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resumo 
 

 

A presente tese tem como principal objectivo o desenvolvimento de filmes de 
diamante nanocristalino (NCD) sobre substratos cerâmicos de nitreto de silício 
(Si3N4) visando aplicações biomédicas. Os filmes de NCD foram produzidos 
por deposição química em fase de vapor pelas técnicas de filamento quente e 
plasma de microondas (HFCVD e MWCVD, respectivamente). 
Optimizaram-se os parâmetros de deposição por HFCVD de modo a obter 
filmes aderentes e de boa qualidade. Filmes de NCD com cristalites de ~15 nm 
e ~1 µm⋅h-1 de velocidade de crescimento obtêm-se nas seguintes condições: 
razões Ar/H2=0.1 e CH4/H2=0.04, pressão total de 50 mbar, fluxo gasoso de 50 
ml·min-1, temperaturas de filamento e substrato de 2200ºC e 750ºC, 
respectivamente. A rugosidade dos filmes varia entre 13-16 nm para razões 
Ar/H2 na gama 0-0.63. Com o aumento da temperatura do filamento para 
2300ºC é possível uma velocidade de crescimento de 1.6 µm⋅h-1 mas o 
tamanho das cristalites quase duplica para 28 nm. A optimização da deposição 
por MWCVD permitiu o crescimento de filmes pouco rugosos (Ra~22 nm),
cristalite de tamanho ~10 nm, e velocidades até 3.0 µm·h-1.  
Filmes de NCD foram também crescidos em substratos compósitos Si3N4-
biovidro por HFCVD. Para evitar a formação de bolhas no filme e garantir uma 
elevada adesão, a temperatura do substrato não deve ultrapassar a 
temperatura de transição vítrea do vidro (637ºC). A velocidade de 
arrefecimento ideal para evitar delaminação é cerca de 2ºC⋅min-1.  
A avaliação biotribológica dos filmes de NCD foi realizada por ensaios 
homólogos pino-placa em movimento alternativo, sob uma carga aplicada de 
45 N e na presença de líquidos fisiológicos: solução salina de Hanks (Hanks'

balanced salt solution (HBSS)) e soro bovino fetal (fetal bovine serum (FBS)).  
Na presença de HBSS obtiveram-se valores de atrito inferiores (0.01-0.02) aos 
verificados em FBS (0.06-0.09), explicados pela adsorção de proteínas na 
superfície do filme neste último caso. Os coeficientes de desgaste obtidos k ~
10-10 mm3·N-1m-1 para o HBSS e k ~10-9 - 10-8 mm3·N-1m-1 para o FBS, revelam 
regimes de desgaste muito suaves. Substratos pré-atacados por plasma de 
CF4 revelaram maior adesão em relação a substratos polidos, sem sinais de 
fissuração durante os 6 km de teste.  
A avaliação do desempenho biológico in vitro foi efectuada por culturas 
celulares com células do tipo fibroblástico (linha celular L929 e fibroblastos 
humanos gengivais) e osteoblástico (linha celular MG63 e medula óssea 
humana), não revelando quaisquer indícios de toxicidade. Os revestimentos de 
NCD promovem a adesão, proliferação e crescimento das células do osso, 
permitindo ainda a estimulação de actividades metabólicas específicas tais 
como segregação de fosfatase alcalina e expressão do fenótipo osteoblástico, 
ou seja, a formação de uma matriz mineralizada. As características mecânicas,
a biocompatibilidade, a resistência química e nano-topografia semelhante à 
dos tecidos ósseos, tornam o NCD um óptimo candidato para aplicações 
ortopédicas e dentárias. 
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abstract 

 
The main objective of the present PhD thesis is the development of 
nanocrystalline diamond (NCD) films on silicon nitride (Si3N4) substrates for 
biomedical applications, like joint implants. NCD films were produced by hot-
filament and microwave plasma chemical vapour deposition techniques 
(HFCVD and MWCVD, respectively).  
The HFCVD deposition parameters were optimized in order to obtain well-
adhered and good-quality NCD coatings on Si3N4 substrates. NCD films with 
~15 nm of crystallite size with a growth rate of ~1 µm⋅h-1 are obtained using a 
set of conditions as follows: Ar/H2 gas ratio of 0.1, CH4/H2 ratio of 0.04, total 
gas pressure of 50 mbar, total mass flow of 50 ml⋅min-1, filament and substrate 
temperatures of 2200ºC and 750ºC, respectively. The surface roughness of the 
films also depends on the Ar/H2 ratio presenting values between 13-16 nm for 
Ar/H2 in the range 0-0.63. When the filament temperature is raised from 2200ºC 
to 2300ºC, the growth rate increases from ~1 µm⋅h-1 to a value of 1.6 µm⋅h-1 but 
the crystallite size doubles from 15nm to 28nm. Optimal deposition conditions 
in MWCVD result in NCD growth rates up to 3.0 µm⋅h-1 with low roughness (Ra 
~ 22nm) and grain size of about 10 nm. 
NCD deposition on Si3N4 biocomposites (Si3N4-bioglass) was also carried out 
by HFCVD. To avoid blistering and guarantee high adhesion, the substrate 
temperature must be lower than the bioglass transition temperature (637ºC). 
The cooling rate has a further influence on the adhesion level. No delamination 
was verified for a slow cooling rate of 2ºC·min-1. 
Biotribological characterization of NCD coatings was assessed by self-mated 
reciprocating pin-on-flat experiments under an applied load of 45 N in simulated 
physiological fluids: Hanks’s balanced salt solution (HBSS) and dilute fetal 
bovine serum (FBS). Very low friction coefficient values are attained (0.01-0.02) 
in HBSS media, while FBS lubricated tests result in increased friction 
coefficients (0.06-0.09) due to protein attaching effect. Wear rates of k ~10-10

mm3·N-1m-1 in HBSS and k ~10-9 - 10-8 mm3·N-1m-1 for FBS are characteristic of 
very mild wear regimes. CF4 plasma etched substrates show increased 
adhesion relatively to polished ones and withstand 6 km of sliding distance 
without any evidence of film fracture but with slightly higher friction values.  
In vitro biological characterization was performed with osteoblastic (MG63 cell 
line and human bone marrow) and fibroblastic (L929 cell line and human 
fibroblasts from gingival tissue) cell type cultures, denoting no deleterious or 
cytotoxic responses. NCD coatings provide a suitable surface for cell 
attachment, spreading and proliferation and allowed reproduction of the typical 
features of the cell populations. Results demonstrate an improved human 
osteoblast proliferation and the stimulation of specific metabolic activities, like 
ALP activity and matrix mineralization. The high chemical resistance and 
unique mechanical properties of NCD associated with its nano-topography, 
which mimics nanometric features of bone tissue, anticipates a wide range of 
applications in the dental and orthopaedics biomedical fields. 

 





FOREWORD 

 

The aim of the present work is the development of nanocrystalline diamond (NCD) 

coatings on silicon nitride based ceramics for biomedical applications. NCD combines the 

outstanding properties of bulk diamond with an improved surface smoothness and a very 

small grain size. These unique features allow applications in biomedicine, namely in 

biotribological systems. Besides smooth surfaces, biomedical applications require high 

corrosion resistance, high chemical stability, high wear resistance and biocompatibility. 

NCD is able to fulfil all those requirements and, additionally, provides nanostructured 

surface features that mimic nanometric structures and molecules found in living systems.  

Coating of joint implants as hip prostheses is the major application foreseen for NCD 

films. Therefore, efforts were made in order to obtain homogeneous, good quality and 

well-adhered NCD coatings on the implant materials. Silicon nitride (Si3N4) is known to be 

one of the most compatible substrates for diamond coating due to their similar thermal 

expansion coefficients. Besides that, Si3N4 ceramics are biocompatible and possess 

adequate mechanical properties for such purpose. Hence, the present work focused on the 

optimization of NCD coating of Si3N4 substrates by chemical vapour deposition (CVD) 

method and its further characterisation regarding the proposed articular prosthesis 

application. 

This thesis is composed by five chapters. Chapter 1 is a bibliographic review that 

reports the general features of diamond and its deposition techniques, the nucleation and 

growth processes of NCD, the main characteristics of the substrates and a brief survey of 

the most important issues related with the envisaged application of NCD: the joint 

replacement. 

The experimental work is described in Chapters 2, 3 and 4. These chapters present 

published, accepted or submitted papers to international journals, reporting the studies 

performed during the last four years. 

Chapter 2 is devoted to the study of NCD deposition conditions using hot-filament 

(HFCVD) and microwave (MWCVD) chemical vapour deposition techniques. This study 

was performed for two different substrates, namely bioinert silicon nitride (Si3N4) ceramics 

and bioactive Si3N4-bioglass composites. 

Chapter 3 discusses the biotribological characterisation of the referred NCD coated 



Si3N4 based ceramics, under simulated physiological media.  

Chapter 4 describes the biological behaviour of NCD films assessed by in vitro cell 

cultures using MG63 and L929 cell lines as well as human bone marrow and human 

fibroblasts from gingival tissue.  

At last, Chapter 5 gathers the main conclusions of the work. 
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1. Diamond: an overview 

 

1.1. Structure 

 

Diamond and graphite are the most common crystalline forms of pure carbon. 

Graphite holds the distinction of being the most stable form of solid carbon ever 

discovered. Each carbon atom of graphite is covalently bonded to three other surrounding 

carbon atoms, using their hybrid sp2 atomic orbitals. The structure of graphite is formed by 

parallel layers of quasi-hexagonal sheets of carbon atoms piled-up into 3D structures. 

These layers are bonded together by weak forces of the Van der Waals type. The weakness 

of these bonds allows the layers to slip over each other, being the responsible for the 

graphite softness. 

Diamond is the carbon allotrope that attracted more attention due to the splendid 

appearance and exceptional properties. The structure of diamond is formed by two 

interpenetrating face-centered cubic lattices shifted from a quarter of the diagonal of the 

cube [1], Fig. 1. The carbon atoms are connected by covalent bonds with each atom 

bonded to four others in a tetrahedral geometry, using their hybrid sp3 atomic orbitals [1,2].  

Diamond and graphite, besides being carbon networks, are very different materials 

and are in a range of extremes: 

 

- Diamond is the hardest material; graphite is one of the softest, 

- Diamond is abrasive; graphite is a very good lubricant, 

- Diamond is an excellent electrical insulator; graphite is a conductor of electricity, 

- Diamond is usually transparent; graphite is opaque, 

 

1.2. Properties and applications 

 

The exclusive combination of mechanical, physical and chemical properties of 

diamond is due to the strong chemical bonding. Diamond presents the highest hardness, 

thermal conductivity, elastic modulus and sound velocity of all known materials, while its 

compressibility is the lowest ever known [1,2]. Diamond is chemically inert and a good 
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electrical insulator but can be doped to form p- and n- type semiconductors [2,3]. Diamond 

is transparent to both visible and infrared radiation and has a small dielectric constant [3]. 

The main properties of diamond are listed in Table 1. 

 

 

Fig. 1 – Structural unit of a diamond crystal [1]. 

 

Diamond, by virtue of its superlative properties, has a wide-ranging impact in several 

fields and the potential to become a serious disruptive technology in many new application 

areas, such as electronics and medicine. It is unfeasible to enumerate all the applications of 

diamond, so, here are a few examples: cutting tools, abrasives, structural components, heat 

sinks, bearings, medical implants, optical windows (x-ray, IR and laser windows), 

capacitors, UV detectors, optical switches, waveguides, vacuum microelectronics, displays, 

etc. [4,5]. 

 

1.3. Sources 

 

Full use of diamond as an engineered material is only possible if diamond exists in a 

suitable form with no resource limitations. There are three diamond sources [2]: 

- Natural deposits, 

- Synthesis at high pressure and high temperature (HPHT), 
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- Synthesis from a gas phase at low pressures in conditions of thermodynamic 

metastability of diamond (chemical vapour deposition (CVD) methods). 

 

Table 1 

Principal properties of diamond (adapted from [1,3]) 

Property Value Units 

Hardness 100 GPa 

Strength, tensile > 1.2 GPa 

Strength, compressive > 110 GPa 

Sound velocity 1.8 × 104 m s-1 

Density 3.52 g cm-3 

Young’s modulus 1.22 × 103 GPa 

Poisson’s ratio 0.2 Dimensionless 

Thermal expansion coefficient 1.1 × 10-6 K-1 

Thermal conductivity 20.0 W cm-1 K-1 

Thermal shock parameter 3.0 × 108 W m-1 

Debye temperature 2200 K 

Optical index of refraction (at 591 nm) 2.41 Dimensionless 

Optical transmissivity (from nm to far IR) 225 Dimensionless 

Loss tangent at 40 Hz 6.0 × 10-4 Dimensionless 

Dielectric constant 5.7 Dimensionless 

Dielectric strength 1.0 × 107 V cm-1 

Electron mobility 2000 – 2200 cm2 V-1 s-1 

Hole mobility 1600 – 1800 cm2 V-1 s-1 

Electron saturated velocity 2.0 × 107 – 2.7 × 107 cm s-1 

Hole saturated velocity 1.0 × 107 cm s-1 

Work function Negative On [111] surface 

Bandgap 5.45 eV 

Resistivity 1013 - 1016 Ω cm-1 

 

1.3.1. Natural deposits 

 

Natural diamond can only be formed 150 km below the Earth’s surface where the 

pressure reaches several thousand atmospheres and the temperature rises to over a 

thousand degrees Celsius. Diamonds emerge to the surface through volcanic eruptions, 

remaining meta-stable when the pressure is removed due to a rapid cooling-down. 
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Diamond pipes can be found in South Africa and alluvial diamond in riverbed mines in 

India. Owing to its rarity, is prohibitively expensive [2,3]. 

 

1.3.2. HPHT synthesis 

 

The HPHT method was proposed in 1955 by the General Electric Company (GE). 

This method of synthesis reproduces the conditions that generate diamond inside the Earth 

and is suitable for making single small crystals for abrasive applications [3,5]. 

 

1.3.3. Chemical vapour deposition (CVD) 

 

The CVD technique was proposed in the second half of the 1950s by W. G. Eversole 

who patented the process [1,3]. This method received a great deal of attention because it 

allows new applications of diamond, which, produced by other way, had been either too 

expensive to implement or too difficult to make it economically. The CVD process makes 

diamond available in thin sheets or coatings that can cover large areas in a variety of 

unique shapes.  

The CVD method is a well-established technique for thin film deposition. Besides 

diamond films, CVD is also used to produce different kinds of coatings such as nickel, 

tungsten, chromium and titanium carbide films [6].  

The process of CVD is based on the decomposition of a reactant gaseous atmosphere 

near a hot substrate to form solid films, nanoparticles, nanorods or nanotubes. The main 

steps that occur in the CVD process can be summarized as [7]: 

1) Transport of reacting gaseous species to the surface, 

2) Adsorption of the species, 

3) Heterogeneous surface reaction, 

4) Surface diffusion of the species to growth sites,  

5) Nucleation and growth of the film,  

6) Desorption of gaseous reaction products and transport away from the surface. 

 

In CVD of diamond, the reactant gaseous mixture always includes a carbon source, 

and typically includes hydrogen as well, though the amounts used vary greatly depending 
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on the type of diamond being grown [2,8]. 

The films produced by CVD methods present high purity and density, excellent 

uniformity, and high deposition rates [7]. Other advantages of this technique are the 

simplicity of the apparatus, the capability of coating complex-shaped components and the 

amenability to large-scale production [7]. 

 

1.3.3.1. CVD techniques 

 

The chemical reactions that mediate the decomposition of the reactant gas can be 

activated by different sources [2,7]: 

 

- Electrical (direct current (DC), radio frequency (RF), and microwave (mW) 

discharges), 

- Thermal (refractory metal filaments), 

- Chemical (combustion flame or acetylene-oxygen torch). 

 

In electrical activated CVD, energy sources such as DC, RF, and mW are currently 

used for plasma generation. The role of the plasma is to create atomic hydrogen and to 

produce proper carbon precursors for the growth of diamond. Microwave plasma CVD 

(MWCVD) is known to exhibit a distinct advantage over thermal CVD owing to its lower 

deposition temperature [3,7]. 

In thermally activated CVD, the reactant gases can be heated near the substrate by 

placing hot filaments inside the reactor. This method is known as hot-filament chemical 

vapour deposition (HFCVD) [5,7]. 

In chemical activated CVD, an acetylene-oxygen brazing torch is used to oxidize a 

mixture of C2H2 and O2 gas. This method presents high growth rates, although the quality 

of the diamond films produced is poor [1,3]. 

Here are some features of the most used techniques, HFCVD and MWCVD, in the 

production of diamond films: 
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HFCVD 

The HFCVD process was first proposed by Matsumoto and co-workers in 1982. A 

tungsten (W) filament was heated to a temperature above 2000ºC and the molecular 

hydrogen (H2) that passed through the filament was dissociated into atomic hydrogen (H) 

[1]. The production of H simultaneously with the hydrocarbon pyrolysis leads to diamond 

deposition while formation of graphite is suppressed. The catalytic dissociation of H2 on a 

hot W surface was first discovered by Langmuir, in the first decade of the 1900’s [3]. The 

dissociation process starts with the adsorption of molecular hydrogen on the tungsten 

surface and ends with the evaporation of atomic hydrogen back to the gas phase. Between 

1986 and 1990, it was found that the W filament also reacts with the hydrocarbon gas and 

undergoes carburization [3]. This process affects the structure of the filament and in 

conjunction with the hydrogen embritlement, reduces drastically its lifetime. The 

deposition of diamond is also affected since the carburization process consumes carbon 

from the gaseous media. Therefore, to avoid carbon early consumption, the carburization 

of the filaments prior to diamond deposition is highly recommended [3]. Besides tungsten, 

other refractory metals can be used as filaments, namely tantalum (Ta) and rhenium (Re) 

[1,3,5]. Tantalum is also a carbide-forming metal and produces diamond films similar to 

those produced with a tungsten filament. Rhenium is the only one that does not form 

carbide, presenting longer lifetime than the tungsten and tantalum, however it is more 

expensive and for this reason, less used [5]. 

HFCVD is a very popular technique due to its low capital and operating cost, 

simplicity and ability to coat complex shapes and internal surfaces [1,5]. HFCVD 

possesses the ability to adjust to a wide variety of carbon sources such as methane (CH4), 

ethane (C2H6), propane (C3H8), and other hydrocarbons, although is particularly sensitive 

to oxidizing and corrosive gases [1]. However, HFCVD has some limitations namely the 

lower gas activation temperature imposed by the upper temperature limit of the filaments, 

thus resulting in lower growth rates than plasma processes [5]. Another disadvantage is the 

possible contamination of the diamond films with elements from the filaments, which can 

affect the semiconducting and mechanical properties of diamond [3]. 

In order to improve the deposition of diamond by HFCVD, a few modifications have 

been introduced relatively to the classic process. The most simple is the use of multiple 



Diamond: an overview 

 

9 

filaments or a filament net instead of a single hot filament, allowing the deposition of 

uniform diamond films over large areas [1]. The most popular is a combination of DC-

plasma with HFCVD, where a bias voltage is applied to the substrate holder and to the 

filaments [1,3,5]. The application of a positive voltage to the substrate and negative voltage 

to the filaments (forward bias) results in electron bombardment of the substrate, which 

increases the substrate temperature and enhances the surface hydrogen desorption [1,3,5]. 

As a result, high quality diamond films are deposited at high growth rates. When the 

polarity of the bias is reversed (reverse bias), ion bombardment of the substrate will occur 

and the nucleation of diamond is enhanced [1,5,9]. 

 

MWCVD 

MWCVD, along with hot-filament, was the technique that ultimately moved diamond 

deposition from its niche of a scientific curiosity into the area of industrially applicable 

technologies. In an MW reactor, microwave power is coupled into the chamber via a 

dielectric window in order to create a discharge. The microwaves (2.45 GHz) couple 

energy into gas phase electrons, which in turn transfer their energy to the gas through 

collisions. This leads to heating and dissociation of the gas molecules, the formation of 

active species, and finally diamond deposition into a substrate, which is immersed in the 

plasma [1,3,5]. 

Compared to other techniques, MWCVD has several advantages namely the ability to 

use a wide variety of gas mixtures, including mixtures with high oxygen content, or ones 

containing chlorinated or fluorinated gases, high powers and hence higher growth rates. 

The fact that no filament is involved makes MWCVD systems inherently cleaner than 

HFCVD systems, and so they have become the system of choice for electronic applications 

[1,3,5]. Furthermore, the presence of a significant number of ions within the discharge 

allows the possibility of improving the growth rate by biasing the substrate, with a larger 

effectiveness than with the HFCVD process, where only a few gas phase ions are present 

[1,3,5].  
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1.3.3.2. Diamond CVD advantages 

 

Chemical vapour deposition of diamond has several advantages comparing to HPHT 

processes that include the ability to grow over large areas, the ability to grow on a 

substrate, and the ability to supervise the properties of the films produced, besides the low 

cost [3,5].  

The ability to grow diamond directly on a substrate is important because it allows the 

addition to other materials of some of the important qualities of diamond [3,5]. An 

example is the coating of excessive heated electronics, such as optical devices and 

transistors, with diamond films that will act as a heat dissipator due to the high thermal 

conductivity, Table 1. The coating of seal rings and cutting tools with diamond is also 

other example where the coated materials will benefit of both high hardness and low wear 

rate of diamond. However, the improvement of substrate properties can only be achieved if 

diamond films are well adhered, which means that diamond deposition must be carefully 

done. 

The most important attribute of diamond growth by CVD is the ability to control the 

properties of the film by regulating the processing parameters: composition and pressure of 

reacting gaseous atmosphere and growth temperature [3,5]. In fact, it is possible to grow 

diamond with different microstructures: single crystal diamond, containing various dopants 

[10]; polycrystalline diamond with grain size range of few nanometers to several 

micrometers [11,12]; and, composite films with diamond grains surrounded by thin, non-

diamond carbon. All these microstructural modifications affect the properties of diamond 

namely hardness, smoothness, conductivity, and optical properties [8], which may be 

interesting since an all-new field of applications is envisage.  
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2. Nanocrystalline diamond (NCD): state of the art 

 

Diamond films growth typically starts with nucleation on nanocrystalline seeds. 

During growth, diamond crystallites can remain in the nano-size regime or increase to 

micron-size. As a result, diamond films can be deposited with different grain sizes and are 

usually called microcrystalline (MCD) for sizes between 1-10 µm [7,8], or nanocrystalline 

(NCD) if the crystallites are between 10-100 nm [11,12] of size and do not increase with 

the film thickness [8]. Recently, a new term, “ultrananocrystalline diamond (UNCD)”, has 

been introduced to distinguish diamond films with grain sizes below 10 nm (usually 

between 2-5 nm) [11]. These films differ from NCD, since they have smaller grain sizes 

and have little or no graphitic impurities at the grain boundaries [13].  

In recent times, NCD has been increasingly investigated for two main reasons. Firstly, 

NCD overcomes one of the great problems of standard CVD polycrystalline diamond 

(MCD), the surface roughness. The faceted morphology of MCD prevented applications in 

tribology, optics and biomedicine, where smooth surfaces are a requirement. With NCD, 

all these applications are viable without the need of time-consuming and costly post 

polishing operations. Secondly, NCD keeps many of the fundamental properties of 

diamond, like mechanical hardness, chemical inertness and biological compatibility 

[7,8,14] and presents several unique properties compared to conventional MCD films, such 

as higher toughness, wide band gap and higher electron emission efficiency [15-18]. 

Smooth surfaces and wide band gap make NCD films candidates for advanced optical or 

electronic components. 

NCD films can be deposited either in pure form (nondiamond phases <5%) or as 

nanocomposites, with diamond nanocrystallites embedded in an amorphous carbon matrix 

[8,19-22]. A number of different deposition techniques and conditions have been used to 

grow NCD. The most common include standard techniques used for the deposition of 

MCD films, such as MWCVD, HFCVD and combustion flame, Table 2, while others are 

usually employed for amorphous carbon films production like sputtering [23,24], rf plasma 

[25,26], ECR plasma [27], filtered arc deposition [28] and laser ablation [29].  
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The simplest way to obtain NCD is to select one or more conditions outside the 

narrow parameter range for MCD production. This may be accomplished by the use of 

carbon rich CxHy/H2 mixtures, the partial or complete replacement of hydrogen (H2) by 

argon (Ar), helium (He), nelium (Ne) or nitrogen (N2), and the use of low pressures or low 

temperatures, Table 2. The use of low working pressures implies a drastic decrease of 

collisions in the gas phase and chemical reactions are disabling to reach the equilibrium 

concentrations. Lowering the substrate temperature, reduces the surface migration of 

adsorbed growth species, enhancing the probability of defect formation since surface 

species have not sufficient time to find optimum growth places [14]. The influence of gas 

composition on NCD growth will be further discussed. 

Other approach to obtain NCD is to use a method generally applied to enhance the 

nucleation density in MCD growth, based on the application of a negative voltage to the 

substrate (reverse bias) [30]. Instead of stopping the bias after the nucleation step, like in 

MCD case, the negative voltage is applied throughout the process. Therefore, the growing 

film is continuously bombarded with positive ions (H+) generating defects within the 

diamond crystallites, which serve as active nucleation sites and promote the growth of 

nanostructured diamond film [9,31].  
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Table 2 

Compilation of some conditions for NCD deposition referred in literature. 

