn diamond �lms enabled to identify the prevailing

wear mode of self-mated MCD coatings, under unlubricated sliding and the operating

conditions of the present work, as abrasive. This mechanical wear type was driven by a

self-polishing wear mechanism, achieved by the initial truncation and subsequent blunt-

ing of the diamond surface asperities in both counterparts.

This predominant wear mechanism lead to very smooth surfaces, with AFM-based values

for the surface roughness of approximately 8 nm (Ra) after sliding distances of ∼ 690 m

(16 h tests).

. Surface damage by diamond grain pull-outs was observed for applied normal loads close

to the threshold value, above which coating failure occurred by extensive delamination.
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From the study involving different grain sized diamond crystallites, it was concluded that

the lower grain sized MCD coatings (1.8 µm, 1 h deposition time) reached smoother

surface �nishings in result of the sliding wear, but tribologically failed at lower loads

(> 35 N) than the larger grain sized (4.6 µm, 10 h deposition time) and thicker �lms that

showed a threshold load of 105 N.

. Micro-Raman spectroscopic analysis revealed no detectable signs of surface graphitiza-

tion or other non-diamond carbon phase, for the experimental conditions tested. On the

other hand, spectra taken from worn MCD coatings revealed a diamond peak broadening

effect and up-shift deviation from its characteristic position (1332 cm−1), with increasing

applied load and/or distance slid. This result from higher residual stress states and en-

hanced stress anisotropy imparted on the worn �lms by tribo-testing.

The nature of the biaxial stress states was compressive and their intensity (≤ 1 GPa) was

observed to be smaller for the thicker �lms (10 h deposition) for the whole range of ap-

plied loads (40− 105 N), as a result of a better in-depth accommodation of the contact

pressure during sliding contact.

. The friction behaviour of self-mated MCD coatings was characterized by three distin-

guishable regimes, in order: a short-life initial friction peak, arising from the mechanical

interlocking between protruding diamond asperities on opposing surfaces; a �running in�

regime corresponding to an accommodation phase between counterfaces and never span-

ning more than a few meters of distance slid; a steady-state regime characterized by very

low friction coef�cient values (µst ∼ 0.03− 0.04), regardless of the diamond grain size,

which persist through the end of the tribo-experiments.

The magnitude of the initial peak shows strong dependence on the applied load and on

the starting surface roughness of the coatings, reaching values as high as ∼ 0.65 for the

rougher coatings (10 h deposition time, Ra ∼ 400 nm) under 55 N of normal load.

. Final speci�c wear rate values assessed from the imprinted wear scar on MCD-coated ball

specimens, during tribo-testing in open air, were of the order of 10−8−10−7 mm3N−1m−1,

which denotes a very mild to mild wear regime. In the case of the �at specimens, esti-

mates using a novel method based on AFM and OM measurements resulted in speci�c
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wear rate values of the order of 10−7 mm3N−1m−1, which are in perfect agreement with

the balls' calculated speci�c wear rates.

. In-situ acoustic emission (AE) measurements of self-mated MCD tribo-pairs showed a

correlation between the AE signal and the frictional response of sliding contacts. The

features and evolution of the friction coef�cient were showed to be in close agreement

with the AE signal and events.

The feasibility of using AE data to monitor the different friction regimes of MCD tri-

bosystems was, therefore, con�rmed experimentally.

. Water lubricated self-mated MCD-coated Si3N4 ceramics were characterized by worn

surfaces with a polished aspect after 16 h (∼ 690 m) of sliding under moderate loads (up

to 90 N), with the surface roughness exhibiting a �ve-fold reduction relative to virgin

�lms, i.e. from Rq in the range 330− 418 nm to ∼ 74 nm. However, the worn surfaces

also revealed the existence of some longitudinal abrasive grooves, oriented alongside the

sliding direction.