First 

Author 
Ref. Technique Reaction gas 

Concentration 

(%) 

Ts 

(ºC) 

P 

(KPa) 

Bias 

(V) 

G 

(nm) 

MCD 32 - CH4/H2 0-3 600-900 2-20 0 - 

Wang 33 HFCVD CH3COCH3/H2 3-4 850-950 0.5-1.4 0 4-8 

Liu 31 HFCVD CH4/H2 10 800 6 - 20-680 

Zhou 34 HFCVD CH4/H2 1 800 4 -150 10 

Kang 35 HFCVD CH4/H2 4 1100 26.7 0 8-16 

Gupta 36 HFCVD CH4/H2 2 900 2.7 -323 10 

Zhang 37 HFCVD CH4/H2/Ar 2/49/49 - 5.3 0 4-30 

Chow 38 HFCVD CH4/H2/Ar 1/29/70 850-950 - 0 20 

Lin 39 HFCVD CH4/H2/Ar 0.3/4.2/95.5 870 8 0 < 50 

Wu 40 HFCVD CCl4/H2 2.5 610 0.67 0 10-20 

Zhou 41 MWCVD CH4/H2/Ar 1/0-9/90-97 800 13.3 0 3-50 

Yang 42 MWCVD CH4/H2/Ar 1/0-9/99-90 900 5.3 0 15 

Rabeau 43 MWCVD CH4/H2/Ar 1/0-14/85-99 400-500 12 0 50 

Ikeda 21 MWCVD C2H2/H2/Ar 0.6/2.4/97 750 13.3 0 15-25 

Griffin 18 MWCVD CH4/H2/He,Ne 1/4/95 500-600 0.28 0 - 

Rabeau 43 MWCVD CH4/H2/He 1/0-9/90-99 400-500 12 0 53 

Corrigan 44 MWCVD CH4/Ar/N2 1/97/2 800 13.3 0 3-15 

Wu 45 MWCVD CH4/H2/N2 2.2/3.2/94.6 600 4 0 8-50 

Yang 46 MWCVD CH4/H2 1 900 5.3 -250 20-40 

Yang 47 MWCVD CH4/H2 3-4 500 4 0 <70 

Hong 48 MWCVD CH4/H2 10 640-680 3.3 0 5-15 

Sharda 49 MWCVD CH4/H2 5 600 4 -260 - 

Zhou 50 MWCVD CH4/Ar 1 800 13.3 0 3-20 

Gruen 19 MWCVD C60/Ar 0.14 850 13 0 50-300 

Shen 51 MWCVD CH4/H2/O2 15/82/3 610 26.7 0 10 

Gruen 52 MWCVD CH4/H2/O2 7/90/3 850 0.04 0 10-300 

The first row defines the window for the deposition of well-faceted polycrystalline diamond (MCD).  

In the column of concentration, for binary mixtures, is given only the content of the carbon-containing 

species. Ts, P and G are the substrate temperature, the pressure and the crystallite size, respectively. 
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2.1. NCD nucleation and growth processes 

 

Diamond deposition consists of two essentially different steps, nucleation and growth. 

 

2.1.1. Nucleation  

 

In almost the substrates, the nucleation density of diamond is very low and needs to be 

promoted. A number of techniques have been developed to increase it, reaching from 

abrasive scratching with diamond powders/pastes or ultrasonication in diamond powder 

suspended solutions to bias enhanced nucleation (BEN). The two former nucleation 

processes are the most popular because the first is applicable to almost every substrates and 

the second presents the highest nucleation density [9].  

Nucleation is a critical stage in the growth of NCD. It is believed that NCD grows as a 

result of high density of primary nucleation of diamond on the substrate [37,38], combined 

with high rate of secondary nucleation through the process [47]. In fact, as it can be seen in 

Fig. 2, the difference between MCD and NCD growth is the rate of secondary nucleation, 

which is low for MCD and high for NCD. Besides that, both films start growing from 

individual nucleation sites. In the case of MCD, well-faceted single crystallites are 

observed while in NCD deposition, ballas- or cauliflower-like structures grow. The final 

morphology is in both cases determined by the primary nucleation density and the film 

thickness, Fig 2. For low nucleation density and short deposition times, only individual 

crystals or nodules are observed. With increasing thickness, these crystallites or nodules 

coalesce and form a continuous film. For high nucleation densities, coalescence takes place 

at a much earlier stage of deposition.  

For MCD films, the growth is columnar and grain size increases with thickness, even 

for a very high primary nucleation density, the crystallite increases if the films grow 

thicker. For NCD, the crystallite size is independent of the film thickness, which is 

achieved by a constant high rate of secondary nucleation. 
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Fig. 2. – Diamond growth and morphology as a dependence of primary nucleation density 

and rate of secondary nucleation [14]. 

 

2.1.2. Growth mechanisms 

 

2.1.2.1. The role of hydrogen 

 

Hydrogen plays a central role in the various diamond CVD processes [3,5]. Atomic 

hydrogen (H) is generated from H2 either by thermal decomposition or by electron impact 

dissociation (plasma processes). The remaining gas phase chemistry is determined by 

reactions of the carbon containing species with atomic hydrogen. For example, with a 

hydrocarbon precursor as methane (CH4), gas-phase hydrogen abstraction reactions lead to 

generation of the methyl radical (CH3) that adsorbs on a carbon radical site also created by 

hydrogen abstraction from the hydrogen-terminated growing diamond surface, Fig 3. From 

more hydrogen abstraction reactions, the carbon in the adsorbed methyl radical forms 

carbon-carbon bonds and is incorporated into the diamond lattice. Atomic hydrogen acts 

also as stabilizer of diamond growing surfaces, by removing the graphitic nuclei due to 

preferential etching of graphite over diamond. 
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Fig. 3 – Schematic presentation of the surface processes during diamond growth: hydrogen 

stabilized diamond surface; creation of a growth site by hydrogen abstraction; diamond growth by 

attachment of a methyl radical [32]. 

 

As it can be seen from Table 2, NCD films can be grown from gas mixtures in which 

the hydrogen is totally or partially replaced by Ar, He, Ne or N2. However, hydrogen is 

present in almost carbon containing species with the exception of fullerene (C60). In this 

case, Gruen et al. [19] demonstrate that it is possible to grow NCD phase-pure films 

without the presence of hydrogen. The relative lack of atomic hydrogen minimizes 

regasification of the very small grains (2-5 nm) that are formed, achieving a reasonably 
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high linear growth rate and the formation of continuous films at very low thickness. 

Because of the small grain size, diamond remains stable and there is no need to suppress 

the formation of non-diamond phases [11]. However, in hydrogen-containing plasmas, 

there seems to be a minimum level of hydrogen that can sustain the growth of NCD phase-

pure films. Otherwise, the surfaces of the growing nanocrystals reconfigure to a sp2-like 

configuration, and results in the growth of graphitic carbon [53]. 

 

2.1.2.2. The role of oxygen 

 

The presence of oxygen (O2) as an active intermediate opens new reactions pathways 

in the plasma and on the film surface. Small amounts of O2 (0-8%), can be added to 

CH4/H2 mixtures, leading to formation of atomic oxygen, CO and OH species. These 

species increase the dissociation rate of methane and are able to etch nondiamond carbon 

components at a high rate. Since these two effects compete in the growth of the diamond 

film, the addition of O2 to the reactant gas is able to increase the deposition rate at low O/C 

ratios and decrease it at higher O/C ratios. The maximum deposition rate was found for 3% 

of O2 addition [22]. Oxygen has also a significant positive effect on the elastic properties 

of NCD films, which is a consequence of diamond growth promotion in detriment of 

graphitic components that are increasingly etched with O2 increment [22]. 

 

2.1.2.3. The role of nitrogen 

 

Nitrogen (N2) can also be added to the system CH4/H2. A small amount of N2 

improves the diamond growth rate, promotes the (100) preferred orientation and improves 

field emission, while excessive N2 distorts the diamond structure and produces finer grains. 

Thereby, pure CH4/N2 systems yield NCD films [45].  

The detailed mechanism for field emission improvement of diamond films produced 

with N2 addition is still unknown. However, it was shown that N2 preferentially enters the 

grain boundary and that neighbouring bonds change from a four-coordinated (sp3) to a 

three-coordinated (sp2) configuration. The increase in the number of sp2 bonds may lower 

the activation energy for conduction due to a higher density of states within the band gap 

of diamond. Furthermore, the transport of electrons to the vacuum interface may be 
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enhanced by increased connectivity within the grain boundaries due to an increase in sp2 

bonding. Both phenomena acting together may reduce a barrier for the emission of 

electrons [44]. 

 

2.1.2.4. The role of carbon species (CH3 and C2) and noble gases 

 

C60, CH4/Ar gas mixtures 

The mechanism of NCD growth in C60/Ar plasmas is generally believed to depend on 

carbon dimmers (C2) which are formed according to the following reactions [8]: 

 

Ar* + C60 → Ar + C60
+ + e-                (1) 

C60
+ + e- → C58 + C2                 (2) 

(* means the atom excited state) 

 

C2 is a highly reactive molecule and as a result, diamond can nucleate and grow 

without the intervention of hydrogen. Continuous growth of diamond films in the C2 dimer 

domain results in amorphous carbon free NCD films [8,22].  

 

In CH4 (1%)/Ar (99%) systems, C2 is generated from methane [11]: 

 

2CH4 + Ar* → Ar + C2H2 + 3H2             (3) 

C2H2 + Ar* → Ar + C2 + H2               (4) 

 

and as in the case of C60/Ar gas mixtures, C2 is also the precursor species responsible for 

NCD growth. 

 

CH4/H2 gas mixtures 

NCD can also be grown from CH4/H2 gas environments. The key for having NCD 

instead of MCD is to increase the amount of CH4 in the mixture from 1% to 3-10% or keep 

it at 1% and apply a negative voltage to the substrate, Table 2. The widely accepted growth 

species for diamond in CH4/H2 gas mixtures is the methyl radical, CH3. As it was already 

explained, this model involves surface H-abstraction reactions, insertion of CH3, and 
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further H abstractions to form new diamond layers, Fig. 3. NCD is able to grow in high 

CH4-containing gas mixtures using this model, due to an H-depleted environment 

(reduction in H/C). The insufficient amount of atomic hydrogen results in surface defect 

creation. Defects are crucial in the formation of NCD films because with continuous 

secondary nucleation the nucleating seeds have no time to optimize their bonding 

environment before other nuclei deposit on top of them, resulting in the creation of defects 

that work as active nucleation sites [36].  

 

CH4/H2/Ar, He, Ne gas mixtures 

The addition of noble gases to CH4/H2 gas mixtures is also another way to obtain 

NCD, Table 2. Noble gases have a profound effect on environment chemistry producing 

additional ionization and CH4 dissociation. In MWCVD, Ar reduces the thermal 

conductivity and increases the local plasma temperature. In HFCVD, Ar reduces the gas 

diffusion transfer, increasing the concentration of atomic hydrogen near the filament, 

thereby the degree of dissociation of the CH4 is increased [13]. 

Diamond growth by CH3 and by C2 mechanisms was proposed to explain the NCD 

growth in CH4/H2 [34,36,47,48] and C60, CH4/Ar [8,19,52] gas mixtures, respectively. In 

the case of CH4/H2/Ar, He, Ne mixtures, the species responsible for NCD growth depends 

on the quantity and type of the noble gas added.  

For CH4 (1%)/H2/Ar gas mixtures, but with small amounts of Ar addition, growth by 

CH3 mechanism is predominant. Diamond growth rate is reduced when 10% of Ar is 

added, because CH3 and H species are diluted and dispersed by Ar and in the meantime, C2 

species are not formed. As the Ar concentration exceeds 30%vol, the plasma still has 

enough H to satisfy the CH3 mechanism, and simultaneously diamond growth by C2 

mechanism is initiated. When Ar concentration increases to above 50%, the H content is 

decreased and insufficient for CH3 mechanism. At 70% Ar, the species C2 reach a 

considerable concentration and for 80-99% Ar, C2 is responsible for decreasing crystal 

sizes to nanometer scale and enhancing the growth rate of NCD [8]. Thereby, in Ar-rich 

plasmas, the C2 dimer appeared to be the major species. This can be attributed to enhanced 

pathways available for C2 production, arising from the presence of Ar* in the plasma 

where energy transfer with C2H2 and/or C2H forms C2 (reaction 4). The concentration of 

C2 is about 500 times higher for Ar dilution than for any other inert gas. Actually, the 
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concentration of C2 is very small in the case of He and Ne dilution. The first excited state 

of He (He*) has a higher energy than Ar which arguably implies that will be less populated 

by He* compared to Ar*. Dissociation reactions with C2H2 and C2H will therefore be 

minimal. A similar fact should be true for Ne, since the excited state of Ne has higher 

energy than Ar. C2 does not appear to contribute as the growth species in the formation of 

NCD in He or Ne diluted CH4/H2 gas mixtures. The growth mechanism that mainly 

promotes NCD deposition from an atmosphere with He or Ne as principal components is 

still not fully elucidated.  

The NCD formation starts at above 85% of inert gas dilution (Ar, He or Ne) and 

increases up to 98% for CH4 (1%)/H2/Ar, He, Ne mixtures. Diamond films grown with 

He/Ne are clearly morphological different from Ar grown films. The Ar-grown films are 

uniform and continuous across the length of the substrate while NCD films formed using 

He or Ne are continuous but rough in comparison to the Ar films. This may be attributed to 

enhanced renucleation of the growing film in the presence of C2, which effectively 

increases the uniformity over the entire surface. In the absence of enhanced renucleation, 

the He films tended to grow in large clusters, probably around the original nucleation sites. 

The difference in surface morphology may also be attributed to the difference in mass 

between Ar, He and Ne. It is plausible that heavier neutral and ionic Ar continually 

bombards the growing surface and maintains uniform smoothness. Ar may be effective at 

surface smoothing because of its higher mass, and may therefore be essential for the 

growth of smooth NCD films [43]. 

 

For a long time, it was suggested that C2 was the key species for the formation of 

NCD. The fact that similar NCD films can be grown both in the presence and in the 

absence of C2 brings into question whether C2 contributes significantly to the growth 

process. It now seems more likely that there is a delicate balance between the 

concentrations of CH3 and C2 close to the substrate surface that determines the growth 

morphology and hence the properties of the resulting film. C2 seems to be the diamond 

growth species in hydrogen-poor gas mixtures, while CH3 is dominant in hydrogen-rich 

environments. 
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3. Silicon nitride (Si3N4) 

 

3.1. An ideal substrate for diamond films 

 

Diamond films cannot be deposited in every kind of substrates. Ferrous metals, like 

steel, and materials containing Ni or Co, like tungsten carbide, are incompatible substrates. 

Those materials hinder a chemical bonding with carbon, dissolving it or promote graphite 

formation instead of diamond [54]. For this reason, the selection of a substrate for diamond 

deposition should obey to the following criteria: withstand the high deposition 

temperatures, not dissolve carbon or catalyse graphite formation, and ensure good coating 

adhesion [55]. 

Adhesion is probably one of the most important features when considering a 

coating/substrate system. In CVD processes for diamond deposition, adhesion is 

sometimes difficult to obtain, because during the cooling step a large thermally stress is 

induced. However, this stress can be reduced with the use of a substrate material with a 

thermal expansion coefficient close to that of diamond. Silicon nitride (Si3N4) is potentially 

one of the most suitable substrates for diamond deposition owing to the similarity between 

the thermal expansion coefficients of both materials: diamond, 0.8×10-6 K-1 < α > 4.5×10-6 

K-1 for 20 < T > 800ºC [56]; Si3N4, 2.9×10-6 K-1 < α > 3.6×10-6 K-1 for 20 < T > 1500ºC 

[57].  

A proper adhesion is achieved by mechanical and chemical bonding between the 

coating and the substrate. The mechanical bonding between diamond and Si3N4 is attained 

by the net increase in specific surface area, while chemical bonding is ensured by a 

carburising nature that favours also the diamond nucleation. Actually, the carbonaceous 

species react at the surface of silicon containing substrates forming a graphitic carbon 

layer. The outer carbon atoms of the graphitic planes are active sites for diamond 

nucleation. Therefore, the diamond nuclei grow mainly at the expense of carbonaceous 

adsorbed species diffusing on the surface, in a process competitive with the formation of 

oriented graphitic material and new diamond nuclei [58].  
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Some authors believe that during the process of diamond deposition, silicon carbide 

(SiC) can be formed due to interaction of C with the substrate [58-60]: 

 

Si3N4 (s) + 3C (s) → 3SiC (s) + 2N2 (g)            (5) 

 

It may be pointed out that in practice, the following reaction should be considered: 

 

SiO2 (s) + C (g) + 2H (g)→ SiC (s) + H2O (g)          (6) 

 

since Si3N4 is covered with a thin layer of SiO2. Si3N4 is more stable than the carbide 

layer and at temperatures below 1350ºC, the reaction 5 is not initiated. However, the 

temperature of the plasma near the surface can be much higher than 1350ºC and the 

formation of SiC is entirely feasible [54]. It is believed by some authors that SiC 

interlayers are often involved in the improved adhesion of diamond coatings on silicon 

containing substrates [59-61]. However, the discussion on how SiC can trigger the 

diamond nucleation process remains open, since some authors concluded that this phase 

does not seem to be a direct precursor for diamond nucleation [58]. 

Si3N4 ceramics, as refractory materials, are able to ensure the resistance to the high 

diamond CVD deposition temperatures, which is another requirement for being a diamond 

substrate. 

Si3N4 ceramics coated with CVD diamond are frequently used as cutting tools. 

Besides the excellent mechanical properties presented by Si3N4, in some applications, its 

surface can be damaged by particle impact or by oxidation. A very hard, erosion-resistant 

coating, such as diamond films, can be very useful in protecting the Si3N4 substrates from 

the failure mechanism associated with oxidation and fracture by crack propagation. A thin 

diamond coating on Si3N4 surface dramatically improves the tool hardness, whereas the 

use of this ceramic offers diamond films a mechanically resistant and thermally matched 

substrate. 
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3.2. Structure 

 

Silicon nitride exists in three crystalline forms: α, β and γ. α- and β-Si3N4 are 

produced under normal nitrogen pressure while the recently observed γ cubic form is 

originated at high pressure and temperature [62]. α and β are hexagonal structures formed 

by silicon atoms located in the centre of irregular nitrogen tetrahedra, each nitrogen atom 

belonging to three tetrahedra, Fig. 4. The unit cell of α-Si3N4 consists of Si12N16 and the c-

axis dimension is approximately twice than that of the β phase with a Si6N8 unit cell. Either 

structure can generate the other by a 180º rotation of two silicon-stacking planes: α (abcd) 

→ β (abab) [62,63]. 

α-Si3N4 is a stable phase at room temperature, however, during sintering at 

temperatures above 1500ºC, α-Si3N4 becomes metastable and irreversibly transforms to β-

Si3N4 [62]. During this transformation, grains transform from an equiaxed to a fibrous 

morphology, which is responsible for the higher fracture toughness and strength of sintered 

Si3N4. The phase transformation α → β occurs by a solution-precipitation mechanism 

which means that the growth of the grains during the transformation occurs by a 

preferential solution of the α particles and the reprecipitation on the pre-existing β 

particles. The presence of a liquid phase at the grain boundaries promotes the α → β 

transformation. 

 

Fig. 4 – Crystal structures of α- and β-Si3N4 forms [64]. 
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3.3. Properties and applications 

 

The properties and potential uses of silicon nitride have been recognised since the 

early 1960’s. Si3N4 ceramics are materials of great interest because they present [65]: 

 

- High impact strength, 

- High room and elevated temperature strength and hardness, 

- Good creep resistance, 

- Excellent thermal shock resistance resulting from the low coefficient of thermal 

expansion, 

- Good chemical stability, 

- Good thermal stability (decomposition temperature ~ 1900ºC), 

- High temperature corrosion and erosion resistance, 

- Good wear resistance, 

- Low coefficient of friction. 

 

Silicon nitride chemical, physical and mechanical properties are adequate to several 

uses. The most common applications with an important presence on the market are [62,63]: 

 

- Cutting tools, 

- Engines components, 

- Ball bearings, 

- Metal forming and processing devices, 

- Gas turbines. 

 

3.4. Production Methods 

 

A number of methods have been used to produce silicon nitride ceramics. Because of 

the high degree of covalent bonding, classical sintering is not applicable to produce pure 

dense Si3N4 ceramics. Covalent bonding means great bonding strength and thus low ionic 

mobilities. The diffusion rates are very low and thereby high pressures and/or high 

temperatures are required to fully densify the Si3N4. Therefore, alternative procedures to 



Silicon nitride 

 

25 

classical sintering of Si3N4 have been developed such as nitridation of silicon compacts or 

addition of sintering aids to Si3N4 powders.  

The techniques used on the production of Si3N4 ceramics comprise reaction bonding 

(RBSN), hot-pressing (HPSN), pressureless sintering (SSN) and hot-isostatic pressing 

(HIP-SN). All these techniques, with exception of the first, are able to produce dense Si3N4 

with the use of different oxide or non-oxide sintering additives, such as the frequently used 

magnesium oxide (MgO), ytria (Y2O3) or ytria plus alumina (Y2O3 + Al2O3). In these 

cases, densification and microstructure are controlled by a liquid phase sintering process 

[57,62,63]. 

In liquid phase sintering, the additives are responsible for formation of liquid phase 

through the reaction with SiO2, which is always present on the particle surfaces of 

commercially available Si3N4 powders. The densification process can be described by the 

following stages formulated by Kingery [66]:  

 

- First stage: particle rearrangement, 

- Second stage: solution-diffusion-precipitation, 

- Third stage: solid-solid coalescence. 

 

The first stage, occurs induced by capillary forces and the degree of densification is 

mainly dependent on the particle size and shape and the amount and viscosity of the liquid 

phase [57,65,66]. With increasing temperature, the solution-diffusion-precipitation process 

starts and is superimposed to the rearrangement process. The driving force in the second 

stage is the higher solubility at the contact points of the particles, caused by capillary 

forces as well as differences in the chemical potentials between small and large particles. 

As a result, there is preferential solution of the smallest particles and the densification is 

increased [57,65,66]. On these two first stages of liquid phase sintering, the application of 

external pressure, as in the case of hot-pressing and hot-isostatic pressing, can accelerate 

the process by: 

- increasing the rate and degree of particle rearrangement, 

- increasing the rate of solution at particle contacts, 

- causing plastic flow within the particles. 
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The third stage is coalescence, which means that grain coarsening occurs. This stage 

does not contribute to further densification [57,65,66]. After that, the liquid silicates 

solidify during cooling and forms amorphous or partially crystalline phases arranged at the 

grain boundaries in thin layers or at triple junctions. In some special cases, the liquid phase 

is dissolved partially in the Si3N4 lattice and form solid solutions [57,65,66]. It should be 

pointed out that liquid phase sintering is able to produce complete densification, but only if 

there is sufficient amount of liquid to fulfil the conditions of good wettability and solubility 

of Si3N4 grains [57,65]. 

 

3.4.1. Hot-pressing (HPSN) 

 

Hot pressing is capable of producing fully dense silicon nitride ceramics, Table 3. The 

process consists on applying a uniaxial pressure (10 a 30 MPa) at temperatures ranging 

from 1500º to 1800ºC, during 1 to 4h, to a Si3N4 powder mixture or to a cold-pressed 

compact within a graphite die. The die is often lined with boron nitride powder to avoid 

reaction between graphite and Si3N4, and to assist on the removal of the sintered compact. 

The powder mixture is composed mainly by Si3N4 plus a sintering aid, most commonly 

MgO or Y2O3 [62,63,65].  

Hot pressing allows the production of materials with nearly full density, high strength 

and good oxidation and corrosion resistance, Table 3. Disadvantages of this process are the 

production of simple shapes that may require subsequent machining, low productivity and 

anisotropy of the properties as a function of the pressing direction [57,62]. In fact, the β-

Si3N4 grains are preferred oriented perpendicular to the direction of the applied load. These 

oriented grains are responsible for differences in properties, like strength and thermal 

conductivity, parallel and perpendicular to the pressing direction up to 20% [57]. 

 

3.4.2. Pressureless Sintering (SSN) 

 

The discovery in the 1970’s, that Si3N4 powder could be sintered without the need of 

applying mechanical pressure, was a major step in the development of high-density Si3N4 

ceramics. The key is to control the partial pressures of reactants in the sintering atmosphere 

avoiding the dissociation of Si3N4 by using high nitrogen pressures and/or embedding the 
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composite Si3N4 plus additives in a powder bed [57,62,63]. The objective is to create local 

gas equilibrium in the immediate surroundings of the compact, suppressing the outward 

fluxes of silicon vapour and nitrogen gas, which minimizes the Si3N4 decomposition and 

vaporization. The powder bed, composed by Si3N4 plus additives and boron nitride, is also 

used to prevent the interaction with carbon and/or graphite elements of the sintering 

devices and to avoid the formation of an outer skin of non-densified material due to loss of 

essential liquid-forming aid [62,63]. 

The sintering temperatures used with this technique need to be 200º-300ºC higher than 

those used with hot pressing, despite the use of identical amount of sintering additives [63]. 

Since there is no pressure applied, to achieve the same values of densification than HPSN, 

it is necessary to increase the thermodynamic driving force. Increasing the temperature of 

processing is one of the possible approaches, while the use of well-homogenized ultrafine 

powders is a starting condition crucial for attaining full densification [57,62]. 

Pressureless sintering offers the advantage of producing complex-shaped components 

of dense high-strength Si3N4 ceramics without substantial machining and at a reasonable 

cost [62]. 

 

Table 3 

Physical and mechanical properties of Si3N4 ceramics (adapted from [62,63,67,68]). 

  Material   

Properties RBSN HPSN SSN HIP-SN 

Relative density (% of theoretical) 70-88 99-100  95-99  99-100  

Thermal expansion coefficient 

α, α, α, α, (10
-6

/ºC) 25ºC through 1000ºC  

3.0  3.2-3.3  2.8-3.5  3.0-3.5  

Thermal conductivity 

λλλλ, (W/m.ºC) 25ºC 

7-14  30-43  15-31  32 

Specific Heat, Cp, (J/kg.ºC) 25ºC 700-1100  680-800  - - 

Young’s Modulus, E (GPa) 120-250  310-330  260-320  310 

Poisson’s ratio, νννν 0.20  0.27  0.25  0.23  

Bending Strength, σσσσR, (MPa) 25ºC 150-350  450-1000  600-1200  600-1200  

Weibull´s modulus, m 19-40  15-30  10-25  - 

Hardness, H, (GPa) 10  20  14  20  

Fracture toughness, KIC, (MPa.m
1/2

) 1.5-2.8  4.2-7.0   5.0-8.5  4.2-7.0  
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3.4.3. Reaction bonding (RBSN)  

 

Reaction bonding consists of heat-treating of a silicon (Si) powder compact, typically 

98 to 99% pure, in a flowing or static atmosphere of N2 at a temperature below the melting 

point of Si, 1200º to 1450ºC [57,62,63,65]. The exothermic conversion of Si to Si3N4 is 

accompanied by a theoretical weight gain of 66%, but with no dimensional changes. 

Densities in the range of 70 to 88% of theoretical density are generally achieved and as a 

consequence of the resultant porosity, only moderate values of strength (150-350 MPa), 

thermal conductivity and oxidation/corrosion resistance are achieved, Table 3.  

RBSN has the ability to produce complex-shaped components without the need of 

time-consuming and expensive finishing operations. This results in low production costs, 

although the thickness of the manufactured pieces is limited.  

 

3.4.4. Hot-isostatic pressing (HIP-SN)  

 

Hot-isostatic pressing is a high cost technology that is used only for special 

applications. HIP equipment has been developed to enable densification at temperatures 

higher than 1700ºC. During HIP, high pressure is applied via a gas to consolidate a powder 

compact or to remove residual porosity from pre-sintered Si3N4. Materials containing open 

porosity require encapsulation before application of HIP  

HIP-SN technique is able to produce materials with high relative density, uniform and 

fine-grained microstructures, isotropic properties and with no machining requirements. The 

main disadvantages of HIP are the high sintering and encapsulation costs [57,62]. 

 

 

 



Biomaterials in total joint replacement  

 

29 

 

4. Biomaterials in total joint replacement 

 

4.1. General Concepts 

 

Biomaterials were first defined as nonviable materials used in a medical device, 

intended to interact with biological systems [69]. Afterwards, biomaterials were classified 

as materials of natural or manmade origin that are used to direct, replace or supplement the 

functions of living tissues [70]. Biomaterials are now used in a variety of applications that 

include orthopaedic devices (total knee, hip, shoulder and ankle joint replacements, spinal 

implants and bone fixators), cardiac implants (artificial heart valves and pacemakers), soft 

tissue implants (breast implants and injectable collagen for soft tissue augmentation) and 

dental implants (replacement of teeth/root systems and bone tissue in the oral cavity). 

Concerning new bone biomaterials, the two primary issues in materials science are 

mechanical properties and biocompatibility. A bone implant, such as the hip prosthesis, 

should present mechanical properties close to bone and, ideally, exhibit an identical 

response to loading. Biocompatibility refers to the ability of a material to execute a specific 

application with an appropriate host response [71]. For new bone implant materials, the 

biocompatibility role involves surface compatibility, mechanical compatibility and 

osteocompatibility [72]. Material choices must take into account in vivo environment, 

corrosion issues, friction and wear of the articulating surfaces, and implant fixation either 

through osseointegration or bone cement [73]. 

Bone biomaterials are usually classified as bioinert, biodegradable and bioactive 

materials. Bioinert materials are non-toxic and biologically inactive. The interface 

material/tissue is not chemically or biologically bonded and there is relative movement and 

progressive development of a nonadherent fibrous capsule in both soft and hard tissues 

[74]. Biodegradable or resorbable biomaterials are gradually degraded over a period of 

time and are replaced by the natural host tissue. Bioactive materials are intermediate 

between bioinert and biodegradable materials and are known for elicit a specific biological 

response at the interface implant/bone, which results in the formation of a bond between 

the tissues and the material [74].  
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4.2. Natural bone 

 

Bone is an extremely complex tissue that provides many essential functions in the 

body such as: 

 

- Protection of vital organs,  

- Support and site of muscle attachment for locomotion,  

- Generation of red and white blood cells for immunoprotection and oxygenation of 

other tissues,  

- Retention of stores of calcium, phosphate, and other important ions. 

 

In the study of biomaterials, it is of extreme importance to know the fundamental 

mechanisms determining all bone actions. The insertion of an extraneous substance, such 

as a hip prosthesis, will certainly interact with those mechanisms. 

 

4.2.1. Macroscopic structure 

 

The bones of the adult skeleton consist of cortical (or compact) (80%) and trabecular 

(or cancellous) (20%) bone [75]. Cortical bone is almost solid (10% porosity) while 

trabecular bone presents an open, meshwork or sponge-like structure with 50-90% of 

porosity. The proportions of cortical and trabecular bone differ at various locations in the 

skeleton. For example, long bones are divided into three physiologic sections: epiphysis, 

metaphysis and diaphysis, Fig. 5. The epiphysis is the rounded end of a long bone and is 

covered with cartilage. The metaphysis separates the epiphyses and the diaphysis and is the 

part of bone that grows during childhood, stopping around 18-25 years of age, ossifying 

completely into solid bone. The diaphysis is the main or mid section of a long bone. 

Trabecular bone is found mainly in the metaphysis, while cortical bone comprises the 

diaphysis. In the vertebral column, trabecular bone is the mainly constituent. In Fig. 5, are 

also visible the endosteum and periosteum, which are thin layers of connective tissue. The 

first lines the surface of the medullary cavity of long bones while the second covers the 

outer surface of a bone in all places except at joints, which are protected by articular 
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cartilage. 

 

 

Fig. 5 – Diagram of the structure of a long bone (adapted from [76]). 

 

4.2.2. Microscopic structure 

 

Bone tissue is constituted by cells inserted into a matrix of calcified material. There 

are three types of bone cells: 

 

- Osteoblasts (bone forming cells), 

- Osteocytes (mature bone cells), 

- Osteoclasts (responsible for bone resorption in bone remodelling processes). 

 

Osteoblasts are specialized mononucleate cells that play a prominent role in the 

process of formation and calcification of bone matrix. In fact, these bone forming cells are 

responsible for synthesize the organic phase of bone, which is mainly composed by 

collagen (type I). This protein mixture is usually called osteoid and turns into bone after 

mineralization. Osteoblasts are characterized by a considerable phosphatase activity, both 

acid and alkaline. The presence of alkaline-phosphatase (ALP) enzyme confirms that cells 
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of the osteoblast type mediate the calcification process. ALP is a cell-linked polypeptide, 

segregated from osteoblasts, that it is thought to promote crystal formation in matrix 

vesicles by removing nucleation inhibitors [75].  

The morphology of an osteoblast is subject to variation depending on its functional 

state, appearing elongated and flat when quiescent and cuboidal when activated. 

Osteoblasts, when reaching the end of their activity are imprisoned within the bone matrix 

and thus converted to osteocytes. 

Osteocytes represent the population of stable living cells of bone and derive, as 

previously stated, from osteoblasts through a complex change of form and activity as 

shown externally by the reduction of the cellular volume and by the sending forth of 

cytoplasmic extensions [75,77]. Osteocytes are buried in the bone matrix and are inactive 

from a protein synthesis point of view. The specific functional role of osteocytes is still 

enigmatic but it is believed that they have a task on the mechanotransduction process 

[75,77]. Osteocytes are sensor cells that detect applied mechanical forces and generate 

biochemical signals in order to convert the obtained mechanical signal and modulate bone 

formation and resorption. Unfortunately, it is not clear how osteocytes actually sense 

mechanical loading and convert it into cellular signal [75]. Osteocytes also function as 

mechanical and/or metabolic pump for the bone lymphatic flow and regulate 

mineralization [77]. 

Osteoclasts are multinucleated cells of great dimension that in the active state are 

highly polarized. These cells are involved in the bone remodelling process and are 

responsible for digest bone. Osteoclasts are derived from a monocyte stem-cell lineage and 

are equipped with engulfment strategies similar to circulating macrophages [75,78]. 

In Fig. 6, there is a schematic representation of a section of bone tissue where is 

possible to see the localisation of the three types of cells. The bone matrix, where the cells 

are placed, is characterized by the presence of both organic and inorganic substances. The 

organic phase is composed by 90-95 wt% of collagen (type I) fibres, being the rest 

cementing substances and cells [77,78]. The inorganic phase, which in compact bone 

accounts for almost 70% of its total weight [72,78], is mainly constituted by crystals of 

hydroxyapatite (HA) (Ca10(PO4)6(OH)2) and some amorphous calcium phosphate 

compounds [77,78]. The mechanical properties of bone arise from combination of the 

properties of these two individual phases, namely the high hardness of HA with the high 
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fracture toughness of collagen. Bone is, therefore, indubitably a truly nanocomposite 

system, where the physical properties surpass that of the individual components.  

 

Fig. 6 – Schematic representation of a section of bone tissue (adapted from [79]). 

 

Histologically, bone is divided into immature woven and mature lamellar bone. The 

woven bone is rich in osteocytes and has small collagen fibrils, which are randomly 

oriented. Woven bone forms quickly during periods of repair or rapid growth and is unique 

in its ability to form spontaneously without a pre-existing structure. As either, growth or 

repair continues, the woven bone is remodelled to form lamellar bone, which is more 

organized and has superior mechanical properties. Lamellar bone forms slowly during 

periods of repair or typical growth and it does not form spontaneously. Both woven and 

lamellar bone can be found in either trabecular or cortical bone. 

 

4.2.3. Bone remodelling 

 

The process of remodelling is a tightly regulated combination of bone formation and 

resorption. The primary cells involved are the osteoblasts that form bone, and the 

osteoclasts that digest bone [77,78]. The process begins with resorption of old bone, 

including the matrix and expired osteocytes. The osteoclasts attach to the bone matrix and 

create a sealed space between the cell and the matrix, Fig. 7. This pocket in which 

resorption takes place has an acid (pH 4) microenvironment. Collagenase and other 
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enzymes are released in this sealed zone and some matrix components are phagocytosed 

and digested. The osteoclast degrades the matrix in a sequential manner. The calcium 

phosphate crystals are first released from the matrix due to the digestion of noncollagenous 

proteins and then degraded by the acidic environment. Later, the collagen is broken down 

by specific enzymes. High levels of calcium, magnesium, phosphate and products of 

collagen are released into the extracellular fluid as the osteoclasts tunnel into the 

mineralized bone. During childhood, bone formation exceeds resorption, but as the aging 

process occurs, resorption exceeds formation. 

In the other half of the remodelling process, osteoblasts form new bone in the area that 

has just undergone resorption. First, they deposit osteoid and then they mineralise it. This 

process continues until the bone surface returns to its original resting state. 

 

 

Fig. 7 – Diagram of an osteoclast seen in vertical section, during the bone matrix resorption step 

(adapted from [77,79]). 
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4.3. Joint replacement: an overview 

 

Artificial joint replacements are designed to remove diseased areas of the joint and 

replace them with implants designed specifically to restore that joint’s function and 

stability. Joint replacement surgery is most commonly performed for hips, knees and 

shoulders. In the USA, over 150000 total hip replacement (THR) procedures are 

undertaken annually and it is estimated that 20% of these surgeries simply replace the 

original failed implant [72].  

The hip is one of the most important synovial joints of the human body. The hip joint 

consists of two complementary articular surfaces separated by articular cartilage and 

synovial fluid. Excessive wear of the interfaces due to generative disease, such as 

osteoarthritis, or injury, requires a replacement of the entire hip joint. 

A typical hip implant has two components, a cup type and a long femoral type 

element, Fig. 8. The head of the femoral element fits inside the cup to enable the 

articulation of human joint. These two parts of the hip implant have been made using a 

variety of materials such as metals, ceramics, polymers and composites. These materials 

undergo degradation after 10-15 years of use and still do not satisfy the demands of a 

durable functioning joint [80]. 

 

 

Fig. 8 – Schematic representation of a hip prosthesis [81]. 
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Metals were the first materials used in hip prostheses, however they showed poor 

biocompatibility, caused stress shielding and released dangerous ions. Originally, the 

femoral elements were made of stainless steel that was replaced by a cobalt-chromium-

molybdenum (Co-Cr-Mo) alloy. The cup component was made of alumina (Al2O3) or 

zirconia (ZrO2) ceramics, polytetrafluoro ethylene (PTFE) or ultra-high-molecular-weight 

polyethylene (UHMWPE), or Co-Cr alloys. Nowadays, the most common hip implant has 

a titanium femoral component and a polyethylene acetabular cup. The titanium alloys show 

excellent mechanical properties with an elastic modulus lower than that of the Co-Cr-Mo 

alloys, being more suitable for hip implants. However, titanium does not bond directly to 

bone. The femoral element is usually held in place by a cement (polymethymethacrylate 

(PMMA)) that in interaction with bone can produce wear debris that will activate the 

macrophage response, leading to osteolysis and eventual loosening of joint surfaces. One 

approach to improving implant lifetime is to coat the metal surface with a bioactive 

material that can promote the adhesion of natural bone. The application of bioactive 

coatings to titanium-based alloys results in significantly enhanced implant lifetimes than 

can be achieved with other materials in use today. Even so, these implants fail and clinical 

results show that the primary causes of failure are wear debris of UHMWPE cups. 

Localized contact stresses at the femoral head/acetabular cup interface promote adhesion 

of small regions of the UHMWPE cup to the metal ball [73]. During the reciprocating 

motion of normal joint use, submicrometer-sized wear debris particles are formed from the 

adherent regions on the polymer surface. This adhesive wear mechanism combined with 

delamination of the UHMWPE due to fatigue, generates billions of tiny polymer particles. 

These fragments accumulate in the surrounding synovial fluid and tissues and can migrate 

to distant organs, particularly to lymph nodes where accumulation of particle-containing 

macrophages causes enlargement and chronic lymphadenitis. Furthermore, the wear 

particles may be trapped between the two articular moving surfaces, causing three-body 

wear, which generally causes a significantly higher wear rate than two-body wear and 

hence more debris. Like is done with bacterium and virus, the body’s immune system 

attempts to digest the wear particles through the release of enzymes, but unsuccessfully. 

Death of adjacent bone cells, or osteolysis, occurs, resulting in progressive periprosthetic 

loss of bone. This loss threatens the fixation of prostheses inserted with or without cement 
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and cause implant mechanical loosening. Since the loosening is not caused by an 

associated infection, it is termed “aseptic”.  

 

Ceramics generally have good biocompatibility but poor fracture toughness and tend 

to be brittle. As compared to metals, ceramics cause reduced osteolysis and are regarded as 

favourable materials for joints. Conventional ceramics such as alumina (Al2O3) present 

excellent properties like high strength, good biocompatibility and stability in physiological 

environments. However, alumina does not bond to tissue and its applications as potential 

bone substitute are limited. Alumina is often used for wear surfaces in joint replacement 

prostheses due to its ability to be polished to a high surface finish and its excellent wear 

resistance. Femoral heads and wear plates for hip and knee replacements, respectively, 

have been fabricated using alumina. Wear of Al2O3-on-Al2O3 articulating surface is 2-10 

times lower than metal-on-polyethylene surfaces [74]. In hip replacements, the alumina 

femoral head is press-fitted to a metallic femoral stem and can be used in conjunction with 

an acetabular cup made from Al2O3 or UHMWPE [72,74]. Despite the excellent wear 

resistance of these prostheses, failure can occur due to stress shielding of the bone because 

of the high Young’s modulus of Al2O3, which is 10-50 times higher than the value of 

cortical bone, Table 4. Stress shielding occurs when the higher elastic modulus of the 

implant prevents the bone from being loaded properly, a requirement for bone to remain 

healthy and strong. Bone is a tissue that can remodel and adapt itself to the applied 

mechanical environment. This property of bone, also called Wolff’s law, enables the 

development of a remodelled structure more suitably adapted to the applied load [72]. As a 

result, the application of higher stress results in a more dense bone while lower stress leads 

to cancellous bone atrophy and loosening of the prosthesis [74]. 

 

Zirconia (ZrO2) has also been investigated for biomedical applications in 

orthopaedics. Zirconia and ytria (Y2O3) ceramics, known as tetragonal zirconia 

polycrystals (TZP), are used to manufacture ball heads for THR. The TZP ceramics, with 

high fracture toughness and high tensile strength, allow a better match between the bulk 

material properties of the implant and the bone, which can decrease some of the problems 

associated with stress shielding.  
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Calcium phosphate ceramics, especially hydroxyapatite (HAP) and tricalcium 

phosphate (TCP), are widely used for hard tissue replacement due to their biocompatibility 

and osteconductive properties. In general, the applications of calcium phosphates in the 

body have been limited by the low strength and low fracture toughness of the synthetic 

phosphates [74]. The two primary clinical applications are the use as coatings of total joint 

prostheses and of dental implants as an alternative to cement fixation and to achieve 

bioactive fixation; and, the use as bone defect fillers in powder and/or block forms [74,82].  

 

Ceramics that promote a favourable bonding to bone tissue are often called as 

bioactive ceramics. Some compositions of glasses containing SiO2, Na2O, CaO and P2O5 

bond to soft tissues as well as to bone. There are three important compositional features of 

these glasses that distinguish them from traditional soda-lime-silica glasses: <60 mol% 

SiO2, high Na2O and CaO content, and high CaO:P2O5 ratio. These compositional features 

make the surface highly reactive when exposed to an aqueous medium such as body fluids. 

The bioactivity of these glasses has been demonstrated both in vitro and in vivo [74].  

Medical applications of bioglasses have been centred on low stress fields, mainly due 

to their non-adequate fracture toughness compared to that of cortical bone, Table 4. This 

limitation is unfortunately a common characteristic of glasses, ceramics and glass ceramics 

used in medical applications. The practical use of bioactive glass for THR components has 

been limited to their use as bioglass coatings on the femoral and acetabular THR 

components.  

 

The only materials that exhibit a range of properties equivalent to bone are the 

composites. Usually the main goal of the development of a composite is to increase 

flexural strength and strain to failure and decrease elastic modulus, to achieve properties 

analogous to bone. Some examples of biocomposites are polyethylene-HAP, HAP-

alumina, and poly(β-hydroxyalkanoates) (PHA)-HAP and Si3N4-bioglass composites.  

 

Si3N4-bioglass composites are recently developed biomaterials that were processed 

from a mixture of 70% of Si3N4 commercial powder and a 30% of bioglass composed by 

45.0SiO2-24.5Na2O-24.5CaO-6.0P2O5 in wt% (composition similar to Bioglass 45S5) [83]. 

The composite was densified by hot pressing technique at 1350ºC during 40 min under a 
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pressure of 30MPa. The bioglass performs has sintering aid and assists on liquid phase 

sintering, providing simultaneously bioactivity characteristics to the composite. The 

amount of liquid is almost sufficient for complete densification through a grain 

rearrangement mechanism, without α-Si3N4 phase transformation to the stable β-Si3N4 

structure [83].  

Si3N4–bioglass composites combine advantageous the properties of each material i.e. 

the high fracture toughness of Si3N4 with the bioactivity of bioglass. The most significant 

feature concerning the mechanical properties of this new biomaterial composite is the 

improvement in fracture toughness (4.4 MPa.m1/2) and bending strength (383 ± 47 MPa) 

with respect to currently used mechanical bioceramics, glasses and glass ceramics, Table 4. 

The value of Young modulus for Si3N4-bioglass (197 ± 4 GPa) is similar to the value of 

ZrO2 (150-210 GPa) and lower than the one of Al2O3 (380-410 GPa). This may be 

important to reduce the stress shielding effect, which is one of the main causes of ceramic 

hip prostheses failure.  

 

Table 4  

Mechanical properties of several bioceramics, biocomposites and cortical bone [83]. 

 

Material 

Vickers 

hardness 
Hv (GPa) 

Fracture 

toughness 
KIc 

(MPa.m1/2) 

Young’s 

modulus 
E (GPa) 

Bending 

strength 

σσσσR (MPa) 

Weibull 

modulus 
m 

Si3N4-bioglass 10.3±0.5 4.4±0.5 197±4 383±47 8.3±0.6 

Hydroxyapatite (HA) 6a 0.6-1.0 b 80-120 b 115-200 a - 

Al2O3  23 a 5-6 a 380-410 b 595 a - 

ZrO2 (PSZ) 13 a 15 a or 5-8 b 150 a or 195-210 b 1000 a - 

Bioglass
®
45S5 4.6 a ~2 b 35 a 42 a - 

Cerabone
®
A-W 6.8a 2.0 a 118 a 215 a - 

Bioverit 5 a 0.5-1.0 a 70-88 a 100-160 a - 

Stainless steel-Bioglass 
® 

 - - 83-112b 290-339b - 

Cortical bone - 2-12 a 3-30 b 50-150 a - 
a Ref 73;  b Ref 76 

 

Si3N4-bioglass may also reduce the stress shielding effect through the bone bonding 

ability of the bioglass. The development of an interfacial bonding area between bone and a 

bioactive implant provides a reaction zone that accommodates the differences in the 

deformability of bone and implant materials [84]. Consequently, the bone is loaded and the 
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stress shielding effect is diminished.  

The biological performance of the Si3N4-bioglass composite was assessed using 

MG63 osteoblast-like cells and human bone marrow [85]. This composite appeared to have 

an inductive effect on the proliferation of MG63 cells. It also supports the proliferation and 

differentiation of human bone marrow cells allowing the complete expression of the 

osteoblastic phenotype, i.e. the formation of a mineralised matrix, event that would 

contribute to a faster osteointegration of the material. Considering the excellent 

biocompatibility of the Si3N4-bioglass composite and its mechanical properties, 

particularly, fracture toughness, this novel composite seems to be a very promising 

candidate for high-stress medical applications.  
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5. Biotribology 

 

Joint replacement is undoubtedly a great challenge concerning all the items that 

should be considered in the choice of materials for hip prosthesis. Biocompatibility, 

suitable mechanical and tribological properties are the most important requirements. 

Therefore, in the search for new materials it is of vital significance assure that those 

requirements are satisfied. To achieve this, several tests need to be accomplished namely 

biotribological tests. Biotribology is the science of tribology applied to functioning 

biological systems, in particular, the synovial joints and their artificial replacements [86]. 

Tribology is defined as the science and technology of interacting surfaces in relative 

motion [86,87], and comprises three related areas: friction, wear and lubrication. 

Understanding the wear mechanism is important to design appropriate strategies to reduce 

wear debris and associated problems, like aseptic loosening. In the next sections, are 

explained some basic concepts related with biotribology. 

 

5.1. Friction 

 

When two bearing surfaces interact with each other without lubrication, surface 

asperities come into contact and form adhesive junctions that will be disrupted as the 

bearing continues to slide. Friction is the resistance force necessary to disrupt these 

junctions and acts in an opposite direction to that of motion, Fig. 9. Amonton defined two 

laws of friction. The first is that the force of friction (F) is directly proportional to the 

applied load (W), which can be represented mathematically as  

 

F = µ W  (7) 

 

with µ being the coefficient of friction. The second states that the force of friction (F) is 

independent of the apparent area of contact. In the human body, articular joints are 

rotational systems and for that reason, the frictional performance is better described in 

terms of a torque rather than a force.  
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The frictional torque can be calculated through the following equation: 

 

T = F r ⇔ T = µ W r  (8) 

 

where T is the frictional torque and r the radius of the femoral head. From this equation, it 

can be seen that hip prostheses with small femoral heads produce lower frictional torques 

than prostheses with femoral heads of greater diameter. Furthermore, consider that 

acetabular cups have the same outer radius, smaller heads induce less stress on the fixation 

interface. Sir John Charnley designed his famous low friction arthroplasty system upon this 

principle [86]. 

The experimental determination of friction is very useful because it can provide 

information about the lubrication regime of the bearing system (see section V.2.) and 

allows the comparison of implants of various designs, materials and conditions. 

Fig. 9 – Asperity contact in unlubricated bearings and relative directions of friction force and 

motion (adapted from [86]). 

 

5.2. Lubrication 

 

Lubrication refers to adding a lubricant between two bearing surfaces in order to 

control friction and wear. The effect of the lubricant on the performance of bearing 

surfaces depends on a number of factors that include: 

- The viscosity of the lubricant, 

Interatomic forces 
produce adhesive 

junctions 

Load 

Load 

Motion Friction 
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- The geometry of the bearing surfaces, 

- The entraining velocity at the bearing operates, 

- The material properties of the surfaces, 

- The surface roughness. 

 

There are three distinct regimes of lubrication: 

- Boundary lubrication (µ = 0.1-0.7), 

- Mixed lubrication (µ = 0.01-0.1),  

- Full fluid film lubrication (µ = 0.001-0.01).  

In Fig. 10, there is a schematic representation of the lubrication regimes. Boundary 

lubrication presents significant asperity contacts that support the entire load despite the 

presence of the lubricant. The extent of the contact is similar to the one that would have 

occurred in a dry regime and produces significant friction and wear. 

 

 

Fig. 10 – Illustration of lubrication regimes (adapted from [87]). 

 

Boundary lubrication 

 

Mixed lubrication 

 

Full fluid film lubrication 
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Mixed lubrication occurs when there is significant asperity contact but the load is 

carried by the contact and the pressure generated within the fluid. The size of the frictional 

force will depend on the relative proportions of the shared load, however for any 

significant load carried by the fluid, the friction is less than that observed in the dry contact 

situation.  

In full fluid film lubrication, there is complete separation between the two surfaces 

and the load is carried solely by the pressure generated within the fluid. If the viscosity of 

the fluid is not too high, the friction will be considerably lower than the exhibited by 

boundary and mixed regimes. This regime is ideal to minimize wear. However, it should 

be pointed out that wear could not be eliminated completely, since there are occasions 

when fluid film can break down. Typically, this occurs during start-up and stopping. Wear 

can also occur in the absence of direct surface-to-surface contact, due to factors such as 

erosion and fatigue, as discussed in the section V.3..  

In Table 5, are indicated the friction coefficients and correspondent lubrication 

regimes of common bearing combinations used in hip prostheses. 

 

Table 5  

Friction coefficients determined for bearing combinations using a Newtonian 

and a physiological fluid as lubricants [86]. 