From morphological and topographical data obtained by SEM and AFM techniques, the

sequence of wear mechanisms taking place under water lubrication are essentially the

same as those observed in open air, namely, in order: truncation of sharp diamond as-

perities, blunting of fractured asperities, abrasive grooving due to entrapped wear debris

particles in the contact region, and a �nal steady-state wear regime linked to a prevailing

self-polishing mechanism at the microscale by two-body and three-body abrasion.

. In the presence of water, the tribological assessment of MCD coatings resulted in very low

friction coef�cient values (0.04 − 0.05) and speci�c wear rates of the order of

10−8 mm3N−1m−1, despite the high applied loads.

The threshold load under tribological stress was evaluated at 160 N, above which coat-

ing failure occurred this time by progressive wear-through of the MCD �lms in the ball

specimens, leading to the exposure of the ceramic substrate. An increase in density of

abrasive wear grooves was also observed for the higher loads without, nonetheless, ev-

idences of diamond grain pull-outs, like was the case in dry sliding. A high wear re-

sistance (k ∼ 10−8 mm3N−1m−1) was also sustained for loads up to the threshold limit,
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which correspond to a very mild wear regime for water lubricated MCD-coated Si3N4

tribosystems.

. The tribological studies carried out in this thesis work show that MWPACVD microcrys-

talline diamond coated Si3N4 ceramics possess a great potential as ultra-hard tribological

coatings for highly demanding applications, like in cutting tools, �uid handling, surgical

instruments or where diamond-on-diamond tribosystems are required, as a result of the

high wear resistance and very low friction response.

. Using a Ar/H2/CH4 three-gas mixture fed into a MWPACVD reactor, high quality

nanocrystalline diamond (NCD) coatings deposited onto �at and ball-shaped Si3N4 sub-

strates were successfully synthesized. The diamond grain size and �lm thickness were

estimated to be about 12 nm and 4 µmh−1, respectively, whereas typical surface rough-

ness values (Ra) varied in the range 20−40 nm.

The tribological characterization of unlubricated self-mated NCD coatings using a recip-

rocating BOF con�guration established a threshold load value of 35 N, prior to delami-

nation by gross �lm detachment.

. The sliding friction behaviour of homologous pairs of MWPACVD-synthesized NCD

coatings, without lubrication, was characterized by an initial ephemeral friction peak with

magnitudes ranging from 0.13− 0.44, and showing an appreciable dependence on the

starting surface roughness of the as-deposited coatings. This initial feature was attributed

to the mechanical interlocking between opposing NCD surface asperities.

A short running-in phase of accommodation between counterparts follows, rapidly chang-

ing into a steady-state regime that was characterized by very low friction coef�cient val-

ues (0.02− 0.04), irrespective of the starting surface roughness. This very low friction

response under unlubricated conditions was attributed to the progressive worn down of

the diamond nano-asperities, promoted by a self-polishing wear mechanism; thus leading

to a decrease in importance of the mechanical/deformation component of friction, while

the adhesional component remains unimportant in the overall friction phenomenon, as a

result of the smooth passivated diamond surfaces in oxygen containing atmospheres.
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. After sliding distances of ∼ 690 m (16 h tests), the MWPACVD-based NCD coatings

exhibited ultra-smooth surfaces with roughness values as low as 2 nm (rms). These highly

polished surface �nish were indicative of very low material loss rates taking place, which

made the calculation of dimensional wear coef�cient values for the �at specimens im-

practical using standard techniques, such as weight-loss or conventional pro�lometry.

For the ball specimens, measurements of the lateral dimensions of the wear scars lead to

low values in the range 1.0− 1.4× 10−8 mm3N−1m−1, which correspond to very mild

wear regimes.

. NCD-coated Si3N4 �lms were grown successfully by the cost-effective and more versatile

hot-�lament CVD (HFCVD) technique, using three mechanical surface pretreatments for

the ceramic substrates, i.e. �at-lapped (FL), pre-polished (PP) and polished (P). The

NCD coatings matched approximately the starting surface roughness of the substrates

(Rq = 15−169 nm), mimicking its topography.