Bearing combination Friction coefficients (Newtonian fluid / Bovine serum) 

CoCrMo-on- CoCrMo 0.26 (mixed) / 0.15 (mixed) 

Alumina-on-alumina <0.002 (full fluid film) / 0.05 (mixed) 

CoCrMo-on-UHMWPE 0.017 (mixed) / 0.032 (mixed) 

 

5.3. Wear 

 

Wear is defined as the progressive loss of material from the operating surface due to 

relative motion. There are five wear modes: 

- Abrasive: the displacement of material by hard particles, 

- Adhesive: the transference of material from one surface to another during relative 

motion by the process of solid-phase welding, 

- Fatigue: the removal of materials due to cyclic stress variations, 
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- Erosive: the loss of material from a solid surface due to relative motion in contact 

with a fluid, which contains solid particles, 

- Corrosive: a process in which chemical or electrochemical reactions with the 

environment dominates, such as oxidative wear. 

These wear modes may occur simultaneously or sequentially, for example, wear particles 

which may be produced due to adhesive wear, can act as third bodies causing abrasive 

wear.  

There are three laws of wear: 

I. Wear volume (V) increases as the normal load (W) increases, 

II. Wear (V) increases as the sliding distance ( x ) increases, 

III. Wear (V) decreases as the hardness (H) of the softer sliding component increases. 

 

The third law can be expressed mathematically as follows: 

 

H

Wx
V ∝   (9) 

 

A dimensionless constant, generally known as the wear coefficient ( 1k ), can be introduced 

in equation 10: 

 

Wx

VH
k =1   (10) 

 

However, to define the hardness of some materials, like visco-elastic polymeric materials, 

is not a simple task and for that reason a dimensional wear factor is often used 

 

Wx

V
k =  (mm3/(N/m))  (11) 

 

Typical wear factors for various biomaterials used for artificial hip joints are 

summarised in Table 6. 
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     Table 6 

Wear factors for materials combination tested in pin-on-

plate machines [87] 

Material combination Wear factor (mm3/(Nm)) 

UHMWPE-on-metal ~ 10-7 

Metal-on-metal ~ 10-7 

Ceramic-on-ceramic ~ 10-8 

 

In order to study the wear mechanisms in total hip replacement, a wide range of 

laboratory equipment, test methods and measuring systems have been developed: 

- Screening analysis: where pin-on-disc and pin-on-plate machines are used to assess 

in an early phase the wear behaviour of new combinations of materials, Fig. 11. 

- Joint simulation: using equipments that simulate the functioning of a human joint, 

Fig 11.  

 

 

Fig. 11 – a) pin-on-disc and b) pin-on-plate screening devices; c) hip joint simulator [87]. 

 

 

A B 

C 
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The pin-on-disc machines are widely used in tribology to evaluate the nature of wear 

and friction of material pairs under well-controlled steady-state conditions of load, sliding 

speed and environment. The pin-on-plate machine sacrifices the steady sliding speed 

between specimens, but partially simulates the reciprocating action broadly associated with 

the hip joint. 

The joint simulators reproduce the three-dimensional loading and motion patterns 

experienced by hip joints and provide a lubricant environment similar to synovial fluid. 

The use of this kind of equipments allows a comparative performance evaluation of hip 

joints of different designs and material combinations.  
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6. NCD: a potential biomaterial 

 

Carbon provides the framework for all tissues of plants and animals. As a basic 

component of human tissue structure, carbon is an ideal material to coat implants for 

medical applications [26,88]. However, to be inserted into a human body, the carbon 

coatings for implants should satisfy the following requirements [26]: 

 

- Biocompatibility (hemocompatibility and histocompatibility), which describes the 

ability of the human body to endure the implants without destruction of the tissue. 

 

- Chemical stability: the material must be not degraded by environmental agents 

(alcohol, sterilants, etc). 

 

- Biostability: the material must be not degraded by biological interactions with the 

body. 

 

- The system implant/coating must present excellent adhesion and very good 

mechanical characteristics. 

 

Nanocrystalline diamond (NCD) films present high biotolerance, biocompatibility, 

and corrosion resistance, being a promising material for medical implants, cardiovascular 

surgery, and dentistry [89]. Considering the coating of implants for joint replacement with 

NCD, there are four main advantages relatively to uncoated prostheses. The first is related 

to the protective role of the high corrosion resistant NCD coating that will act as a barrier 

between the implant and human environment, preventing metalosis. The second derives 

from the fact that NCD presents high hardness, low coefficient of friction and high wear 

resistance, which is particularly useful in reducing the amount of wear debris generated 

during function. The third is that, if any amount of residues are formed, these are 

completely harmless since it was found that, unlikely to most metallic and polymeric 

materials, diamond particles initiate little or no adverse reactions from human monocytes 

and polymorphonuclear leukocytes [90-92]. The fourth is that NCD exhibits the highest 



NCD: a potential biomaterial  

 

49 

resistance to bacterial colonization when compared to medical steel and titanium [93]. This 

property is very important since infection due to microbial occupation of the implant 

surface is a significant clinical problem with disastrous consequences, like implant 

rejection. Besides total hip replacement, NCD coatings can also be applied in other type of 

implantable medical devices such as retinal microchips that are used to restore vision lost 

due to retinal degeneration [94]. 

Cardiovascular surgery is also another open field of applications for NCD coatings. 

Recent studies, attest the high hemocompatibility of NCD that presents minimal plasma 

protein adhesion and excellent nonthrombogenic properties [89,95-97]. Examples of 

cardiovascular medical devices where the use of NCD may be useful are artificial heart 

valves, catheter ablation, coronary artery stents and vascular grafts [89, 98]. 

Nowadays, research is focused on a new generation of biomaterials able to control the 

biological response with precision. Surface modification of existing biomaterials to 

overcome non-specific protein adsorption in vivo and precision immobilization of 

signalling groups on surfaces, are some of the ways to achieve new biomaterials. The 

design of sophisticated 3D architectures to produce well-defined patterns for developing 

bioMEM devices and tissue engineering scaffolds, are some examples of the new 

generation of biomaterials. NCD films are also included in this new approach. For 

example, NCD can be functionalized with bone morphogenetic protein-2 (BMP-2), 

creating a biomimetic coating that results in improved osseointegration, which is a 

powerful strategy in tissue engineering and in the context of surgical interventions [99]. 

NCD can also be used as a biosensor [100-103]. One example, is the biologically sensitive 

field-effect transistor (Bio-Fet), where the NCD surface is modified with the linking of an 

antibody, human immunoglobulin G (IgG), which provides the biomolecular recognition 

capability [103].  
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II.1. Introduction 

 

Good quality and well-adhered nanocrystalline diamond films are some of the 

required features for applications of these coatings in the biomedical field. Investigations 

of the conditions able to produce NCD coatings fulfilling those requirements are presented 

in this chapter. 

 

In section II.2. a preliminary study of the NCD deposition on Si3N4 substrates using a 

HFCVD reactor is reported. 

 

Section II.3. presents the following studies that lead to the optimal deposition 

parameters concerning the NCD growth rate and film quality. 

 

In section II.4., the experiments carried out to achieve continuous films with good 

adhesion on Si3N4-bioglass composites are reported. 

 

Section II.5. contains the work performed to synthesize NCD films on Si3N4 

substrates on a MWCVD reactor. 
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Abstract 

 

Nearly continuous nanocrystalline diamond (NCD) films were successfully grown on 

silicon nitride (Si3N4) substrates, after one hour of deposition time, using hot-filament 

chemical vapour deposition (HFCVD) technique with a gas mixture of Ar-CH4-H2. The 

optimal deposition parameters were: filament temperature ≅ 2200 ºC, substrate temperature 

≅ 650 ºC, Ar/H2 gas flow ratio = 1.2, CH4/H2 gas flow ratio = 0.04 and gas mass flows of 

50 or 100 ml⋅min-1. The identification and characterization of NCD was done by µ-Raman 

spectroscopy, low incident beam angle diffraction and scanning electron microscopy. 
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1. Introduction  

 

Nanocrystalline diamond (NCD) films are being increasingly investigated due to the 

combination of their smoothness with most of the outstanding bulk diamond properties. 

Small grain size leads to high grain boundary density that favours cold cathode ability, 

while smoothness provides low friction coefficients in homologous tribological couples. 

Besides the well-known uses for electronic purposes, NCD is particularly adequate for 

tribological applications such as biomedical implants requiring high wear resistance and 

biocompatibility. 

The hot-filament chemical vapour deposition (HFCVD) technique is one of the most 

common techniques for polycrystalline diamond films deposition. Its simplicity, versatility 

and low operating costs make it an attractive technique for industrial applications [1]. 

Despite the large number of works involving NCD synthesis that use different deposition 

techniques, only few of them have employed the HFCVD method [2-7]. The NCD 

synthesis conditions reported by the different authors lie within broad ranges, namely in 

what concerned the gas composition [2,3], substrate temperature [5,7] or filament 

temperature [7]. Deposition of NCD on silicon substrates has been accomplished in 

H2/CH4 system, by changing the total reaction chamber pressure from 5 to 53 kPa and the 

substrate temperature from 1000 ºC to 1250 ºC [5]. This temperature is rather high if 

silicon nitride ceramics is to be used. Developments on the Ar-H2-CH4 gas mixture 

reported for both microwave and hot filament chemical vapour deposition show that this 

gas combination is suitable for NCD deposition at lower substrate temperatures of 800-

950ºC [2]. The increase of CH4/H2 ratio could enhance the rate of secondary diamond 

nucleation and thus improve the deposition of nanosized diamond [3]. According to Zhang 

et al. [4], Ar could inhibit the diamond growing faces after nucleation, allowing the 

formation of new growth centers and raising the renucleation rate of diamond. Therefore, 

the columnar growth of diamond could be hindered. However, above a given ratio of 

CH4/H2, graphite may form, preventing nucleation of diamond [4].  

Reports on the filament temperature are scarce and restrict the identification of the 

best range of temperatures for the deposition of NCD. Further experiments are thus 
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necessary for a better understanding of the effect of this and other process parameters on 

the formation of NCD. 

Silicon nitride (Si3N4) presents a small thermal expansion coefficient mismatch with 

diamond. This ceramic has been successfully used as substrate for very adherent CVD 

microcrystalline diamond thin films [8], remaining however an unexplored substrate for 

NCD deposition. 

In the present work, the filament and substrate temperatures, CH4/H2 and H2/Ar gas 

feed ratios and total gas flow were studied to identify the most favourable parameters for 

NCD deposition on Si3N4 substrates by HFCVD. The identification and characterization of 

NCD was done by µ-Raman spectroscopy, low incident beam angle diffraction (LIBAD) 

and scanning electron microscopy (SEM).  

 

2. Experimental 

 

Dense Si3N4 disc shaped substrates (diameter = 10 mm, thickness = 3 mm) were 

produced by pressureless sintering. The description of the fabrication process can be found 

elsewhere [8]. Before deposition, the 15 µm lapped substrates were scratched in an 

ultrasonic bath for 1 h in a 1 µm-diamond powder suspension in n-hexane, and then 

ultrasonically cleaned in ethanol for 10 min.  

A HFCVD reactor was used for the NCD deposition tests. Three linear tungsten wires 

(diameter = 0.25 mm, length = 66 mm) were always pre-carburised for 30 min under 2% of 

CH4 in H2, prior to the introduction of the sample into the chamber. The process gas was a 

mixture of Ar-H2-CH4. The substrate/filament distance and the gas pressure were fixed at 5 

mm and 50 mbar, respectively. 

Filament and substrate temperatures were measured with a two-colour RAYTEK 

pyrometer (RAYMR1SCSF) and a K-type thermocouple inserted in the substrate holder, 

respectively. For all the experiments, the substrates were firstly heated up to 550ºC by the 

filament and then to the deposition temperature by the substrate heater.  

The surface morphology and quality of the NCD deposits were investigated using 

scanning electron microscopy, µ-Raman spectroscopy (Ar+ 514.5 nm line) and low 

incident beam angle diffraction for 2θ range = 41-47º to identify the most intense diamond 
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peak corresponding to (111) plane. 

 

3. Results and discussion 

 

The first experiments envisaged the definition of an optimum filament temperature, Tf, 

for NCD deposition. Three different Tf (2200, 2350, 2450 ºC) were tested, while the 

substrate temperature, Ts, was kept constant at 950ºC. Data on these first three experiments 

are presented in Table 1, where the conditions of the entire test set in this work are also 

listed.  

 

 

Table 1 

Parameters of HFCVD deposition. 

Sample 
Total mass flow 

(ml⋅min-1) 

Ts 

(ºC) 
Tf 

(ºC) 
Ar 
(%) 

H2 

(%) 
CH4 
(%) 

CH4/H2

ratio 
Ar/H2 
ratio 

1 100 950 2450 71 28 1 0.04 2.5 
2 100 950 2350 71 28 1 0.04 2.5 
3 100 950 2200 71 28 1 0.04 2.5 
4a 100 950 2200 71 28 1 0.04 2.5 
5 50 650 2200 71.5 28.2 0.3 0.01 2.5 
6 100 650 2200 71.5 28.2 0.3 0.01 2.5 
7 50 650 2200 71 28 1 0.04 2.5 
8 100 650 2200 71 28 1 0.04 2.5 
9 50 650 2200 68.9 27.2 3.9 0.14 2.5 
10 100 650 2200 68.9 27.2 3.9 0.14 2.5 
11 50 650 2200 54.6 43.8 1.6 0.04 1.2 
12 100 650 2200 54.6 43.8 1.6 0.04 1.2 
13b 50 650 2200 87.3 12.2 0.4 0.04 7.2 
14 100 650 2200 87.3 12.2 0.4 0.04 7.2 
a Four hours of deposition time. b Unstable Tf 

 

 

For samples 1 to 4, the gas composition was maintained (78%Ar, 21%H2, 1%CH4) 

corresponding to Ar/H2 and CH4/H2 ratios of 2.5 and 0.04 respectively. The dilution of the 

H2 gas, responsible for the etching of graphite from the substrate, should permit NCD 

deposition, according to Chow et al. [3]. However, SEM observations evidenced that only 

at the lowest Tf (2200 ºC), particles with the shape of NCD clusters were formed (Fig. 1a), 

while for the other Tf, microcrystalline diamond particles were deposited. After 4 hours of 

deposition time at Tf = 2200 ºC, a continuous film was not developed, being the coverage 

area fraction nearly the same than after 1 h. In order to understand this odd result, a new 
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test (sample 8) was performed at lower Ts, taking as working hypothesis the possibility that 

all the nucleation process occurred during the heating period. As the initial substrate 

heating step leads to a minimum Ts = 550 ºC, the experiment was carried out at Ts = 650 

ºC, to ensure a proper control of the substrate temperature, keeping the other deposition 

parameters fixed as for sample 3. Sample 8 presents a similar nucleation density but a 

smaller cluster grain size than sample 3 (Fig. 1b), confirming that nucleation starts at 

temperatures much bellow 950 ºC. So, Ts = 650 ºC was chosen for the remaining tests.  

 

 

Fig. 1. - SEM micrographs of NCD depositions at Ar/H2 = 2.5, CH4/H2 = 0.04, Tf = 2200 ºC for:  

a) Ts = 950 ºC, b) Ts = 650 ºC. 

 

In order to evaluate the effect of CH4/H2 ratio in the NCD deposition and taking into 

account that a third gas (Ar) was used, Ar/H2 ratio was kept at 2.5. This imposition 

changed the CH4/H2 ratio to values in the range 0.01 to 0.14, while CH4 varies from 0.3% 

to 3.9% of the total gas flow. SEM observations revealed that for the lowest CH4/H2 ratio 

(samples 5 and 6), there is no NCD deposition at a total flow of 50 ml⋅min-1 or 100 ml⋅min-

1. The increase in the CH4/H2 ratio up to 0.04 (samples 7 and 8) led to the formation of 

NCD clusters at both gas flows, as Fig. 2a and 2b depict. Recently, doubts came out 

concerning the uncertainty of using µ-Raman spectroscopy for the identification of NCD 

[9-11]. These works suggested that the Raman peak at 1150 cm-1 and the prolonged 

shoulder around 1480 cm-1 correspond to polyacetylene structure and not to disordered and 

distorted sp3 carbon, respectively, as before stated by other authors [12]. However, these 

peaks are always present when NCD is deposited [10-12]. The preliminary analysis done 

by SEM was confirmed by µ-Raman spectroscopy (Fig. 3). So, at 50 ml⋅min-1, a typical 

a) 

5 µµµµm 

b) 
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NCD Raman plot containing the above peaks and an additional peak at 1332 cm-1 related 

to microcrystalline diamond was obtained. However, for sample 8 with the double mass 

flow, the 1150 cm-1 and 1480 cm-1 features are not as pronounced as for the former one.  

 

Fig. 2 - SEM micrographs of NCD depositions at Tf = 2200 ºC, Ts= 650 ºC. For Ar/H2 = 2.5: a) 

CH4/H2 = 0.04 and 50 ml⋅min-1, b) CH4/H2 = 0.04 and 100 ml⋅min-1, c) CH4/H2 = 0.14 and 100 

ml⋅min-1. For CH4/H2 = 0.04: d) Ar/H2 = 1.2 and 50 ml⋅min-1, e) Ar/H2 = 1.2 and 100 ml⋅min-1, f) 

Ar/H2 = 7.2 and 100 ml⋅min-1. 

 

 

b) 

2 µµµµm 

c) d) 

e) f) 

a) 
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The amount of graphitic phases is increased with respect to the lower mass flow test, 

producing changes in the Raman spectra due to its intrinsic enhanced sensitivity towards 

those phases [13]. For the maximum CH4/H2 ratio (0.14), at 50 ml⋅min-1 (sample 9), a clear 

“G” graphite signature at 1580 cm-1 and a band centred at 1350 cm-1 due to disordered “D” 

graphite were identified (Fig. 3). Although NCD like clusters were observed (Fig. 2c) 

when the mass flow rate increased up to 100 ml⋅min-1, the Raman signal is less intense 

(Fig. 3) due to the lower amount of NCD cluster density. In the present work, similar to 

other investigations where H2/CH4 gas mixtures are used in HFCVD [3], the increase of 

CH4/H2 ratio corresponds to an increase of NCD nucleation density. There is an 

intermediate value of the methane to hydrogen ratio (CH4/H2 = 0.04), where the deposition 

of NCD with low amount of impurities is favoured in at least two different mass flow rates, 

this also being an indication of process stability. 

 

 

Fig. 3 - µ-Raman spectra of NCD depositions at Tf = 2200 ºC, Ts= 650 ºC, Ar/H2 = 2.5: samples 7 

and 8 at 50 and 100 ml⋅min-1, respectively, for CH4/H2 = 0.04; samples 9 and 10 at 50 and 100 

ml⋅min-1, respectively, for CH4/H2 = 0.14. 

 

Ar/H2 ratio was varied between 1.2 to 7.2 corresponding to about 55% and 87% Ar in 

the Ar-H2-CH4 gas mixture. According to Zhang et al [4], for high concentrations of Ar, 

besides dilution of H2, there may be chemical effects since Ar can take energy from the hot 

tungsten wire, contributing to the formation of the growth species C2 dimer. Taking into 
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account that at Ar/H2 = 2.5 NCD deposition occurs at CH4/H2 = 0.04, the later was fixed to 

study the effect of Ar/H2 ratio on NCD nucleation. The analysis performed on samples 11 

and 12 (50 and 100 ml⋅min-1, respectively), shows that when the Ar/H2 ratio is 1.2, the 

nucleation density is increased (Fig. 2d and 2e) relatively to that of samples grown at 

Ar/H2 = 2.5, leading to almost complete NCD films, despite deposition time was just one 

hour. µ-Raman spectroscopy confirmed the existence of NCD (Fig. 4a).  

 

 

Fig. 4. a) µ-Raman spectra of NCD depositions at Tf = 2200 ºC, Ts= 650 ºC, CH4/H2 = 0.04: 

samples 11 and 12 at 50 and 100 ml⋅min-1, respectively, for Ar/H2 = 1.2; sample 14 at 100 ml⋅min-1 

for Ar/H2 = 7.2; b) LIBAD of samples 11 and 12. 
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Again, as it happened with the Ar/H2 = 2.5, there are clear differences in the Raman 

intensity as a function of the total mass flow. At 100 ml⋅min-1, the amount of graphitic 

impurities is always increased relatively to the 50 ml⋅min-1 tests. LIBAD tests were carried 

out on continuous NCD films to confirm SEM and µ-Raman data. A clear peak at 2θ = 

43.9º, corresponding to the (111) diamond plane, was identified for both samples (Fig. 4b). 

Relatively to the deposition tests performed at the highest Ar/H2 ratio (7.2), for the 50 

ml⋅min-1 mass flow rate of reactants (sample 13), Tf could not be maintained constant due 

to both the raise in temperature because of differences in the thermal conductivity of Ar 

and H2 and to filament decarburisation. As a result, metallic tungsten was deposited on the 

substrate surface. On the contrary, at 100 ml⋅min-1 (sample 14), the temperature was stable 

enough to allow deposition of an almost closed single layer of NCD clusters, with some 

tiny carbon nanorods (Fig. 2f). The smaller clusters compared to those obtained at Ar/H2 

ratio = 1.2, led to a less well-defined µ-Raman spectrum than Ar/H2 ratio = 7.2 (Fig. 4a). 

At the same time, LIBAD identification was not possible because the small film thickness 

induced a very low film/substrate ratio of the diffraction intensity peaks.  

 

4. Conclusions  

 

NCD was successfully grown on Si3N4 substrates by using HFCVD technique. A first 

set of experiments allowed defining the starting Tf and Ts conditions (2200 ºC and 650 ºC, 

respectively) for NCD nucleation. Nearly continuous NCD films were achieved using 

those temperatures and the following conditions: one hour of deposition time, gas flow 

ratios of Ar/H2 = 1.2 and CH4/H2 = 0.04 and gas mass flows of 50 and 100 ml⋅min-1. The 

presence of NCD was confirmed by µ-Raman spectroscopy and LIBAD experiments. For 

lower CH4/H2 ratio, no NCD was deposited whereas for a higher ratio the amount of 

graphitic phases increased. Concerning Ar/H2 ratio, for values higher than 1.2, NCD 

nucleation occurred for ratio = 2.5 and the deposition process became unstable for ratio = 

7.2. Furthermore, at higher flow (100 ml⋅min-1) the amount of graphite-like phases are 

significant in the NCD films. 
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Abstract 

 

The hot-filament CVD, a less used technique for NCD films growth using Ar/H2/CH4 

gas mixtures, is optimized for the coating of silicon nitride ceramics. Parameters such as 

gas composition (Ar/H2 and CH4/H2 ratios), total gas pressure, total mass flow and 

substrate and filament temperatures, are studied to assess their effect on NCD growth 

kinetics as well as on film quality and morphology. The smallest diamond crystallite sizes 

(8 nm) were recorded for the slowest growth rate of 0.1 µm⋅h-1. A remarkable result is the 

very high growth rate of 1.6 µm⋅h-1 of continuous NCD coatings with 28 nm of crystallite 

size, obtained in selected deposition conditions. 

 

 

 

 

 

 

 

Keywords: Nanocrystalline; Diamond film; Hot filament CVD; Morphology 
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1. Introduction 

 

CVD (chemical vapour deposition) grown nanocrystalline diamond (NCD) films are 

very adequate for advanced optical and tribological applications due to their very low 

surface roughness. The key for NCD growth is to increase the secondary nucleation rate of 

diamond while disabling the growth of the crystallites to sizes reaching the micrometer 

scale. Although NCD can be obtained by changing the standard CVD growth parameters 

such as the pressure [1], or applying a continuous bias [2], it is the gas phase chemistry that 

has been mainly addressed [3].  

The increment of hydrocarbon amount in the reactant gas mixture and/or the partial 

substitution of H2 by noble gases (Ar, Xe, He) or N2 are common methods used for 

decreasing the atomic H density and therefore increase the diamond renucleation [4-8]. 

Nevertheless, due to insufficient atomic H to etch the non-diamond carbon forms, care 

must be taken because graphitic material appears promptly at high C/H ratios [4, 8-10]. 

Argon has been the most used noble gas for NCD growth as it produces smoother NCD 

films when compared to other gases [5]. Nevertheless, the role of Ar addition in 

nanocrystalline diamond CVD growth is still controversial. In MPCVD, the use of heavy 

Ar concentrations resulted in the extensive generation of C2 dimer species that are believed 

to be crucial for the growth mechanism, namely for the production of the so-called 

ultrananocrystalline diamond (UNCD), said to be constituted by 2-5 nm nanocrystalline 

grains with atomically abrupt grain boundaries [8, 11]. Some works done with the HFCVD 

technique point to the same interpretation, the C2 being detected for amounts of Ar above 

90% [7, 8]. However, in other reports, none or low Ar concentrations were used to grow 

NCD whose growth mechanism is believed to depend on the CH3 species [5, 6]. Further Ar 

effects are pointed out like enhancement of secondary nucleation rate through 

incorporation of defects on diamond growth surface, improvement of diamond film quality 

and refinement of diamond grain [7, 8, 12].  

The aim of the present work is to discuss the influence of NCD growth parameters on 

silicon nitride (Si3N4) substrates using HFCVD technique, with Ar-CH4-H2 gas mixtures. 

Despite Si3N4 ceramics assure a very good adhesion to polycrystalline CVD diamond [13], 

there are no reports of the use of these ceramics substrates for NCD deposition prior to the 
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beginning of the study by this group [14]. Issues such as the influence of gas composition 

(Ar/H2 and CH4/H2 ratios), total gas pressure (P), total mass flow (F) and substrate and 

filament temperatures (Ts and Tf, respectively) on the growth kinetics as well as on the film 

quality and morphology will be addressed.  

 

2. Experimental 

 

The manufacturing of the Si3N4 disc-shaped substrates has been described elsewhere 

[13]. Prior to NCD deposition, the substrates were ultrasonically scratched for 1h in a ~1 

µm size diamond powder suspension in n-hexane.  