Tribo-testing using a self-mated BOF geometry in open air indicated a threshold value of

40 N and, therefore, good adhesion levels for the HFCVD-based smoother NCD coatings.

. The friction behaviour of HFCVD-based NCD coatings was characterized by very low

steady-state friction coef�cient values (0.02− 0.03), regardless of the starting surface

roughness of the samples, or in another words of the type of substrate surface pretreat-

ment, and applied normal load up to the threshold value. In opposition, the accommo-

dation period between antagonistic surfaces was found to be dependent on the intrinsic

roughness of the as-deposited �lms.

The lengthier (∼ 690 m) tribo-experiments indicate an increase in friction (µ = 0.15) in

some of the smoother pretreated coatings (PP and P), as a result of the surface degradation

originating from crack growth and chipping wear mechanism.

. The prevailing wear mode for dry sliding self-mated hot-�lament NCD coatings was

micro-abrasion, which results from a self-polishing wear mechanism. Speci�c wear rate

values for the ball specimens were of the order of 10−8 mm3N−1m−1, which indicates a

very mild wear regime.
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. Hydrogen plasma pretreatments of the Si3N4 substrates, prior to NCD growth by HFCVD,

have showed a bene�cial contribution in terms of �lm adhesion, resulting in a substantial

increase (33%) in the threshold load (60 N, 3.5 GPa) under tribological stress, relatively

to untreated coatings.

The hydrogen etched �lms were also characterized by very low friction responses

(0.01−0.04), as a result of the very smooth (Rq = 17 nm) tribologically modi�ed surfaces

and passivated dangling bonds. Moreover, the wear performance of these NCD coatings

was also high, with an average speci�c wear rate of 9.7×10−8 mm3N−1m−1.

. In presence of water, the wear behaviour of plasma-treated NCD/NCD self-mated pairs

was characterized by the prevalence of similar wear modes and mechanisms as those

happening in dry sliding. However, under high loading conditions the abrasive action of

wear debris particles resulted in the production of wear grooves, as well as the initiation

of lengthy cracks.

For all loading conditions under the threshold load (85 N), the friction behaviour showed

a similar trend to the one observed during dry sliding. In other words, the water was

essentially responsible for reducing the local contact stresses - re�ecting itself in a in-

creased load supporting capability of the �lms - and for the passivation of NCD surfaces,

whereby promoting a faster accommodation period.

. The wear performance of self-mated NCD �lms in the presence of water was character-

ized by even lower speci�c wear rates (10−9 mm3N−1m−1), which denotes a very mild

wear regime. One order of magnitude higher values were assessed for the �at specimens

(using AFM's bearing function for volume loss quanti�cation data) due to an intermittent

contact effect, which produces a surface fatigue contribution to the overall wear phe-

nomenon.

. The very good tribological performance demonstrated by plasma treated NCD-coated

Si3N4 systems, envisage a great potential for these hard and highly adherent tribo-coatings

in water-based lubricated sliding contacts such as found in mechanical face seals, mov-

ing assemblies or other torque generating devices for microelectromechanical systems

(MEMS) and nanoelectromechanical systems (NEMS), as well as in biotribological ap-

plications like total arthroplasty.
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The excellent tribological performance and enhanced adhesion demonstrated by the

MCD- and NCD-coated Si3N4 �lms foretells a promising future in providing safe operation in

demanding conditions and lines for future investigation will inevitably follow the route of in-

creasing the complexity of tribo-testing, i.e. progressing from the ball-on-�at model tests to the

simpli�ed component tests, more closely related to the practical situation. Therefore, the higher

degree of freedom intrinsic to say joint simulators will improve the validity of tribological data

of NCD coatings for prosthetic applications, or by testing cutting tools made of MCD-coated

Si3N4 systems during real cutting operations.

Another future line of investigation would consist on the micro-tribological evaluation of NCD-

coated Si3N4 systems, using micro-tribometers to achieve the loading conditions particular to

MEMS moving assemblies.
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