NCD deposition experiments using Ar-CH4-H2 gas mixtures were performed in a 

HFCVD reactor with three linear tungsten filaments (∅ = 0.25 mm) pre-carburised for 30 

min under 2 % CH4 in H2. Filament and substrate temperatures were measured by a two-

colour pyrometer and a K-type thermocouple touching the backside of the substrate, 

respectively.  

Scanning electron microscopy (SEM), µ−Raman spectroscopy (Ar+ 514.5 nm line), 

atomic force microscopy (AFM), transmission electron microscopy (TEM) and low 

incident beam angle diffraction (LIBAD) were used to characterize the NCD films. The 

LIBAD measurements allowed to calculate the diamond crystallite size, being made for the 

2θ range = 41-47º, were diamond and substrate peaks do not overlap. 

 

3. Results and discussion 

 

3.1. Gas pressure and total mass flow 

 

All the performed deposition experiments are summarized in Table 1. The 

morphology of the deposited films at constant gas pressure of 50 mbar and total mass flow 

of 50 ml.min-1 can be observed in the micrographs of Fig. 1. The SEM analysis shows that 

at gas flow of 50 ml⋅min-1 and for the lowest pressure of 10 mbar, agglomerates were 

grown instead of a continuous film. Low deposition pressures tend to enhance the amount 

of atomic hydrogen in the reactor what might decrease the rate of secondary nucleation of 

diamond [1]. When increasing the pressure, the size of the ball-shaped agglomerates 



Chapter II - Nanocrystalline diamond deposition on silicon nitride based ceramics 

 

76 

decreases and a continuous film develops for experiments above 50 mbar. When 

considering the effect of total gas flow it becomes clear from the right column of Fig. 1 

that for the lowest flow of 25 ml·min-1 there is deposition of microcrystalline diamond. 

This is due to the time the gas mixture is inside the reaction chamber: for a constant flow, 

the increment of the pressure increases the residence time, this being also true for a 

constant pressure and a decreasing flow. Therefore, since the probability to dissociate a 

given gas portion increases with residence time, so does the concentration of the resulting 

active radicals, especially atomic hydrogen. In addition, the excited carbon atoms will have 

enough time to diffuse and be packed in correct crystalline places [15]. Both facts 

contribute to microcrystalline growth instead of nanostructured development by 

renucleation. When using mass flows of 50 and 75 ml·min-1 an almost closed film of NCD 

clusters develops. At 100 ml·min-1, the clusters formed are smaller than for lower mass 

flows and some of them are connected by thin carbon nanorods or nanotubes.  

 

Table 1 

Parameters used in the study of NCD deposition on Si3N4 substrates 

Pressure 
(mbar) 

Total Flow 

(ml⋅min-1) 

Ts 

(ºC) 
Tf 

(ºC) 
Ar 
(%) 

H2 
(%) 

CH4 
(%) 

Ar/H2 CH4 /H2 

50 50 650 2200 0 96.0 4.0 0 0.04 
50 50 650 2200 4.6 91.8 3.6 0.05 0.04 
50 50 650 2200 8.8 87.6 3.6 0.10 0.04 
50 50 650 2200 22.4 74.6 3.0 0.30 0.04 
50 50 650 2200 37.8 59.8 2.4 0.63 0.04 
50 50 650 2200 54.6 43.8 1.6 1.25 0.04 
50 25 650 2200 54.6 43.8 1.6 1.25 0.04 
50 75 650 2200 54.6 43.8 1.6 1.25 0.04 
50 100 650 2200 54.6 43.8 1.6 1.25 0.04 
10 50 650 2200 54.6 43.8 1.6 1.25 0.04 
50 50 650 2200 54.6 43.8 1.6 1.25 0.04 
100 50 650 2200 54.6 43.8 1.6 1.25 0.04 
200 50 650 2200 54.6 43.8 1.6 1.25 0.04 
50 50 750 2200 54.6 43.8 1.6 1.25 0.04 
50 50 850 2200 54.6 43.8 1.6 1.25 0.04 
50 50 750 2200 8.8 87.6 3.6 0.10 0.04 
50 50 850 2200 8.8 87.6 3.6 0.10 0.04 
50 50 750 2300 8.8 87.6 3.6 0.10 0.04 
50 50 650 2200 8.8 87.6 3.6 0.10 0.06 
50 50 650 2200 8.8 87.6 3.6 0.10 0.02 
50 50 650 2200 54.6 43.8 1.6 1.25 0.02 
50 50 650 2200 54.6 43.8 1.6 1.25 0.06 
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P (mbar) at F = 50 ml⋅min-1
 F (ml⋅⋅⋅⋅min

-1
) at P = 50 mbar 

 

Fig. 1 – SEM micrographs showing the influence of total gas pressure (P) and mass flow (F) on 

NCD morphology, keeping constant the deposition time=1h, CH4/H2=0.04, Ar/H2=1.25, Ts=650ºC 

and Tf=2200ºC. 
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3.2. Gas phase composition 

 

Different types of NCD coatings may be obtained by adjusting the Ar/H2 and CH4/H2 

ratios, Table 1. For CH4/H2 = 0.02, a typical upper limit for diamond growth in HFCVD 

reactors, only microcrystalline diamond is stable and a continuous film is developed for the 

lowest Ar amount condition (Ar/H2 = 0.10). Formation of nanocrystalline diamond is 

known to be favoured for increased carbon supersaturation [4], as could be verified in the 

present work when the CH4/H2 ratio was increased to 0.04. When the largest CH4/H2 = 

0.06 ratio was used, the amount of graphitic phases was enhanced and NCD did not grow 

for neither of the two Ar/H2 ratios (0.10 and 1.25, Table 1). A threshold carbon donor 

concentration is reached and graphitic phases are deposited instead of NCD. 

For the Ar/H2 ratio study, the CH4/H2 ratio was fixed at 0.04 and the Ar/H2 varied 

between 0 and 1.25, Table 1. Representative µ-Raman spectra of the grown NCD films are 

given in Fig. 2a, showing the 1140 cm-1 and 1480 cm-1 shoulders, often associated to trans-

polyacetylene, a reliable indirect evidence of NCD presence [16-18]. A slight increase in 

the relative intensities of the D (1360 cm-1) and G (1560 cm-1) graphite bands is observed 

with the increment of Ar/H2 ratio. This means an increase in the sp2 character of the films 

that can be explained by the gradual decreasing of atomic H density, which is responsible 

for etching the non-diamond carbon forms [4, 8].  
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Fig. 2 – a) µ-Raman and b) LIBAD spectra of NCD films deposited for 4h at different Ar/H2 ratios, 

keeping constant the following parameters: CH4/H2=0.04, P=50 mbar, F=50 ml·min-1, Ts=650ºC 

and Tf=2200ºC. 
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Estimation of the diamond crystallite sizes after 4 hours of deposition time indicates 

values in the range of 10-13 nm for Ar/H2 ratio between 0 and 0.63. Within this Ar/H2 ratio 

interval, the NCD film growth rate took values between 0.4 and 0.9 µm.h-1, as estimated 

from SEM cross-sections. The main features of the NCD film deposited with the largest 

amount of 55vol.% Ar (Ar/H2=1.25) fall outside these ranges, having a crystallite size of 8 

nm and a very slow growth rate of 0.1 µm⋅h-1. This can be due to the dilution of the 

diamond growth species, methyl radical (CH3) and atomic hydrogen (H), with the 

increment of Ar gas concentration, thus increasing diamond renucleation instead of 

crystallite growth [8]. A second reason is related to the incorporation of defects through 

clashing of diamond growing faces, introducing defects that behave like active nucleation 

sites [8]. Therefore, defect creation also contributes to the enhancement of secondary 

nucleation. Actually, these two phenomena occur simultaneous and synergetically, since 

continuous secondary nucleation is also responsible for the introduction of defects. On the 

contrary, the highest growth rate (0.9 µm⋅h-1) of this set was achieved for the film 

deposited with approximately 5vol.% of Ar (Ar/H2=0.05) presenting also a larger 

crystallite size (12 nm).  

The LIBAD spectra are shown in Fig. 2b. The (111) diamond peak becomes broader 

with increasing Ar concentration, indicating a decrease in crystallite size. This small 

variation of the crystallite size is reflected on the surface roughness of the films grown on 

mirror polished substrates. From AFM images (Fig. 3a to 3c), no morphological significant 

differences can be found between the films grown for different Ar/H2 ratios when the films 

have nearly the same thickness, as is the case for the lower Ar/H2 values up to 0.63. The 

RMS values slightly decrease from 16 nm for Ar/H2 = 0 to 13 nm for Ar/H2 = 0.63. For the 

Ar/H2 ratio of 1.25, even for 10h growth, the NCD film is only 1 µm thick and presents a 

larger surface roughness due to a less uniform coating of the silicon nitride substrates when 

comparing to the other ratios (Fig. 3d).  

 

3.3. Substrate and filament temperatures 

 

The influence of substrate temperature on NCD growth was studied for two different 

Ar/H2 ratios: 0.10 and 1.25. The substrate temperatures chosen were 650ºC, 750ºC and 

850ºC, keeping the remaining parameters constant, Table 1. The increment of substrate 
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temperature from 650ºC to 750ºC favors NCD nucleation and growth for Ar/H2 = 0.10 

with a slight increase of the growth rate from 0.6 µm⋅h-1 to 0.7 µm⋅h-1 and of the crystallite 

size (from 10 nm to 15 nm), while at 850ºC the growth rate decreases to 0.4 µm⋅h-1. 

Interestingly, to this lowest growth rate corresponds the larger crystallite size (26 nm) 

measured in this series of experiments showing that there is no direct relationship between 

them. This opens the possibility of having thick films with low roughness at low 

temperatures. For Ar/H2 = 1.25, the increasing of the substrate temperature leads to the 

formation of discontinuous NCD films, even after 4 hours of deposition. This suggests that 

the substrate temperature influence on NCD deposition is not the same for the two Ar/H2 

ratios and that a different surface kinetics is governing film growth [19]. Substrate 

temperature, besides surface diffusion and recombination effects, also influences the gas 

temperature [4, 20]. Particularly, in this case, the substrate-filament distance is very small 

and changes in Ts can modify the gas composition through reactions occurring near the 

filament [20].  

Fig. 3 – AFM scans of NCD films deposited for 4h (∼2 µm of thickness) at a) Ar/H2=0 (RMS=16 

nm), b) Ar/H2=0.1 (RMS=15 nm), c) Ar/H2=0.63 (RMS=13 nm) and for 10h (∼1 µm of thickness) 

at d) Ar/H2=1.25 (RMS=27 nm). All runs were conducted at CH4/H2=0.04, P=50 mbar, F=50 

ml·min-1,Ts=650ºC and Tf=2200ºC.  

a) b) 

c) d) 
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Increasing Tf from 2200ºC to 2300ºC leads to thicker NCD films produced at a growth 

rate of 1.6 µm·h-1. The increment of filament temperature promotes the CH3 density [10] 

what may account for larger NCD growth rates. A representative cross-section SEM image 

of the 2300ºC NCD film is shown in Fig. 4a. An equivalent, but highly magnified, 

observation in bright-field TEM is given in Fig. 4b. A dark-field image of the NCD film 

(Fig. 4c) provides direct evidence of the nanometric diamond grain size. The correspondent 

electron diffraction pattern corroborates the crystallinity of the coating. The increase in the 

growth rate with Tf is achieved at a cost of a larger crystallite size (15nm and 28nm at 

2200ºC and 2300ºC, respectively). The larger grain size of NCD is due to an increase in 

atomic H concentration [9].  

 

 

Fig. 4 – a) SEM and b) TEM cross sectional views of the substrate/NCD interface, c) dark-field 

TEM micrograph and electron diffraction patterns (inset) of the NCD film and d) SEM plan view 

of NCD film. The deposition conditions were the following: t=4h, Ar/H2=0.1, CH4/H2=0.04, P=50 

mbar, F=50 ml·min-1, Ts=750ºC and Tf=2300ºC. 
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5 µ µ µ µm 

b) 
 

 d) 
 

5 µ µ µ µm 

c) 



Chapter II - Nanocrystalline diamond deposition on silicon nitride based ceramics 

 

82 

 

4. Conclusions 

 

Nanocrystalline diamond (NCD) continuous coatings can be grown on silicon nitride 

(Si3N4) ceramics by the hot filament chemical vapour deposition (HFCVD) technique. 

Different NCD coatings can be obtained by adjusting the CH4/H2 and Ar/H2 ratios. The 

optimal NCD films, concerning the combination of crystallite size (~15nm), growth rate 

(~1 µm⋅h-1) and film quality (less graphitic material) were obtained for Ar/H2=0.1 and 

CH4/H2=0.04. Smaller diamond crystallite sizes (8 nm) were possible but under a very 

slow growth rate of 0.1 µm⋅h-1. The smoothness of the coatings can be adjusted by 

increasing the Ar/H2 ratio up to 0.63, yielding RMS values down to 13nm. The filament 

temperature is the HFCVD parameter having the largest influence: the growth rate 

increases from 0.7 µm⋅h-1 to a noticeably high value of 1.6 µm⋅h-1, when the filament 

temperature is raised from 2200ºC to 2300ºC, for CH4/H2=0.04 and Ar/H2=0.10. 

Simultaneously, the crystallite size doubles from 15nm to 28nm, this being likely linked to 

the increased CH3 and atomic H concentrations. 
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Abstract 

 

A biocompatible Si3N4-bioglass composite was coated with nanocrystalline diamond 

(NCD) by the hot filament chemical vapour deposition technique (HFCVD) using a 

H2/Ar/CH4 gas mixture. The advantages of the biocomposite are combined with a hard, 

smooth and low friction coating, making it a potential material for biotribological 

applications. Very low intrinsic surface roughness in the range 5 to 15nm was determined 

by AFM and crystallite sizes of 1 to 30nm were measured by TEM. The substrate 

temperature, Ar/H2 ratio, starting roughness and cooling rate after deposition are key 

factors in determining the uniformity and adhesion of the NCD film to the biocomposite. 

To avoid blistering and guarantee high adhesion levels, depositions must be conducted 

below the bioglass transition temperature (637ºC). The highest growth rate (1µm⋅h-1) was 

reached with a Ar/H2=0.1 ratio. Brale indentation tests with 200N showed that flat lapped 

substrates give a better adhesion relatively to smoother ones pre-polished in soft cloths. 

Slow cooling rates after deposition (2ºC⋅min-1) prevented film delamination under this 

applied load. 

 

 

Keywords: NCD; Si3N4-bioglass composite; Biomedical applications 
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1. Introduction 

 

Nanocrystalline diamond (NCD) is a promising candidate for biomechanical 

applications. Properties like smoothness, low coefficient of friction, high hardness and 

chemical inertness fulfil the special requirements for medical use. Some reports show the 

feasibility of NCD on temporomandibular joint implants and attest the biotolerance and 

biocompatibility of the coatings [1-3]. A gas mixture of H2/Ar/CH4 can be used to produce 

NCD films by hot filament chemical vapour deposition (HFCVD). The transition from 

microcrystalline diamond to NCD depends on the enhancement of the secondary 

nucleation rate, which can be achieved by increasing the methane concentration along with 

Ar introduction in the mixture. Therefore, diamond crystals are not able to overgrow, 

remaining as nano-sized crystallites [4-8]. The successful growth of NCD on silicon nitride 

(Si3N4) substrates by both hot-filament and microwave techniques, using the above 

described mixtures, was recently described [9, 10].  

Although Si3N4 ceramics are bioinert materials, a Si3N4-bioglass composite was found 

to be biocompatible [11]. This novel biomaterial potentially combines the high fracture 

toughness of Si3N4 with the bioactivity of a bioglass. The mechanical, physical-chemical 

and biological surface properties of the Si3N4-bioglass composite, assessed in previous 

studies, confirm the potential of this material for high-stress medical applications [11-13]. 

Despite the fact that the bioglass low transition temperature restrains the deposition 

conditions, the referred bio-composite was used in the present work as a substrate for the 

deposition of NCD by hot-filament chemical vapour deposition (HFCVD) technique. The 

Si3N4-bioglass composite was coated with continuous NCD films and characterized with 

respect to microstructure, grain size, quality, surface roughness and adhesion. 

 

2. Experimental 

 

The Si3N4-bioglass (70-30 wt%) substrates were obtained by hot-pressing technique at 

a heating rate of 10ºC/min up to 1350ºC, followed by a stage of 40 min at the dwell 

temperature under a pressure of 30 MPa. The bioglass composition is referred elsewhere 

[12]. Disc shaped substrates were cut, ground and then two different sets were selected: i) 
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flat lapped samples on iron wheel with 15µm diamond slurry; ii) cloth polished samples 

with 15µm diamond slurry in a standard polishing machine. The samples from the first set 

reveal deeper surface scars, although the roughness of samples from both sets remains in 

the same magnitude order. Dilatometric analysis of both Si3N4-bioglass and conventional 

Si3N4 ceramic was performed up to 800ºC.  

Prior to deposition the samples were scratched in an ultrasonic bath with a mixture of 

diamond powder (1g) and n-hexane (100 ml) and then ultrasonically cleaned in ethanol. 

The deposition of NCD was done using H2/Ar/CH4 gas mixtures with a total flow of 

50 ml⋅min-1, a constant CH4/H2 ratio (0.04), a total pressure of 50 mbar, filament 

temperatures in the range of 2000ºC-2300ºC and substrate temperature of 550ºC-700ºC. 

The total pressure, gas-flow, power supply and substrate temperature in the HFCVD 

reactor were monitored and controlled. The complete set of samples and respective 

deposition conditions are given in Table 1, along with other details. Films morphology and 

microstructure were analysed by SEM, TEM, AFM and micro-Raman spectroscopy, while 

adhesion was investigated by mechanical indentations with a Brale diamond indenter.  

 

3. Results and discussion 

 

A recent work on the early stages of the NCD deposition on Si3N4 ceramics has shown 

the feasibility of the HFCVD technique as a route for coating this kind of technical ceramic 

[9]. The deposition of NCD on bioactive materials based on Si3N4 that can be used in 

tribological and bio-tribological applications is a novel attempt. The typical microstructure 

of the Si3N4-bioglass biocomposite containing 30wt% of bioglass can be seen in the 

micrograph in Fig. 1a, where it is compared to that of a conventional silicon nitride 

ceramic, Fig. 1b. The smaller grain size of the biocomposite is a result of the much lower 

hot-pressing temperature (~1300ºC), imposed by the bioglass thermal limitations, when 

compared to that necessary to fully densify silicon nitride ceramics (~1750ºC). The large 

volume fraction of intergranular glassy phase, responsible for the bioactivity of these 

composites [11] is also clearly visible, Fig. 1a. 
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Table 1  

Experimental conditions used for the growth of NCD on the biocomposite and 

qualitative characterization of the films. 

Samples Ts (ºC) Tf (ºC) Ar/H2 td (h) Surface finishing Observations 

1 650 2200 0.6 2 15µm-DFL  NCF 

2 550 2000 0.3 2 15µm-DFL  NCF 

3 550 2000 0.3 4 15µm-DFL  NCF 

4 620 2000 0.3 4 15µm-DFL  Nearly CF 

5 650 2200 0.3 2 15µm-DFL  CF/B 

6 650 2200 0.1 2 15µm-DFL  CF/B 

7 610 2200 0.1 2 15µm-DFL  CF/few B 

8 700 2300 0.1 2 15µm-DFL  CF/B 

9 690 2300 0.1 2 15µm-DFL  CF/B 

10 630 2200 0.1 2 15µm-DFL  CF/B 

11 590 2170 0.1 2 15µm-DFL  CF 

12 620 2170 0.1 2 15µm-DFL  CF 

13 650 2170 0.1 2 15µm-DFL  CF/B 

14 590 2170 0.1 2 15µm-DP CF 

15 620 2170 0.1 2 15µm-DP CF 

16* 620 2170 0.1 2 15µm-DP CF 

*2ºC⋅min-1 of cooling rate; DFL-diamond flat lapped; DP-diamond polished; NCF-non-

continuous film; CF- continuous film; B-blisters 

 

During the deposition experiments in the HFCVD reactor, the Ar/H2 ratio was found 

to be a critical parameter in order to obtain continuous NCD films. For Ar/H2=0.6, a non-

continuous film is obtained (see the observations column in Table 1). By decreasing this 

ratio, continuous films could be grown, particularly for the case of Ar/H2=0.1 for which the 

growth rate was increased up to 1µm⋅h-1, twice of the one obtained with Ar/H2=0.3. This is 

evidenced in Fig. 2, where samples 5 and 6 are shown in top view and cross-section 

micrographs. Although leading to a higher growth rate, the Ar/H2 ratio of 0.1 gives rise to 

a slightly larger surface roughness. 
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Fig. 1- SEM micrographs of CF4 plasma etched microstructure of: a) hot-pressed Si3N4-bioglass 

composite; b) pressureless sintered silicon nitride ceramic.  

 

 

Fig. 2- SEM micrographs of top surface and cross section views of NCD films grown using the 

same substrate temperature and different Ar/H2 ratios: a) and c) Ar/H2=0.3; b) and d) Ar/H2=0.1. 
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Two main factors may increase the difficulty of obtaining well-adhered (NCD) films, 

a crucial requirement when considering the application envisaged by the present work. The 

first is related to the high temperature needed for the deposition of microcrystalline 

diamond and NCD, typically in the range 600-900ºC, too near the Tg (glass transition 

temperature) of the bioglass (Tc~637ºC) used in the composite [12]. The second is a 

function of the larger volume amount of glass in the biocomposite relatively to a standard 

silicon nitride ceramic (33.5vol% versus 8-12vol%) which increases the thermal expansion 

coefficient. Also, while for conventional Si3N4 ceramics the glassy phase may crystallize 

partially during the cooling stage as complex silicates containing nitrogen, yttrium and Al 

[14], in the case of the biocomposite only α and β-Si3N4 crystalline phases are present, 

according to previous DRX data [12]. Different thermal expansion coefficients, relevant 

for the final adhesion of the NCD films, are thus expected and will most probably impose 

lower adhesion levels on biocomposite substrates. The curves shown in Fig. 3 evidence 

these differences. In the 200ºC-600ºC range, the biocomposite has a thermal expansion 

coefficient that is 50% larger than that of conventional pressureless sintered silicon nitride 

ceramic. Moreover, the heating part of the linear expansion curve of the composite clearly 

shows that the biocomposite has a steep increase on the thermal expansion coefficient at 

temperatures above 650ºC, close to the glass transition temperature of the bioglass. On the 

contrary, the thermal expansion coefficient of the silicon nitride ceramic pressureless 

sintered with Al2O3 and Y2O3 is nearly constant between 200ºC and 800ºC.  

Fig. 3- Graphical representation of the linear thermal expansion of the biocomposite and a 

pressureless sintered silicon nitride ceramic between 200ºC and 800ºC. 
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In the above mentioned previous work [9], NCD deposition by HFCVD was achieved 

on Si3N4 ceramics under a given set of parameters that served as the basis for the 

adjustment procedure in order to successfully grow NCD on the biocomposite. The growth 

controlling variables than can be preset include the gas composition in the system 

Ar/H2/CH4 and the substrate and filament temperatures. A first set of NCD deposition 

experiments was thus conducted in the temperature range of 550-700ºC on 15 µm diamond 

flat-lapped substrates. As depicted in the SEM micrographs in Fig. 4, taken at a tilt angle 

of 45º to enhance surface topography, the films grown at higher temperatures reveal 

blisters formation. Also, partial delamination at the edges occurred. It is clear that the 

lower the growth temperature, the smaller are the blisters. The blistering elimination was 

achieved by decreasing the substrate temperature down to 590ºC, Fig. 4d, confirming that 

substrate temperatures above 630ºC may be critical for the adhesion of NCD.  

 

 

Fig. 4- Low magnification SEM micrographs of biocomposite samples coated with NCD using a 

gas mixture of composition CH4/H2=0.04 Ar/H2=0.1 and different substrate temperatures: a) 700ºC; 

b) 690ºC; c) 630ºC; d) 590ºC. 
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NCD growth experiments have to be designed bearing in mind that for bio-

tribological applications, the adhesion should be maximized and the surface roughness 

minimized. It was previously shown that for microcrystalline diamond the optimum 

adhesion on flat surfaces is reached for a flat lapping (iron wheel) procedure using 15µm 

size diamond slurry [15], as that used in samples 1 to 13, Table 1. Nevertheless, the 

starting surface roughness achieved in this way is large for NCD applications due to the 

scratches. Thus, a second set of samples was prepared (14-16, Table 1) by using softer 

polishing clothes with 15µm diamond slurry, reducing the scratch density. The surface 

roughness of the NCD films is influenced by the substrate, since NCD perfectly coats all 

the scratches. From AFM analysis, the roughness of NCD films decreases monotonically 

with the scan size, assuming values from 15nm to 5nm for scanned areas of 6.25µm2 and 

0.25µm2, respectively. 

The Raman signal from the films is masked to some extent due to strong 

luminescence induced by the substrate and related to the bioglass composition. However, 

in addition to the well known D (~1350 cm-1) and G (~1580cm-1) bands, the NCD 

signature is clearly discernible in the representative Raman spectrum, shown in Fig. 5a: 

two features at 1140cm-1 and 1480cm-1 that are generally accepted as an evidence of NCD, 

although some assign it to the presence of transpolyacetylene in NCD films [16]. TEM 

analysis of NCD film bits like the one shown in Fig. 5b confirmed that it has a 

nanocrystalline nature: the bright spots of this dark-field TEM micrograph correspond to 

single or agglomerated diamond crystallites with sizes in the range 1-30nm. 
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Fig. 5- a) Typical µ-Raman spectra of a NCD coated biocomposite (sample 16); b) Dark field TEM 

micrograph of a NCD film (sample 9) showing nano size diamond crystallites. 
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Fig. 6- Optical micrographs of 200N Brale indented specimens, evidencing the effect of substrate 

temperature, substrate roughness and post-deposition cooling rate on film delamination: a) sample 

14 (590ºC; DP); b) sample 15 (620ºC; DP); c) sample 12 (620ºC; DP); d) sample 16 (620ºC; DP; 

cooled at 2ºC⋅min-1) 

 

NCD films grown under the best conditions were tested in order to determine the 

relative adhesion level, samples 11 to 16 in Table 1. The Brale indentations performed 

between 20N and 200N were studied by optical microscopy in order to observe the 

cracking and detachment extension of the NCD film around the indentations. The optical 

micrographs in Fig. 6 are representative of the relative adhesion of different NCD films. 

Interestingly, a substrate temperature of 620ºC, Fig. 6b, yields more adherent NCD films 

than a lower temperature of 590ºC, Fig. 6a, what is related to larger amounts of non-

diamond phases, as confirmed by Raman data. The effect of the surface roughness on 

adhesion is also put into evidence in Fig. 6. The flat lapped substrate induces, as expected, 

a better adhesion of the NCD film, Fig. 6c, relatively to a substrate pre-polished with the 

same slurry in a softer polishing cloth, Fig. 6b. Since adhesion is known to depend on the 

a) b) 

150 µµµµm  

d) c) 
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cooling rate due to the stress induced by the film/substrate thermal expansion coefficient 

mismatch, adhesion was improved when a cooling rate of 2ºC⋅min-1 instead of 10ºC⋅min-1 

was used: the micrograph in Fig. 6d shows that there is no film delamination up to 200N 

(the maximum tested load limited by the substrates thickness). 

 

4. Conclusions 

 

Nanocrystalline diamond films were successfully grown by the hot filament CVD 

technique with the H2/Ar/CH4 gas system on a Si3N4-bioglass composite envisaging bio-

tribological applications. 

The Ar/H2 ratio and the substrate temperature were identified as the most critical 

deposition parameters for obtaining adherent continuous films. The Ar/H2=0.1 ratio 

allowed to obtain continuous NCD films at the highest growth rate (1µm⋅h-1), although at 

the cost of a slightly increased surface roughness. The substrate temperature must be lower 

than 630ºC, below the bioglass transition temperature, otherwise blistering occurs, 

compromising adhesion. 

The cooling rate after deposition and the substrate finishing quality have a further 

influence on the adhesion level. No film delamination was verified after a 200N Brale 

indentation on a NCD coating cooled at a slow rate of 2ºC⋅min-1. Flat lapped substrates 

give a better adhesion of the NCD film relatively to soft cloth pre-polished ones. 
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Abstract 

 
The thermal and chemical compatibility of silicon nitride ceramics (Si3N4) to diamond 

ensures an adequate adhesion for tribological applications such as mechanical seals, 

biomaterials or cutting tools for hard machining operations. Most of the recent research 

efforts on these components focused on nano-crystalline diamond (NCD) due to its small 

grain size and surface smoothness. 

The present study reports for the first time NCD coating of Si3N4 substrates by 

microwave plasma assisted chemical vapour deposition (MPACVD) using Ar/H2/CH4 gas 

mixture and varying the substrate temperature (650ºC-1050ºC) and deposition time. 

Optimal deposition conditions result in growth rates up to 3.0 µm·h-1, that allowed the 

production of continuous NCD films with low roughness (Ra ≈ 22 nm) and grain size of 

about 10 nm at the lower temperature and longer deposition times. 

 

 

Keywords: Nanocrystalline diamond, Film growth and characterization, MPACVD, 

Silicon nitride (Si3N4) 
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1. Introduction  

 

The extreme hardness of microcrystalline diamond coatings determined that many 

works on this area relate to coated materials for tribological applications in biomedicine, as 

mechanical seals or cutting tools for hard machining operations [1-4]. Silicon wafers are 

the most common substrate material due to its chemical affinity and adhesion to diamond, 

inertness under deposition conditions, but also due to its availability and ease of use. Basic 

research work thus depends on silicon for tuning the equipment and finding the best 

deposition conditions for diamond growth. However, if the diamond coated materials have 

to be used as cutting tools, the substrate mechanical properties do play a relevant role, and 

silicon has to be replaced by tougher and harder materials. Materials such as Ti alloys [5], 

steel [6], hardmetal [3] or silicon nitride ceramics [7,8] have been used as substrates for 

microcrystalline diamond coatings, deposited by different techniques, and tested under 

typical working conditions. 

Nanocrystalline diamond (NCD) research has evolved in a similar way to that of the 

first diamond coatings, with a large focus on research of materials for optical and 

electronic applications and less on materials for tribological applications. Most of the 

recent research efforts on tribological uses of diamond focused on nanocrystalline diamond 

due to its small grain size and surface smoothness [9,10]. The thermal and chemical 

compatibility of silicon nitride ceramics leading to a remarkable adhesion has been well 

established for MPACVD polycrystalline diamond coatings [7,8,11] and more recently it 

was shown that it can also be used for nanocrystalline diamond deposition using the hot-

filament CVD technique [12]. Microwave plasma assisted CVD (MPACVD) is an 

alternative method that should allow higher deposition rates, and that is still unexplored 

with respect to these substrates. The growth rates reported by some authors on other 

substrate materials are in the range of 0.05 to 0.35µm·h-1 [13,14], what depends not only 

on process parameters such as microwave power, gas flow rate and composition, total 

pressure and substrate temperature, but also on the design of the equipment used. These 

authors have shown that under gas mixtures of Ar/CH4 and for increasing pressures in the 

range 55-150torr, the C2 dimer concentration (known as the growth precursor) increases as 

also does the growth rate, but without affecting the final roughness of the films. Under the 
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same pressure domain, microwave discharges ignited in Ar/H2/CH4 gas mixtures 

characterised by small H2 concentrations are also commonly used for NCD growth and 

lead to comparable results as Ar/CH4 gas mixture. Adding hydrogen to the feed gas 

permits stabilising the plasma and this allows improving the process reproducibility and 

permits to inject higher microwave power that is expected to increase plasma reactivity. 

However, other aspects have to be considered on the growth of nanocrystalline 

diamond, like the possibility to synthesise NCD on different substrates using conventional 

H2/CH4 gas mixtures, just by changing the total pressure [5] or the substrate holders in the 

reactor [15]. So, whenever a different substrate is used, a whole set of new deposition 

parameters have to be developed in order to yield high growth rates and adhesion for the 

smallest roughness possible. 

The present study describes the deposition and characterization of thick and smooth 

NCD coatings on Si3N4 ceramic substrates by MPACVD method using Ar/H2/CH4 gas 

mixtures. The optimisation of the synthesis process is attempted by investigating the 

surface temperature effects for different gas compositions and microwave power. 

 

2. Experimental details 

 

Dense silicon nitride ceramic substrates were produced by pressureless sintering under 

nitrogen atmosphere at 1750°C during 2h. After wheel grinding and flat lapping with a 

15µm diamond suspension, the substrates were scratched by a diamond powder suspension 

in an ultrasonic bath in order to enhance nucleation. More details of the substrate 

preparation can be found elsewhere [11]. The weight and thickness of the disc-shaped 

samples were measured before and after deposition to determine the weight gain and thus 

the thickness and growth rate of the deposited films.  

The NCD films were synthesised by MPACVD process in a Bell-Jar type reactor, 

extensively described elsewhere [16]. The independently heated molybdenum substrate 

holder reduces the jar centred plasma discharge to a hemispherical cup over the silicon 

nitride substrate discs. The optimised gas composition used is a mixture of Ar (92-96%), 

H2 (3-7%) and CH4 (1%) with a total flow rate of 250 ml⋅min-1 and a total pressure of 200 

mbar (2×104 Pa). Even for small variations in the gas composition, the microwave power 

needed for insuring a hemispherical-shape and stable discharge must be changed 
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appreciably what hindered, especially at high hydrogen concentrations, the maintenance of 

a constant substrate temperature due to the lack of a cooling system. This is clearly visible 

in the data present in Table 1, where the experimental conditions are further depicted. 

The morphology and surface roughness of the NCD films were characterized by SEM 

(Hitachi S4100) and AFM (DI, MultiMode IIIa on an area of 5-10 µm2). The identification 

of diamond and graphitic phases was done by µ-Raman spectroscopy (Dilor XY) using a 

514.5 nm wavelength excitation. X-ray diffraction (X’PERT-MPD Phillips) performed 

with the CuKα1 radiation (λ=0.154056 nm) confirmed the existence of the diamond phase 

and allowed calculating the crystallite sizes using Scherrer equation. 

 

Table 1 

Experimental conditions used for NCD deposition on Si3N4 substrates. 

Sample Ar:H2:CH4 (%) Microwave power (W) Temperature (°C) 

SN1 92:7:1 800 970 

SN2 94:5:1 700 880 

SN3a 96:3:1 500 650 

SN4 96:3:1 500 750 

SN5 96:3:1 500 770 

SN6 96:3:1 500 1020 

SN7 96:3:1 500 1050 

Optimised values used for total gas flow rate and pressure are 250 

ml⋅min-1 and 200 mbar, respectively, for a total deposition time of 4h. 

a Deposition time of 7h . 

 

3. Results and discussion 

 

The substrate, in spite of its recognised high temperature load-bearing capability, 

contains an intergranular glassy phase, resulting from reaction of the sintering aids with 

Si3N4, that may change significantly the deposition behaviour of diamond or diamond-like 

films relatively to a more chemically inert substrate such as silicon. The microstructure of 

an uncoated Si3N4 ceramic disc is shown in the SEM micrograph of Fig. 1a. The CF4 

plasma etched microstructure consists of long, needle-shaped β-Si3N4 crystals embedded in 

the Y2O3-Al2O3 containing intergranular glassy phase. In Fig. 1b, the micrograph of an 

uncovered part of sample SN1 illustrates the uneven nucleation behaviour of NCD on this 
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type of substrates, similarly to that observed for the deposition of microcrystalline diamond 

on the same kind of ceramics [17]. It is also evident, by the revealed microstructure, that 

the ceramic is also attacked by the growth plasma, this having a relevant effect on both 

deposition and adhesion of diamond films [7,18]. These first data also show that the 

deposition of NCD on Si3N4 is not a straightforward issue, since a fully developed film 

could not form on the whole surface even after 4h of synthesis, due either to the high 

temperature reached by the substrate or to an inadequate set of experimental conditions. 

The use of lower amounts of H2 gas in the mixture could increase the near-surface 

concentration of C2 dimer [19] relatively to the hydrogen-containing carbon species 

precursors of microcrystalline diamond growth, and thus result in the formation of NCD 

continuous films instead of large isolated clusters of nanosized particles. Moreover, it 

should be favourable to decrease the substrate temperature by allowing the injection of 

lower microwave powers. Thus, by changing the gas composition, the new power setting 

originates substrate temperatures of 880ºC to 650ºC, samples SN2 to SN5 in Table 1, 

without heating the sample, just by changing the sample height relatively to the plasma. In 

order to test the upper limits of deposition temperature, further films were produced at 

rather high temperatures of 1020-1050ºC, using the substrate heater, samples SN6 and 

SN7.  

 

 

 

Fig. 1 - SEM micrographs of: a) Si3N4 ceramic having a microstructure evidenced by CF4 plasma 

attack; b) nucleation at the grain boundaries of the ceramic substrate, sample SN1. 

 

 

a) b) 

3 µµµµm 
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Fig. 2 - SEM micrographs of the general surface morphology of NCD films produced at substrate 

temperatures of 650ºC (SN3), 750ºC (SN4), 880ºC (SN2) and 1050ºC (SN7) and of their 

microstructures: a) and e) SN3; b) and f) SN4; c) and g) SN2; d) and h) SN7. 

15 µµµµm 0.6 µµµµm 

e) a) 

f) b) 

g) c) 

h) d) 
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It must be stressed that in all these cases a continuous film developed covering the 

entire surface of the discs, although having different morphologies, as can be seen in the 

SEM micrographs presented in Figs. 2a to 2d. There is a dependency of the grain size with 

the temperature in the range 650ºC-1050ºC. This qualitative analysis is complemented by 

data presented in Table 2 where the entire set of results for all samples concerning growth 

rate, surface roughness and particle size is given. The grain sizes calculated using X-ray 

diffraction data shown in Fig. 3a, namely the (111) peak of diamond, agree with the SEM 

observations illustrated in the micrographs of Figs. 2e to 2h. The grain size increases with 

temperature irrespectively of the gas composition up to 880ºC, Figs. 2a to 2c. However, for 

higher temperatures the trend inverts and the grain size reduces again, although the 

morphology changes to flake-type aggregates when viewed from top and at intermediate 

magnifications, Fig. 2d. Of interest, from the standpoint of applications, is the absence of 

any large round shaped aggregates on the surface for sample SN3, obtained at the lowest 

substrate temperature, giving a macroscopic size smooth surface. The particular 

morphology of the films produced at substrate temperature of 1020ºC or 1050ºC results in 

larger average surface roughness, Ra, in spite of the smaller crystallite size, samples SN6 

and SN7 in Table 2. 

 

Table 2 

Experimental results of thickness and growth rate (Smeas) measurements done under SEM, 

growth rates calculated from weight gain (Scalc), crystallite size determined by X-ray 

diffraction (G), and roughness evaluated by tapping mode AFM (Ra). 

Sample Thickness (µm) Scalc (µm·h-1) Smeas (µm·h-1) G (X-ray; nm) Ra (AFM; nm) 

SN1 - - - 16.4  - 

SN2 10.5 1.9 2.6 16.4 40.5 

SN3 6.8 0.8 1.0 9.3 22.4 

SN4 7.9 1.3 2.0 12.1 26.6 

SN5 12.1 1.7 3.0 12.4 28.6 

SN6 8.5 1.3 2.1 6.5 94.7 

SN7 10.2 1.9 2.6 8.8 70.1 
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Fig. 3 - a) X-ray diffraction patterns of samples SN2, SN3, SN4 and SN7 where the unidentified 

peaks correspond to β-Si3N4 from the substrate; b) Raman spectra of samples SN2, SN3, SN4 and 

SN7 where the identified peaks correspond to: NCD signature (1150 cm-1 and 1470 cm-1), diamond 

(1331 cm-1), graphite D (1355 cm-1) and graphite G (1542 cm-1). 

 

After deposition and analysis, all samples were broken for measuring the thickness of 

the film and determine the real growth rate, Smeas, Table 2. The data are compared with the 

values calculated from the weight gain, Scalc. It is clear that at 650ºC the difference 
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between these values is minimal whereas at higher temperature the substrate is attacked 

what impedes to get an accurate thickness evaluation from calculations alone. For a 

Ar:H2:CH4 ratio of 96:3:1, the growth rate increases from 1.0 µm·h-1 at 650ºC to 3.0 µm·h-1 

at 770ºC, before lowering slightly for higher temperatures. Nevertheless, for this gas 

composition, the average surface roughness, parameter Ra, is around 22-29 nm, for rather 

thick films of 7 µm to 12 µm. For similar microstructures, the larger is the grain size, the 

higher is the average surface roughness, as expected for films of approximate thicknesses. 

Figs. 2e and 2h depict the effects of the different surface morphology of NCD films of 

samples SN3 and SN7, that have nearly the same grain size (about 9 nm) but quite 

different surface roughness as measured by tapping mode AFM. 

The data shown here for growth rate and roughness are comparable to the results 

obtained by Catledge and Vohra [5], although in a different system where much higher 

CH4 fractions (5% to 15%) are used in a binary mixture with H2 to deposit NCD on Ti 

alloy and molybdenum substrates. However, in systems where the gas is just a mixture of 

Ar/CH4, for which the growth mechanism does not depend on the hydrogen abstraction 

reactions [19], the growth rates of NCD on Si are in the range 0.06 µm·h-1-0.3 µm·h-1 

[13,14]. The deposition rates of the smooth NCD films obtained in the present work are 

comparable to those of microcrystalline diamond films [17] used in fields of applications 

such as direct-coated cutting tools or disc-shaped bearings and mechanical seals.  

In spite of the differences observed in the microstructures of the samples, they all 

contain diamond crystalline phase, as confirmed by the X-ray data graphically shown in 

Fig. 3a for samples SN2, SN3, SN4 and SN7. For the lower and higher substrate 

temperatures, respectively SN3 and SN7, the (111) peaks are less well-developed, as 

expected due to the smaller grain size registered, while for intermediate temperatures of 

750ºC or 880ºC (SN4 or SN2) irrespective of gas composition, the peaks are well 

developed. The µ-Raman analysis further distinguished between the features of the 

samples, since at high temperature, the presence of graphitic type phases and a bad 

crystallographic quality are evidenced in spectrum of sample SN7 (Fig. 3b), where the 

graphitic contributions are enhanced relatively to the others [20]. For SN2, SN3 and SN4, 

the spectra correspond to those observed in nanostructured diamond films, with a typical 

NCD signature around 1150 cm-1 and 1470 cm-1, the diamond peak at 1331 cm-1, graphite 

D at 1355 cm-1 and graphite G (1542 cm-1). Recently, the traditionally accepted signature 
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for NCD was questioned, found unstable and then it was attributed to trans-polyacethylene 

[21-23]. Although whenever nanodiamond forms the characteristic peak occurring at 1150 

cm-1 and the prolonged shoulder around 1470 cm-1 are always present, an analysis other 

than µ-Raman such as X-ray diffraction given in Fig. 3a should be done to confirm the 

existence of the nanocrystalline diamond phase. 

 

4. Conclusions 

 

Using the MPACVD technique with Ar/H2/CH4 gas mixtures on silicon nitride 

substrates it was possible to synthesize thick (8-12 µm) NCD films with low roughness of 

Ra=22 nm to 40 nm for substrate temperatures ranging from 650ºC to 880ºC. The use of 

high deposition pressures (20 kPa) and the addition of H2 to the plasma enhanced the 

nucleation of diamond nanoparticles at the Si3N4 ceramic grain boundaries due to attack of 

the ceramic by the plasma. The growth rates of NCD on silicon nitride depend strongly on 

the temperature, for a given gas mixture, varying from 1.0 µm·h-1 to 3.0 µm·h-1 at 650ºC 

and 770ºC, respectively. For good structural properties, the surface roughness augments 

with the crystallite size of the NCD films. The optimised conditions allow production of 

NCD with an outcome compatible with that of microcrystalline films, but with much lower 

surface roughness. 
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III.1. Introduction 

 

Low wear and low friction are some of the essential features that a film, which the 

principal application is the coating of joint implants, should present. This chapter devotes 

to screening analyses of the tribological behaviour of NCD coated Si3N4 based ceramics 

performed under simulated physiological conditions. 

 

Section III.2., describes the pin-on-flat self-mated experiments performed on NCD 

coated bioactive Si3N4-bioglass composites. 

 

In section III.3., the tribological characterization of NCD coatings on Si3N4 bioinert 

ceramics is reported. 
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Abstract 

 

A nanocrystalline diamond (NCD) coated Si3N4-bioglass composite, with potential 

use for hip and knee joint implants, was tribologically tested in simulated physiological 

fluids. NCD was deposited using a hot-filament chemical vapour deposition (HFCVD) 

apparatus in an Ar-H2-CH4 gas mixture. Self-mated reciprocating experiments were 

performed using a pin-on-flat geometry in Hanks’s balanced salt solution (HBSS) and 

dilute fetal bovine serum (FBS). A nominal contact pressure of 25 MPa was applied for up 

to 500,000 cycles. Very low friction coefficients of 0.01-0.02 were measured using HBSS, 

while for FBS lubricated tests the values are slightly higher (0.06-0.09), due to a protein 

attaching effect. AFM assessed wear rates by an approach using the bearing function for 

volume loss quantification, yielding wear rates of k ~10-10 mm3·N-1m-1 in HBSS and k ~10-

9 - 10-8 mm3·N-1m-1 for FBS, characteristic of very mild wear regimes. 
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1. Introduction 

 

Every year nearly two million people worldwide , suffering from arthritic diseases or 

trauma due to accidents, are subjected to hip and knee joints replacement allowing a 

considerably improvement of their quality of life. Wear debris particles, originating from 

material loss of the bearing components, are responsible for severe inflammatory responses 

leading to aseptic loosening and painful operation. For increased prosthesis lifetime it is 

mandatory to minimize or greatly reduce the wear response of the articulating surfaces. 

The deposition of nanocrystalline diamond (NCD) coatings on load bearing surfaces 

can improve their wear resistance and life span. NCD films possess outstanding physical 

and tribomechanical properties such as very low friction response and high wear 

resistance. In addition, their biocompatible character makes them an ideal choice for 

biotribological purposes. Reports of works on NCD coated metal alloys for implants such 

as hip, knee and temporomandibular joints, with the purpose of wear resistance 

improvement are found in the literature [1-3]. Incomplete osseointegration and stress 

shielding effects, due to differences in mechanical properties between implant and 

surrounding bone, are also responsible for implant failure. To overcome this limitation, a 

novel bioactive Si3N4 (70wt%)-bioglass (30wt%), composite was developed [4]. This 

composite is biocompatible and stimulates the proliferation and osteogenic differentiation 

of human bone marrow cells, allowing the formation of a mineralized matrix that would 

contribute to a faster osseointegration of the material [5]. The bone bonding ability may 

decrease the stress shielding effect by developing an interfacial reaction zone at the 

bone/implant interface, which accommodates the differences in their deformability [5]. 

This Si3N4-bioglass composite was recently coated with continuous NCD films [6]. 

In a first embodiment, both bearing surfaces of orthopaedic implants could be 

protected with a nanocrystalline diamond coating. The aim of the present work is to 

perform a screening analysis to assess the friction and wear behaviour of NCD coated 

Si3N4-bioglass biocomposites under simulated physiological conditions.  
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2. Experimental 

 

The present study is divided into two distinct parts. The first comprises a set of ball-

on-flat friction experiments to determine the most adequate substrate treatment regarding 

NCD adhesion and wear resistance due to the large contact stresses imposed by that 

geometry. The second is constituted by pin-on-flat tribological tests allowing lower contact 

stresses, more appropriate for simulating in vivo wear conditions. 

All the tribological tests were performed under lubricated conditions at room 

temperature. The lubricating liquids used were: i) a biological model fluid Hank’s balanced 

salt solution (HBSS, Cambrex, Belgium) having 8g·L-1 NaCl, 1g·L-1 glucose, 0.4g·L-1 KCl, 

0.35g·L-1 NaHCO3, 0.09g·L-1 Na2HPO4.7H2O and 0.06 g·L-1 KH2PO4 as main components 

and ii) 50%diluted fetal bovine serum (FBS, Cambrex, Belgium) to contain 18.5 mg·ml-1 

protein, complying with synovial fluid plus 0.2% of sodium azide (Merck, Germany) to 

delay bacterial growth. The latter was used only in the second part of the work. 

In the first part of the work, Si3N4-bioglass square plates (10x10x3 mm3), used as 

substrate material, were submitted to different surface finish conditions: flat lapping with 

15 µm diamond slurry (FL); hard cloth polishing with 15 µm diamond slurry (PP); and, 

mirror-like surface polishing with colloidal silica (P). The substrates were etched with 

dilute hydrofluoric acid (1/3 HF 40% + 2/3 deionized water) during 10 s, to remove part of 

the surface vitreous phase, responsible for NCD adhesion issues [6].  

The NCD deposition was carried out in a hot-filament chemical vapour deposition 

(HFCVD) apparatus using an Ar-H2-CH4 gas mixture, after seeding with diamond. The 

deposition conditions were: Ar/H2 = 0.1, CH4/H2 = 0.04, W filament/substrate distance = 5 

mm, filament temperature = 2170 ºC, substrate temperature = 550ºC, total gas flow = 50 

ml·min-1, total pressure = 50 mbar and deposition time = 18,5h. 

NCD coated Si3N4 commercial balls (5 mm of diameter) were used as counterbodies 

for the first part of tribological experiments. The deposition conditions can be found 

elsewhere [7].  

For the first part of the work, reciprocating sliding wear tests, with HBSS lubrication, 

were performed for a duration leeway of 2-139 h, under a normal load of 5 N and constant 

stroke length (6 mm) and frequency (1 Hz). The equivalent linear velocity falls inside the 
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lower range of speeds found in hip joint testing [8]. 

In the second part of the work, cylindrical and flat-ended Si3N4-bioglass pins, (Ø 4 

mm × 3 mm) were used. Pin and plates were subjected to the surface pretreatment PP+HF 

and deposited using the conditions referred above. Pin-on-flat experiments were performed 

using the same stroke length and frequency of the first part of the work, under 45 N for 

sliding distances up to ~ 6 km (139 h), corresponding to 500,000 cycles. The tests were 

carried out with HBSS and FBS lubrication. 

As-deposited and worn surfaces were studied by scanning electron microscopy 

(SEM), atomic force microscopy (AFM) and µ-Raman spectroscopy with the purpose of 

characterizing their morphology, topography and dominant wear processes as well as the 

quality of the coatings. Before characterization, all samples were thoroughly cleaned in 

acetone and ethanol for surface debris removal. 

Wear volumes, for the two bearing surfaces (pins and plates), were calculated using a 

novel methodology of analysis of AFM images of undamaged and worn surfaces. Tapping 

mode AFM was used to obtain the wear volume using the Bearing Function that yields 

surface height histograms when performing a plane section comprised within the 

maximum value of Rz. Each point in the histogram is a measure of the intersection between 

the bearing plane and the surface profile and its integral, the bearing area, varies between 

0% and 100% (just below the deepest valley). The software gives the volume of material 

existing above selected plane sections, or the entire volume of material for a bearing area 

of 100%. This method is valid for all tests where the wear track is not deeper than the 

deepest valley of the original surface, assuming that the AFM probe is thin enough to reach 

the deepest features. Several scans were made to increase the reliability of the technique, 

all yielding similar results for the same surface. 

 

 

3. Results and discussion 

 

3.1. Ball-on-flat tests  

 

As can be seen from Fig. 1a, the NCD coatings deposited on the Si3N4-bioglass 

substrates are composed by agglomerates of nano-sized diamond crystals forming a 
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continuous and dense film. Micro-Raman spectra of as-deposited films corroborate the 

nanocrystalline diamond character of the coatings, showing the 1140 and 1480 cm-1 broad 

bands attributed to trans-polyacetylene, a reliable sign of NCD presence [9], Fig.1b. The 

bands 1332, 1360 and 1560 cm-1, ascribed to diamond and graphite D and G bands, 

respectively, are also visible in the plotted NCD µ-Raman spectrum. 

Tapping mode AFM scans (100x100 µm2) of NCD coatings deposited on substrates 

with different surface finishing pretreatments, assessed RMS surface roughness values in 

the 200-300 nm range, for all the films. The uncoated and subsequently etched substrates 

possess even larger RMS values, irrespective of the surface mechanical finishing, 

indicating that the NCD film diminishes the final surface roughness. Those high values are 

a result of the strong chemical etching of the bioglass by HF.  

 

Fig. 1 - a) SEM micrograph showing a top view of a NCD coated Si3N4 –bioglass composite with 

an inset image of the cross section and b) representative µ-Raman spectrum of the NCD 

coating. 

 

The first set of tribotests was conducted using flat plates with P, PP and FL surface 

finishing with HF attack and FL without etching. The initial friction coefficient values are 

larger when using etched plates in comparison to the un-etched ones, owing to the higher 

starting surface roughness. For the 5 N loading, the initial contact stresses are of the order 

of a few GPa, according to a purely elastic contact model, ending in values in the range 

100-300 MPa, depending on the wear extent of the ball specimen. These values are larger 

than the nominal contact pressures employed for hip or knee joint implant tribotesting but 
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can be used as a way of ranking the adhesion levels and sustainable loads under 

tribological stress of these thin (~ 3 µm) NCD coatings. For the un-etched FL plates, the 

NCD film delaminates after long-run tests (~ 6 km), while for the etched substrates this 

only occurs for the P and FL specimens. Thus, the best combination corresponds to the PP 

etched substrate, where no delamination was observed. The second part tests were 

conducted using this surface finishing. 

 

3.2. Pin-on-flat tribological experiments 

 

The use of flat-ended pins on the tribotests lowers the nominal contact stresses to 

approximately 3.5 MPa, a value compatible with in-vivo hip and knee joint stress 

conditions [10]. However, due to difficulties in warranting a perfect parallelism between 

the pin and flat specimens, a full contact could not be achieved and thus only a portion of 

the flat pin area truly contacts the plate. By measuring this area after testing, the real 

contact stresses were calculated, yielding values of about 25 MPa. This value corresponds 

to the upper limit measured in hip and knee joints when testing different loading axes [11]. 

These stress levels are responsible for increased and localized wear and may lead to 

premature failure of the joints. 

The tests with immersion in HBSS resulted in very low friction coefficient values, as 

shown in Fig.2a. After a relatively high value of µmax = 0.12 during the initial running-in 

period, µ decreased rapidly to 0.01-0.02 during the first 3 min, as can be seen in the inset 

graphic of Fig. 2a. After 23 h, the friction slightly increased to 0.04-0.05 until the end of 

the 500,000 cycles test. Similar results were obtained for smooth fine grained diamond 

homologous contacts in Ringers’ solution [3]. The typical µ values for human hip joints are 

in the range 0.025 to 0.05 for a perfect functioning [12].  

The SEM micrograph in Fig. 2b is a representative microstructure of the NCD film 

after the long-run tribotesting and helps elucidating the friction behaviour. The nominal 

NCD surface roughness is responsible for the relatively high initial friction values of all 

tests. After a running-in period, the NCD clusters are gradually flattened and a smoother 

morphology appears. This abrasive wear mode promoted by a self-polishing mechanism 

allows the surface roughness to decrease during the sliding test from 194 nm, for the as-

deposited coating, to 141 nm for the worn film, as the AFM micrographs of Fig. 3a and 3b 



III.2. Biotribological performance of NCD coated Si3N4 – bioglass composites 

 

119 

show. 

 

Fig. 2 - a) Friction coefficient evolution for HBSS lubricated tribotest and b) worn morphology of a 

PP plate specimen after wear testing in HBSS; c) friction coefficient evolution for FBS lubricated 

tribotests without fluid substitution and d) with periodic substitution. 

 

When using the FBS fluid, the friction coefficient follows closely the evolution of the 

tests with HBSS up to 1800 m. Beyond this point, µ increases steadily and attains a value 

of µst ~ 0.19 at the end of the test, as can be seen in Fig. 2c. Such increment was primarily 

attributed to the degradation of the FBS lubricant. It is well known that FBS degrades over 

time with the precipitation of calcium phosphate that contributes to the observed increase 

of friction and possibly wear [13]. This effect on µ was verified by performing another test 

with periodic substitution of the FBS lubricant. After a running-in period, µ increased from 

0.06 to about 0.09 until each replacement of the FBS fluid, after which it decreased to the 

minimum of ~0.06. The plot in Fig. 2d clearly exemplifies this behaviour. Moreover, 
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higher friction values are usually measured when changing the lubricant from a saline 

solution to a serum, due to the effects of proteins attaching to the bearing surfaces [14]. 

This will contribute to increase the surface roughness on the otherwise NCD polished 

zones, leading to a mixed lubrication regime. An increased friction coefficient due to 

deficient full fluid lubrication in the entire contact region is thus expected. Such behaviour 

was also observed in the present work since FBS lubricated tests always resulted in higher 

friction levels than tests with HBSS. Even when the serum was periodically replaced, the 

friction coefficient was never as low as the one measured for the tests with HBSS as it is 

reported for alumina and UHMWPE [14].  

The morphology of worn NCD coatings under FBS lubrication is similar to the one 

observed for the HBSS tests, with a reduction in RMS from 296 nm to 218 nm in the plate. 

When considering these high RMS values and the low friction coefficient values obtained, 

it is clear that improvements are expected if the surface roughness of NCD coated 

biocomposite can be reduced to a desirable minimum of 10-30 nm. 

 

3.3. NCD wear rates 

 

Material loss by wear of the NCD coated biocomposite revealed itself immeasurable 

using a conventional gravimetric method, because of insufficient sensitivity of the micro-

balance available. This is a problem faced by other researchers working with low wear 

volumes, which generally quote only the wear of ball-shaped pins by direct measurement 

of imprinted circular wear scars [3]. In the present work, the wear volume was determined 

using the AFM Bearing Function described in the Experimental section. The plot in Fig. 3c 

shows the height histograms for a FBS tested sample before and after a long-run sliding 

test and the corresponding bearing areas are represented in Fig. 3d. For the worn surface 

there is a larger concentration of area at lower values of depth, Fig. 3c. A steeper slope is 

also observed in the bearing area curve of the worn NCD film relative to that of the 

untested coating, Fig. 3d. These features are indicative of the expected surface flattening 

caused by wear. 

The wear volume for a given AFM scan area is the difference between the material 

volumes obtained for 100% bearing area, prior to and after tribological testing. It can also 

be indirectly obtained from the graphic of Figure 3c, by taking the height at which the 
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histogram of the worn curve ends and by calculating the bearing area and thus the wear 

volume of the untested surface corresponding to this height. Extrapolating for the entire 

wear track area, the wear volume and wear rates were calculated.  

 

Fig. 3 - AFM topographic image of a plate specimen: a) before wear testing and b) after testing in 

HBSS fluid for 500,000 cycles. AFM analysis of a pin surface before and after tribological testing 

in FBS with fluid substitution: c) surface height histograms of bearing area, and d) corresponding 

values of bearing area 

 

The wear rates of the pins are in the range 10-10 to 10-9 mm3⋅N-1m-1. They correspond 

to very mild wear regimes and are about one order of magnitude smaller than those 

measured in unlubricated sliding of homologous NCD contacts [15]. The lower substrate 

deposition temperature (550ºC) relatively to one of those works [15], generally accounts 
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for a more graphitic character of the NCD films and decreased hardness. Nevertheless, the 

present results indicate that the wear resistance is not detrimentally affected. Met et al. [3] 

measured wear rates for smooth diamond coated titanium pins that are similar to those 

obtained in the present HBSS lubricated tests. In the cited work, the diamond coating had a 

much lower surface roughness (RMS = 14 to 33 nm) so if an equally smooth NCD surface 

was used in the present work, the wear resistance of the diamond coated biocomposite 

could be further enhanced. 

Tribotests using FBS lubrication revealed wear rates of 10-9-10-8mm3⋅N-1m-1, one 

order of magnitude higher than those for the HBSS (~10-10 mm3⋅N-1m-1). Such behaviour 

could be explained by the above cited protein surface attaching effect. This regime is 

characterized by regions with localized contacts between the opposing surfaces interleaved 

with zones where the fluid prevents direct contact. Therefore, larger contact stresses than 

for HBSS tests are expected, leading into increased wear. In the present system, the 

amount of debris generated by wear is too small to induce side-effects if used in hip joint 

implants. Extrapolating the wear rates (k=10-10-10-8mm3⋅N-1m-1) to a 28 mm diameter 

femoral head, using the 25 MPa load and the conventional 1 million cycles/year, the wear 

depth is in the range 0.2 µm to 4.4 µm. This corresponds to a total wear volume of 0.9 and 

11 mg, respectively, over a 10 year period, which is much lower than the 400 mg to 500 

mg expected for wear of UHMWPE [16]. Also, NCD is known as a biocompatible material 

and unless the film would break off, no problems would be caused by the minimal reported 

wear rates. 

 

4. Conclusions 

 

A Si3N4-bioglass composite was coated with a continuous NCD film at a substrate 

temperature of 550ºC using HFCVD. 

Very low friction coefficients of 0.01-0.02 were measured using HBSS lubricated pin-

on-flat self-mated tests with NCD coated biocomposite. FBS lubricated tests result in 

increased friction coefficients (0.06-0.09) due to protein attaching effect. If FBS is not 

periodically replaced, serum degradation further increases friction levels. 

Steady state wear occurs by gradual flattening of NCD agglomerates due to self-

polishing. AFM was used to assess the wear rates of pins and plates, based on a new 
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method for volume loss appraisal, yielding very mild wear regimes (k ~10-10 mm3·N-1m-1) 

for HBSS. Wear rates of FBS lubricated tribotests are larger (k ~10-9 - 10-8 mm3·N-1m-1) 

due to a mixed lubrication regime causing larger localized stresses.  

The friction behaviour and wear resistance of the NCD coated Si3N4 –biocomposite 

assessed in this screening study support that this new material has potential for 

biotribological purposes. A more systematic study involving low roughness NCD coated 

biocomposites should be conducted on joint simulators to provide evidence for their future 

clinical use.  
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Abstract 

 

NCD films deposited on silicon nitride (Si3N4) ceramic substrates by hot-filament 

chemical vapour deposition (HFCVD) technique were biotribologically assessed under 

lubrication of Hank’s balanced salt solution (HBSS) and dilute fetal bovine serum (FBS), 

using a pin-on-flat test configuration. The reciprocating tests were conducted under an 

applied load of 45 N during 500,000 cycles using a NCD coated Si3N4 biocompatible 

ceramic substrates with two different surface preparations: i) polished (P) and ii) polished 

and plasma etched (PE). Friction coefficient values of 0.02 and 0.12 were measured for the 

P samples under HBSS and FBS lubrication, respectively. PE samples showed increased 

adhesion relatively to P ones and withstood 6 km of sliding distance without any evidence 

of film fracture but with friction coefficients of 0.06 for HBSS and 0.10 for FBS 

experiments. Evidences of protein attachment and salt deposition were found, being the 

responsible for the enhancement of friction under FBS relatively to HBSS. The wear rates 

measured for the NCD films are in the range of ~10-9-10-8 mm3·N-1m-1, values that are 

similar to the best values found for ceramic-on-ceramic combinations.  

 

Keywords: Nanocrystalline; Diamond film; Tribological characterization; Silicon nitride (Si3N4) 
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1. Introduction 

 

“Total hip replacement is one of the most challenging types of human implants from 

the materials science’s point of view” [1]. In fact, the selection of materials for artificial 

hip joint is not always straightforward and mechanical properties (strength, elasticity, 

toughness and ductility), tribological features (low friction and low wear), biocompatibility 

and corrosion resistance are just some aspects that must be considered [2,3]. For hip 

prosthesis, the femoral head is usually made of metallic alloys (stainless steel, CoCr or 

some Ti-based alloys) or ceramics (Al2O3 or ZrO2). The acetabular cup (socket) is made of 

ultra-high molecular weight polyethylene (UHMWPE), alumina (Al2O3) or zirconia 

(ZrO2), or CoCr alloys. In this kind of prostheses, one of the main causes of failure is the 

production of wear debris [1,3-6], which enhance the wear rate through a three-body wear 

mechanism when deposited between the two bearing surfaces. These residues are generally 

responsible for osteolysis and aseptic loosening of the implant [4-6].  

The search for new materials that potentially improve the wear resistance and 

minimize the generation of harmful debris of artificial hip joints has been an objective in 

the past few years. Coating the implants with protective functional films may be a 

successful way of reducing wear and corrosion of the components of hip prosthesis and 

avoid adverse biological reactions with the surrounding tissues. Nanocrystalline diamond 

(NCD) coatings have the required properties to play this role. The super hardness of this 

film ensures low wear rates while the innocuous nature of any wear debris prevents 

inflammatory responses. In this work, silicon nitride (Si3N4) ceramics were used as 

substrate material due to the well-proven excellent adhesion of NCD to this ceramic [7]. A 

screening analysis is performed using pin-on-flat tribological tests under lubrication with 

simulated physiological fluids: Hanks’s balanced salt solution (HBSS) and dilute fetal 

bovine serum (FBS). The experiments are self-mated, considering that articulating 

surfaces, acetabular cup and femoral head, can both be coated with NCD films.  
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2. Experimental 

 

A Si3N4 ceramic, whose composition and preparation has been described elsewhere 

[8], was used as substrate material. Square plates (10x10x3 mm3) and cylindrical and flat 

ended pins (diameter = 4 mm; thickness = 3 mm) were polished with colloidal silica until a 

mirror-like surface was obtained. Two sets of samples were used in the tribological tests: 

one composed only by polished samples (P) and other comprising polished and 

tetrafluoromethane (CF4) plasma etched substrates (PE). Prior to NCD deposition, all the 

substrates were scratched for 1 h in an ultrasonic suspension with 1 µm diamond powder in 

n-hexane (1 g/100 ml), followed by ultrasonic cleaning with ethanol for 10 min. 

NCD films were grown by hot-filament chemical vapour deposition (HFCVD) 

technique using an Ar-H2-CH4 gas mixture and the following conditions: Ar/H2 = 0.1, 

CH4/H2 = 0.04, tungsten (W) filament/substrate distance = 5 mm, filament temperature = 

2300 ºC, substrate temperature = 750ºC, total gas flow = 50 ml·min-1, total pressure = 50 

mbar and deposition time = 22h.  

The tribological testing of self-mated NCD coatings on the Si3N4 ceramic was 

performed in a reciprocating sliding tribometer (Plint). The oscillating arrangement 

consisted on a pin-on-flat geometry and tests were performed under lubricated conditions 

at room temperature. The liquids used were: i) Hank’s balanced salt solution (HBSS, 

Cambrex, Belgium) containing 8g·L-1 NaCl, 1g·L-1 glucose, 0.4g·L-1 KCl, 0.35g·L-1 

NaHCO3, 0.09g·L-1 Na2HPO4.7H2O and 0.06 g·L-1 KH2PO4 as main components; and, ii) 

fetal bovine serum (FBS, Cambrex, Belgium) diluted to 50% to contain 18.5 mg·ml-1 

protein, complying with synovial fluid plus 0.2wt% of a biocide (NaN3, Merck, Germany). 

A constant stroke of 6 mm and frequency of 1 Hz were imposed to give a sliding 

velocity that lies in the range typically found for a working hip joint [9]. The tests lasted 

for 500,000 cycles, giving a total sliding distance in the order of 6 km, under 45N of 

normal load, the friction coefficient being continuously recorded. The tests with HBSS 

lubrication were uninterrupted while the experiments using FBS needed to be periodically 

stopped to replace the liquid and minimize serum degradation. 

The morphology of the NCD coated ceramics and of the worn surfaces were observed 

by scanning electron microscopy (SEM) in order to characterize the microstructure and the 
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wear processes. This analysis was complemented by atomic force microscopy (AFM), used 

to assess topographical features and wear. Wear rates were calculated using the AFM 

bearing function for volume loss quantification data [10].  

 

3. Results and discussion 

 

A parameter of decisive importance in NCD coatings relates to the surface 

conditioning prior to the deposition as it will affect the adhesion, the surface roughness and 

even the growth rate [7]. The SEM micrographs in Fig. 1 exemplify the microstructure of 

as-deposited NCD films on polished (P), Fig. 1a, and on etched (PE) ceramics, Fig. 1b. 

The lower surface roughness of the P samples relatively to the PE ones was confirmed by 

AFM analysis, Fig. 1c and 1d. The former have RMS values in the range 70 nm to 130 nm 

while for PE samples, the RMS values lye between 200 nm and 400 nm due to the CF4 

etching. The insets of Figs. 1a and 1b also reveal differences in the growth rate of NCD, 

due only to distinct surface conditioning as the deposition conditions are the same. For P 

samples the measured growth rate is about 0.6 µm·h-1 while it is nearly the double (~ 1 

µm·h-1) for PE plates and pins. Furthermore, P samples have a smaller crystallite size as it 

is shown by the fracture surface of both types of NCD films, insets of Fig. 1a and 1b.  

For P samples, after testing with both liquids, HBSS and FBS, cracks perpendicular 

and parallel to the sliding direction were detected when viewing samples under the SEM, 

Fig.2. However, this fracture of the NCD film was not perceptible on the friction 

coefficient evolution since it was not observed any abruptly change during the pin-on-flat 

tests. The fracture of the films at nominal loads as low as 25 MPa and 36 MPa for FBS and 

HBSS, respectively, is due to low adhesion that induces interfacial failure and finally 

breakage. In other to enhance surface interlocking, the Si3N4 grains were chemically 

attacked by a radio frequency induced CF4 plasma, increasing the surface roughness at the 

micrometer level. The adhesion improvement allowed the tribological tests, using the PE 

samples, to run the entire 500,000 cycles without evidence of fracture, as was latter 

confirmed by SEM and AFM analysis. Similar NCD coatings on substrates optimized 

could withstand up to 3.5 GPa nominal loads in dry sliding self-mated experiments using a 

ball-on-flat geometry [7]. 
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Fig. 1 - SEM micrographs of NCD coated samples with inset micrographs of fracture cross-section 

showing the thickness of the NCD films for: A) P samples; B) PE samples. AFM micrographs 

evidencing the surface roughness differences between P (C) and PE (D) NCD coated substrates. 

 

 

Fig. 2 - SEM micrograph of the wear track showing the cracks of the film deposited on P samples. 
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The large surface roughness of the NCD films grown on the PE substrates results in larger 

initial friction peaks than those measured for NCD deposited on P samples, Fig. 3, due to 

truncation of the rougher surface asperities. Nevertheless, during the running-in stage, 

there are little differences between the coefficient of friction of the NCD coated PE and P 

samples when tested under the same physiological fluid, as is illustrated by the graphs in 

Fig. 3. For both sets of samples, the steady state friction value is always larger when the 

tribological tests are carried out with the FBS liquid. This effect is thought to be due to a 

protein attachment effect [11,12]. In order to clarify this point, a scanning electron 

microscope operating at 1 mbar total pressure, was used to observe both pin and plate of a 

FBS lubricated tribological testing. This technique allows the microstructural and chemical 

characterization without the need of an electrically conductive coating that would latter 

mask the AFM data, where a well-cleaned surface is needed in order to obtain good quality 

wear data. The SEM micrographs shown in Fig. 4, illustrate the morphology of a NCD 

coated PE sample after tribological testing with FBS. Figs. 4a and 4b allow to compare the 

as-tested and cleaned surfaces of the worn tracks of the NCD plates. An extensive film 

covering the wear zone, Fig. 4a, contrasts with the clean surface in Fig. 4b where only the 

flat plateaus of the NCD clusters and unfilled valleys are observed. The inset of Fig. 4a 

details such apparently deformed layer of material that covers the NCD surface. In Fig. 4c, 

a higher magnification of those deposits is depicted and the corresponding EDS analysis is 

shown in Fig. 4d, evidencing the presence of carbon (C), nitrogen (N), oxygen (O), and 

sodium (Na) as major components. The C is mostly from the NCD film, whereas N and O 

are possibly from the aminoacids that constitute the proteins structure. Sources of Na are 

the biocide (0.2wt% NaN3) but, most likely, the aqueous saline solution that constitutes the 

serum base. Therefore, there is direct evidence of serum material attachment, proteins and 

salts, on NCD surface that can explain the higher coefficient of friction verified with the 

use of FBS fluid. This trend has been already observed with other materials combinations, 

namely alumina-on-alumina and alumina-on-UHMWPE [11-13]. The reasons for this 

increase are not fully understood because for metal-on-metal bearings, the friction 

coefficient is smaller when using protein-containing fluids than when using protein-free 

ones. Some explanations are based on wetting differences, as proteins tend to adsorb more 

strongly on hydrophobic surfaces producing more stable adsorbed layers [12]. Alumina is 

less hydrophobic than metals and thus proteins are less stable and may contribute to the 
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increase of friction. Another possible explanation is the fact that adsorbed proteins on 

ceramics surface act to increase the surface roughness of the originally smooth ceramic 

leading to a predominantly mixed lubrication regime and therefore to an increase of the 

friction coefficient [11]. 

 

Fig. 3 -  Evolution of the friction coefficient of NCD self-mated contacts tested under HBSS (a and 

c) and under FBS (b and d). Inset charts evidence the effect of increased surface roughness of PE 

samples (c and d) relatively to P ones (a and b) on the running-in stage of the tribological tests. 
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Fig. 4 - SEM micrographs of NCD coated PE substrates after tribological testing under FBS 

showing the presence of a surface smeared film (a and c) rich in N, O and Na as detected by EDS 

(d) and after cleaning in acetone and ethanol (b). 

 

The tribological tests of NCD coated P and PE samples assessed values of 0.02 and 

0.06, respectively, for the long-term friction coefficient under HBSS lubrication and 0.12 

and 0.10 when using FBS as can be seen in Fig. 3. These values are slightly higher than 

values found for bearings for artificial hip joints in the presence of bovine serum, namely 

ceramic-on-ceramic and ceramic-on-metal (0.002-0.07), but are considerably lower than 

the values for metal-on-metal combinations (0.22-0.27) [14]. The main reason for the 

observed differences between the present NCD/NCD tribosystem and those involving 

ceramics lies on the high starting surface roughness values when compared to 5-10 nm for 

the ceramics [14]. However, as already explained, a compromise between surface 

roughness and adhesion had to be found for NCD coatings. In the case of the metallic 

bearing surfaces, the relatively high friction coefficients are related to corrosion induced 
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surface modification. 

 

Fig. 5 - Wear coefficients of the self-mated NCD coated P and PE substrates tested under HBSS 

and FBS fluids. 

 

It is worth mentioning that for a given couple, low friction does not imply low wear 

and vice-versa [13]. For example, NCD coated PE substrates undergo higher friction in 

FBS but lower wear when compared to HBSS lubrication, Fig. 5. A different behaviour is 

seen for NCD coated P samples where higher friction corresponds to higher wear for FBS. 

The only significant differences between the two diamond films are the thickness and the 

roughness, so it is believed that smooth surfaces are more exposed to protein attachment 

effects than rough surfaces. In fact, the latter have more pronounced peaks and valleys, and 

proteins can remain partly below the surface where wear is taking place. 

The bar graphs in Fig. 5 also show that NCD coated PE samples present higher wear 

coefficients than NCD coated P substrates, due to the rougher surface. For both samples, 

the wear of the plates is always higher than the wear of pins as a result of a fatigue effect. 

The wear coefficients measured for NCD-on-NCD bearings are in the order of ~10-9-10-8 

mm3·N-1m-1, values that equal or are better than the wear factors assessed in similar test 

conditions for metal-on-metal (~10-7 mm3·N-1m-1), UHMWPE-on-metal (~10-7 mm3·N-1m-

1) and ceramic-on-ceramic (~10-8 mm3·N-1m-1) contacts [14]. Another significant advantage 

of the proposed coatings for these applications is the non-inflammatory nature of diamond 
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wear debris.  

 

4. Conclusions 

 

Pin-on-plate tribological experiments with self-mated nanocrystalline diamond (NCD) 

coated surfaces allowed discriminating the importance of the used physiological media and 

the substrate surface preparation. In the present screening tests, the measured friction 

coefficient values varied in the range of 0.02 to 0.06 for the Hank’s balanced salt solution 

(HBSS) and up to 0.10-0.12 for those tested under fetal bovine serum (FBS), the polished 

substrates (P) substrates yielding lower friction than the polished and CF4 plasma etched 

(PE) ones under HBSS lubrication. Evidences of protein attachment and salt deposition 

were found and related to the enhancement of friction under FBS relatively to HBSS. The 

higher surface roughness of the coated PE samples diminished the protein attachment 

effect compared to the NCD coated P ones. For nominal applied stresses of 25 MPa to 36 

MPa, the NCD films undergo an ultra-mild wear regime (k~10-9-10-8 mm3·N-1m-1). 

Moreover, a non-negligible aspect is the innocuous nature of any generated wear debris. 

The tests reported on the present work contribute only to a screening analysis and further 

tests conducted in hip-joint simulators are needed to confirm the ability of NCD as a new 

coating for biotribological applications. 
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IV.1. Introduction 

 

The most important feature of a material to be inserted into the human body is the 

non-toxicity. Biomaterials should not cause the death of surrounding cells or cause any 

adverse reactions. Biocompatibility studies of the NCD films are thus the subject of this 

chapter. 

 

Section IV.2. describes the in vitro cell cultures performed on the surface of NCD 

films using the fibroblast cell line L929 and human gingival fibroblast cells. 

 

In section IV.3. the biocompatibility of NCD is assessed by cell cultures of MG63 

osteoblast-like cells and human bone marrow. 
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Abstract 

 

Objective. The goal of the present investigation was to study the basal 

biocompatibility of nanocrystalline diamond (NCD) using cytotoxicity tests. Coating of 

dental instruments, like scalpels and dental burrs, with NCD is envisaged, among other 

biomedical applications. 

Methods. NCD films were grown by hot-filament chemical vapor deposition 

(HFCVD) technique, using adequate parameters. Two cell culture systems were used to 

evaluate the biocompatibility of NCD coated Si3N4 samples: a mouse cell line of 

continuous fibroblastic cells (L929) and human fibroblasts from gingival tissue. MTT 

assay allowed the estimation of cell viability/proliferation, while scanning electron 

microscopy (SEM) and confocal laser scanning microscopy (CLSM) assessed the 

observation of cell spreading and morphology. 

Results. No deleterious or cytotoxic responses were observed for the entire culture 

times of L929 cells and human fibroblasts. Some differences take place between the two 
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cell types: L929 cells denote a lower cytoplasm expansion and a heterogeneous spreading 

degree but a higher proliferation rate. Human gingival cells showed a more homogeneous 

cytoplasm spreading and a typical flattened elongated morphology. After few days, the 

NCD coating was completely covered with continuous cell layers of parallel aligned cells. 

The morphological and growth events observed on the coatings were representative of the 

typical features of the two cell populations tested. The nano-topography of NCD coatings, 

like in other nanophase materials, mimics constituents of living systems, thus improving 

biocompatibility. 

Significance. The cellular biocompatibility of the NCD coatings, allied with the 

excellent physicochemical performance, anticipates a wide range of applications in the 

dental biomedical field.  
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1. Introduction  

 

Nanocrystalline diamond (NCD) films have attracted the attention of researchers from 

different areas and therefore have been object of several studies in the latest years. NCD is 

a unique material presenting the exceptional properties of diamond combined with 

smoother surfaces, higher toughness, lower friction coefficient, wide band gap and higher 

electron emission efficiency [1]. Thus, a wide range of applications is anticipated for NCD, 

namely in the biomedical field. Implants and surgical instruments for dentistry, cardiology, 

orthopedics, ophthalmology, arterial and venous disorders repairing, as also biosensors and 

scaffolds for tissue engineering, are just some examples where the use of NCD is 

particularly innovative [2-9]. NCD films exhibit the highest resistance to bacterial 

colonization when compared to medical steel and titanium [10], a relevant issue since 

bacterial infection resulting from implantation still keeps as a significant clinical problem. 

Furthermore, it is known that the incorporation of nano-phase topography on the implant 

surface has a positive effect on the osteoblast metabolic activity and reduces the chance of 

rejection [11-14]. 

Dental applications may also take advantage of NCD films. Particularly, the NCD 

coating of surgical and dental instruments, like scalpels and dental burrs, may improve the 

performance and lifetime of tools, as well as its biocompatibility. Diamond coated dental 

burrs are an excellent option to substitute the conventional ones [15-17], which are made 

by embedding synthetic diamond particles into the working surfaces using a binder matrix 

material containing metallic ions. Those ions are responsible for the contamination of oral 

tissues, inflammatory responses, tissue disturbance and metal artefacts on magnetic 

resonance images [5, 15, 16, 18, 19]. The deposition of a diamond coating without metallic 

binder between the crystals is extremely helpful on reducing the contamination related 

problems. Furthermore, diamond coated burrs can work with no signs of deterioration over 

than 1000 operations while the conventional burrs are ineffective after 30-60 operations 

[16]. Until now, in literature it was only reported the chemical vapor deposition of 

microcrystalline diamond (MCD) and, to the best of our knowledge, there are no 

references about the use of NCD on dental burrs. However, NCD may additionally 

improve the burr performance due to its lower surface roughness and higher toughness 
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when compared to MCD [1]. 

NCD films can be deposited in several types of substrates used in biomedical 

applications, such as silicon [7, 8], stainless steel [10, 20], cobalt chromium alloys [21] and 

titanium alloys [6, 22, 23]. An advantageous substrate is silicon nitride (Si3N4) because it 

presents a thermal expansion coefficient very close to the one of diamond [24], ensuring 

good film adhesion, a crucial requirement for biomedical applications. Si3N4 is also a 

biocompatible ceramic and possesses the mechanical resistance necessary to work as 

substrate body of coated materials for biomedical applications [25, 26]. 

According to the International Organization for Standardization (ISO) guidelines, the 

biological evaluation of medical devices should be conducted with continuous cell lines 

due to their reproductive growth rates and biological response [27, 28]. In this context, 

permanent fibroblast cell lines (i.e. HeLa cells, L929 cell line) have been extensively used. 

In addition, human cell culture systems have been established from primary cells expanded 

from adequate targeted biological tissues in order to simulate more closely the in vivo 

situation and predict biological reactions to materials when placed into or on body tissues 

[29]. In this work, two cell culture systems were used to evaluate the biocompatibility of 

NCD coated Si3N4 samples: a mouse cell line of continuous fibroblastic cells (L929) and 

human fibroblasts from gingival tissue. Cell behavior was evaluated regarding the cell 

adhesion process on the NCD films, cell viability/proliferation and the pattern of cell 

growth.  

 

2. Materials and methods 

 

2.1. Materials preparation and characterization 

 

Disc shaped Si3N4 substrates (diameter=10 mm, thickness=3 mm) were manufactured 

according to a processing route detailed in a previous work [24]. Before deposition, the 

Si3N4 substrates were polished with 15 µm diamond slurry and 1 µm diamond powder 

seeded for 1h in a n-hexane suspension in (1 g/100 ml) by ultrasonic agitation. The Si3N4 

discs were coated by NCD using the hot filament chemical vapor deposition (HFCVD) 

method. A Ar-CH4-H2 gas mixture was used with volume ratios of Ar/H2=0.1 and 

CH4/H2=0.04. Other deposition parameters were as follows: P=5kPa (total gas pressure); 
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F=50 ml·min-1 (total gas flow); Ts=750ºC (substrate temperature); Tf=2300ºC (filament 

temperature); td=2h (deposition time). 

The as-grown NCD films were observed by atomic force microscopy (AFM, Digital 

Instrument Multimode IIIa) and µ−Raman spectroscopy (Jobin-Yvon T64000, Ar+ 514.5 

nm line). 

Before being seeded with the fibroblastic cells, the NCD coated Si3N4 samples were 

washed with ethanol in an ultrasonic cleaner and sterilized by autoclaving. 

 

2.2. Cell cultures 

 

2.2.1. Fibroblast cell line L929 

 

The fibroblast cell line L929 was cultured in α-Minimal Essential Medium (α-MEM) 

containing 10% fetal bovine serum, 50 µg.ml-1 ascorbic acid, 50 µg.ml-1 gentamicin and 

2.5 µg.ml-1 fungizone, at 37ºC, in a humidified atmosphere of 5% CO2 in air. For 

subculture, the cell monolayer was washed twice with phosphate-buffered saline (PBS) and 

incubated with trypsin – EDTA solution (0.05% trypsin, 0.25% EDTA) for 5 min at 37ºC 

to detach the cells. Cells were re-suspended in culture medium and cultured (104 cells.cm-

2) for 8 days in control conditions (absence of materials, standard plastic culture plates) and 

on the surface of the NCD films in the “as-received” condition. The medium was changed 

every 2-3 days. Cultures were evaluated for cell viability/proliferation at days 1, 4 and 8 

(MTT assay) and observed by scanning electron microscopy (SEM) and confocal laser 

scanning microscopy (CLSM), to assess cell morphology during cell adhesion to the 

substrate (1, 6, 12 and 24 h) and throughout the culture period. 

 

2.2.2. Human gingival fibroblast cells 

 

Primary cultures were obtained by culturing explants of gingiva from a patient 

undergoing a third molar extraction for orthodontic reasons. Informed consent to use this 

biological tissue, that would be otherwise discarded, was obtained. The tissue was washed 

in phosphate buffer saline (PBS), cut into small pieces and cultured in the same 

experimental conditions as those used in the culture of L929 cells. Cell outgrowth from the 
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tissue explants was observed 1 to 2 weeks after the beginning of the incubation. Cultures 

showed a high proliferation rate and reached confluence approximately 1 week after the 

observation of the first cells. Primary cultures were passaged (trypsin-EDTA solution) after 

reaching 70 – 80% confluence. First-passage human gingival (HG) cells were cultured (104 

cells.cm-2) for 14 days in control conditions (absence of materials, standard plastic culture 

plates) and on the surface of the NCD films in the “as-received” condition. The medium 

was changed every 2-3 days. Cultures were characterized for cell morphology and 

proliferation, as described above.  

 

2.3. Biochemical and microscopy assays 

 

2.3.1. Cell viability/proliferation 

 

MTT assay (reduction of 3-[4,5-dimethylthiazol-2-yl]–2,5-diphenyltetrasodium 

bromide (MTT) to a purple formazan reaction product by living cells) was used to estimate 

cell viability/proliferation [30, 31]. Cultures were incubated with 0.5 mg.ml-1 of MTT for 

the last 4h of the culture period tested. Subsequently, formazan salts were dissolved with 

dimethylsulphoxide (the seeded material samples were previously transferred to a new 

plate) and the absorbance (A) was measured at 600 nm in an ELISA reader. The results 

were normalized in terms of macroscopic area and expressed as A.cm-2. 

 

2.3.2. SEM and confocal microscopy 

 

For SEM/EDS observation (JEOL JSM 6301F; voyager XRMA System, Noran 

Instruments), samples were fixed with 1.5% glutaraldehyde in 0.14 M sodium cacodylate 

buffer (15 min, pH 7.3), then dehydrated in graded alcohols, critical-point dried, and 

sputter-coated with gold. 

For CLSM assessment, samples were fixed in 3.7% paraformaldehyde (10 min). Cell 

cytoskeleton filamentous actin (F-actin) was visualized treating the cells with Alexa Fluor 

488 Phalloidin (1:20 dilution in PBS, 1 h). Cultures were counterstained with propidium 

iodide (1 µg.ml-1) for cell nuclei labelling. Labelled cultures were mounted in Vectashield® 

and examined with a Leica SP2 AOBS (Leica Microsystems) microscopy. 
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2.4. Statistical analysis 

 

Triplicate experiments were performed. The results are shown as the arithmetic mean 

± the standard deviation (±SD). Analysis of the results was carried out using the Student’s t 

– test, with a significance level of p<0.05. 

 

3. Results  

 

3.1. Characterization of the NCD as-grown coatings 

 

The HFCVD deposition method enabled a NCD growth rate of about 1µm.hr-1, 

allowing the coating of Si3N4 discs with a 2µm film formed by tiny agglomerates of 

diamond nanocrystals (Fig.1a). The AFM 100x100µm scans on the surface assessed a root-

mean-square value (RMS) of 68 ± 5 nm. The NCD signature is demonstrated by the µ-

Raman spectrum in Fig.1b. Here, a set of typical bands are visible: i) the 1332 cm-1 

diamond band; ii) the graphitic D (1360 cm-1) and G (1560 cm-1) bands; iii) the trans-

polyacetylene 1140 cm-1 and 1480 cm-1 shoulders; iv) the 1228 cm-1 nanophase diamond 

band.  

 

3.2. Biocompatibility of the NCD coatings 

 

The NCD films were seeded with a permanent fibroblast cell line (L929) and with HG 

cells (first subculture). The cell behavior was assessed regarding morphology and growth 

features. 
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Fig. 1 - AFM scan (A) and µ-Raman spectrum (B) of the as grown NCD films. 

 

3.2.1 Cell morphology and pattern of cell growth 

 

Upon seeding, L929 and HG fibroblast cells contacted with the NCD film within 

minutes and expansion of the cytoplasm was already visible after 1 h of culture time, Figs. 

2A and 3A (insets), respectively. After few hours, the nucleus was evident and cells 

presented already an elongated morphology, although coexistence of cells in different 

stages of spreading could be observed, Fig. 2B and C (L929 cells, 6 h) and Fig. 3A (HG 

cells, 12 h). In 24-h cultures, cells showed a fibroblast-like appearance with cytoplasmic 

expansions and cell-to cell contact, as observed by CLSM and SEM, Fig. 2D-F (L929 

cells) and Fig. 3B and C (HG cells). Both cell types presented a tendency for a parallel 

alignment during the cell adhesion process (Figs. 2D and 3B). HG cells showed a higher 

degree of spreading and a more elongated appearance than L929 cells, as evident in Fig. 4 

which compares the cell morphology at 24 h. SEM observation of the seeded materials at 

longer incubation times showed a high proliferation rate, as suggested by the presence of a 

flattened sheet of continuous multilayers, presenting a parallel alignment, after 

approximately 1 and 2 weeks, respectively for L929 and HG cells. Fig. 5 is representative 

of this behavior regarding HG cells. 
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Fig. 2 - Morphologic appearance of L929 fibroblast cells seeded on NCD coatings. SEM 

observations at 12 h (A; inset: 1 h) and 24 h (D).CLSM of cells stained for actin filaments and 

nucleus at 6 h (B, C) and 24 h (E, F).  

 

The morphological events observed during cell adhesion and spreading on the NCD 

coatings and the subsequent pattern of cell growth described above were similar to those 

found in the cultures performed on the standard tissue culture plates (control cultures, not 

shown). 

 

3.2.2 Cell viability/proliferation  

 

Results regarding cell viability/proliferation (MTT assay) of control cultures and 

seeded NCD films are shown in Fig. 6. L929 fibroblast cells growing on the NCD samples 

presented a high proliferation rate throughout the 8 days of culture time (A = 1.7, at day 8). 

HG cells showed a lag phase during the first week, followed by an exponential cell growth 

(A = 1.5, at day 14). At early incubation times, i.e. day 1 (L929 cells) and day 3 (HG cells), 

values of MTT reduction were similar in control cultures and seeded material samples, 
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suggesting that identical number of cells attached to the standard tissue culture plate and 

NCD films. Subsequently, cells growing in the material samples presented a slightly higher 

proliferation rate, but differences did not attain statistical significance. 

 

 

Fig. 3 - Morphologic appearance of human gingival fibroblast cells seeded on NCD coatings. SEM 

observations at 12 h (A; inset: 1 h) and 24 h (B). CLSM observation at 

 

4. Discussion 

 

Diamond is one of the allotropic forms of carbon, which is the basis of all tissues of 

plants and animals. For this reason, carbon is likely to exhibit excellent compatibility with 

tissue and capable of close binding with human cells [32]. Despite the biocompatibility of 

diamond, and more specifically of CVD diamond, has already been proved in literature [5, 

33-39], similar studies on nanocrystalline diamond (NCD) are needed as this coating 

differs in its structural composition, grain size and morphology. Raman spectroscopy 

analysis, Fig.1b, revealed the composite nature of the present hot-filament grown NCD 

films attested by the occurrence of the diamond peak combined with the graphitic and the 

typical bands of nanometric diamond (ν=1228 cm-1 [40]; ν=1140 and 1480 cm-1 [41, 42]). 

Also, NCD films are formed by diamond crystals of nanometric size, usually between 10-

100 nm [43, 44]. The crystallite size of the present NCD films has an average value of 28 

nm, as estimated by XRD in a previous work [45]. The higher value of the surface 

roughness of the NCD films (RMS~68 nm) reveals the overlapped effect of the substrate 

surface finishing with the intrinsic value of the NCD agglomerates.  

As far as we know, only four publications report on the NCD coatings 
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biocompatibility [3, 4, 46]. Other authors argue that this feature can be extrapolated from 

the behavior of nanometric powders [2, 20], but the purity, defect concentration, 

amorphous carbon content, specific surface area and morphology is quite different from 

those of a NCD coating. Three of the published works with NCD coatings are very 

specific: i) Okrój et al. [3] demonstrated that NCD coated medical steel exhibits a higher 

level of resistance to blood platelet adhesion and thrombus formation than the bare 

material; ii) Xiao et al. [4] implanted UNCD coated Si retinal microchips in rabbit and 

concluded from their bioinertness and biostability; and iii) S. Mitura et al. [2] reported that 

no symptoms of rejection occurred when NCD coated orthopedic screws were used in the 

healing of a femoral bone fracture, contrarily to standard medical steel.  

The goal of the present investigation was thus to fill this gap by studying the basal 

biocompatibility of NCD, using cytotoxicity tests. The unique reported work with this 

purpose was presented by Popov et al. [46] stating that a composite of NCD and 

amorphous carbon was not cytotoxic to the osteoblastic cell line Saos-2, but only cultured 

for 3 days and assessed by microscopic observation. 

Cell culture systems are established tools for the biological evaluation of materials for 

medical applications. The high sensitivity of this methodology enables cytotoxic materials 

to be recognized and excluded at an early stage in the testing procedures. Fibroblastic cell 

cultures, either permanent cell lines or early passage cell cultures, are widely used in 

biological testing [27-29]. Fibroblasts are the most common cells of all types of connective 

tissues and are actively engaged in the synthesis and upkeep of the constituents of the 

collagenous extracellular matrix [47].   

In the present study, the continuous fibroblast cell line L929 and HG cells were used 

in the biocompatibility testing of NCD films. Results showed that, upon seeding, 

fibroblastic cells quickly attached to the NCD coating. Cytoplasm expansion started 

immediately leading to a progressively elongated morphology and, after few hours (12 – 

24 h), cells attained a stable appearance. In adherent cells, like the fibroblastic cells, the 

adhesion process is essential for normal cell growth and differentiation and the 

morphological changes occurring during attachment and spreading correspond to the 

reorganization of the cytoskeleton, the structure that plays a role in the control of cell shape 

and behavior [48]. These events were clearly visible by CLSM and SEM (Figs. 2 and 3).  



Chapter IV – In vitro biological characterization of NCD coated Si3N4 substrates 

 

152 

 

Fig. 4 - Comparison of the morphological features of L929 (A) and human gingival fibroblast cells 

(B) seeded on NCD coatings, at 24 h. SEM observations. 

 

However, some differences were noted between the two cell types during this process 

(Figs. 2 – 4). L929 cells presented a limited ability of cytoplasm expansion and, in 

addition, cells with various degrees of spreading were present throughout the entire culture 

time. HG cells showed a high rate of cytoplasm spreading during the first hours and a 

homogeneous behavior, with most of the adherent cells presenting a flattened elongated 

morphology after 24 h. After few days, the NCD coating was completely covered with 

continuous cell layers of parallel aligned cells (Fig. 5). L929 cells proliferated since the 

beginning of the incubation with a high growth rate, whereas HG cells presented an initial 

lag phase and a lower proliferation rate. This behavior is representative of the two cell 

populations, namely a transformed cell line and normal growing cells [49, 50]. As 

compared to control, seeded films presented a slight positive effect in the cell proliferation 

during the exponential phase of cell growth (although without statistical significance), Fig. 

6. 

The NCD coating provided a suitable surface for the normal cellular attachment, 

morphology and growth. L929 and HG cells growing in the films presented a behavior 

similar to that found in the standard tissue culture plate. No deleterious or cytotoxic 

responses were observed for the entire culture time and, in addition, the seeded material 

reproduced the expected differences in the behavior of the two tested cell populations. 

Permanent cell lines constitute essentially a highly proliferative population, allowing rapid 

and multiple screening assays mainly regarding acute toxicity testing towards cellular 

vitality and proliferation. As they have undergone transformation, they present an 
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uncoupled proliferation/differentiation relationship and may not reflect the phenotype of 

the normal fibroblast cell population [49]. Primary and early passage fibroblast cell 

cultures are obtained from normal tissues and are more difficult to grow and maintain in 

culture. They provide a more representative model of the in vivo situation, as they present a 

normal proliferation and differentiation behavior [50], being very sensitive to external 

environmental changes, allowing the detection of subtle responses. In this way, well-

characterized and reproducible fibroblastic cell cultures may be regarded as a general 

bioassay for normal cellular behavior, providing reliable information concerning acute and 

long-term cytotoxicity or other biological response. 

 

 

Fig. 5 - Pattern of cell growth of human gingival fibroblast cells growing on the NCD coatings 

throughout the 14-day culture time. SEM observations. 

 

The present results showed that NCD films exhibited an excellent cellular 

biocompatibility. It is known that nanophase materials are able to simulate surface 

properties of the constituents of living systems. Proteins, nucleic acids, lipids, 

carbohydrates, etc, possess unique properties determined by the size, folding and patterns 

at the nanoscale [51]. Therefore, in vivo, cells interact with surfaces with a large degree of 

nanometric roughness. In addition, the unique surface properties of nanophase materials, 

namely a higher number of atoms at the surface compared to bulk, greater areas of surface 

defects (such as edge/corner sites and particle boundaries) and larger proportions of surface 

electron delocalizations [52, 53], have been shown to influence initial protein interactions 

that control cell adhesion [54-56], a determinant event for the subsequent cell proliferation 

and function [48]. In general, nanophase materials present improved biocompatibility [11-

14] and the present results are in line with the published studies.   
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Fig. 6 - Cell viability/proliferation of L929 (A) and human gingival (B) fibroblast cells, evaluated 

by the MTT assay. Control cultures (open bars) and seeded NCD coatings (black bars). 

 

5. Conclusions 

 

The hot-filament CVD deposition technique allows the growth of dense, 

homogeneous nanocrystallline diamond (NCD) coatings at a moderate rate (1µm.hr-1) on 

bioinert silicon nitride ceramic substrates. NCD coatings provide a suitable surface for cell 

attachment, spreading and proliferation, as assessed by the behavior of a continuous 

fibroblast cell line, L929 cells, and normal human gingival fibroblast cells. Some 
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differences take place between the two cell types: L929 cells denote a lower cytoplasm 

expansion and a heterogeneous spreading degree but a higher proliferation rate. Compared 

to control, cell proliferation is slightly enhanced in both L929 and HG cells. The seeded 

films allowed reproduction of the typical features of the two cell populations, suggesting 

responsiveness to varying biological settings. The cellular biocompatibility of the NCD 

coatings, allied with the excellent physicochemical performance, anticipates a wide range 

of applications in the dental biomedical field.  
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Abstract 
 

Nanocrystalline diamond (NCD) has a great potential for prosthetic implants coating. 

Nevertheless, its biocompatibility still has to be better understood. In order to do so, we 

appealed to several materials characterization techniques (SEM, AFM, micro-Raman 

spectroscopy) and cell culture assays using MG63 osteoblast-like and human bone marrow 

cells. Adequate biochemical and histochemical routines (MTT assays, Lowry’s method, 

ALP activity) supported by SEM and confocal microscopy characterization were carried 

on. We used silicon nitride (Si3N4) substrates for NCD coatings based on a previous 

demonstration of the superior adhesion and tribological performance of these NCD coated 

ceramics. Results demonstrate an improved human osteoblast proliferation and the 

stimulation of specific metabolic activities, like ALP activity and matrix mineralization, 

compared to control materials. The nanometric featuring of NCD, associated to its 
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chemical affinity are key points for bone regeneration purposes.  
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1. Introduction  

 

Nowadays, the hip and the knee are the most replaced joints. The life span for these 

artificial joints is 10-15 years and their failure is normally associated to the generation of 

wear debris which causes periprosthetic osteolysis and aseptic loosening, incomplete 

osseointegration and severe stress shielding [1,2]. When considering the young patients’ 

joint replacement, this is a very short life time and the need for long-lasting prosthesis that 

allow reducing the number of revision surgeries is therefore evident [2].  

Recently, the research of novel materials for orthopaedic implants had been focused 

on the incorporation of a certain degree of nanostructured surface features that mimic the 

nanometric structures and molecules found in bones. In particular, these appear to reduce 

the chances of rejection of the hip or knee prosthesis [3,4]. Most of the studies reported 

that nanophase topography fosters cell adhesion on polymers, ceramics and metals, and 

suggested a positive effect on osteoblasts metabolic activities [5-8]. 

The deposition of nanocrystalline diamond (NCD) coatings on implant surfaces is 

likely to improve the durability of orthopaedic prosthesis. NCD mimics the bone surface 

roughness, and it is very hard, simultaneously presenting a suitable fracture toughness. 

Moreover, diamond is biocompatible [9-16] and possesses a high chemical resistance. This 

set of properties envisages a high potential of NCD for biotribological purposes. 

Aspenberg et al. [11] showed that diamond particles are harmless when compared to 

UHMWPE, bone cement and chromium-cobalt particles that cause inflammatory reaction 

and a marked decrease in the amount of bone ingrowth. Furthermore, Nordsletten et al. 

[12] showed that diamond particles are inert in serum-free monocyte culture and the cell 

morphology did not change after the ingestion of diamond. Histopathological studies 

revealed excellent biotolerance of AISI 316L stainless steel disks coated with NCD layers 

[13] and some investigations proved the haemocompatibility of diamond [13-15]. Other 

studies revealed that CVD diamond is as biocompatible as titanium and 316 stainless steel, 

which have been proved to have good biocompatibility and are frequently used in 

implantable devices [15]. Recently, cytotoxicity tests with osteoblast-like cells and 

immersion tests in simulated body fluid (SBF) showed that a composite of nanocrystalline 

diamond and amorphous carbon is not cytotoxic but bioinert [16].  
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NCD coatings can be grown on a great variety of possible substrates, however 

exceptional film adhesion is one of the crucial requirements for the NCD use in biomedical 

implants. Silicon nitride (Si3N4) based ceramics are able to provide an excellent film 

adhesion due to the small thermal expansion coefficient mismatch with diamond, among 

other advantages [17]. The intrinsic mechanical resistance and biocompatibility of Si3N4 

ceramics envisage their superior behaviour as substrate bodies of the coated prosthesis. 

Some reports showed that human osteoblastic cells proliferated on polished surfaces of 

Si3N4 [18] and porous intramedullary Si3N4 rods implanted in rabbit femurs supported 

bone ingrowth [19]. Furthermore, Si3N4-bioglass composites proved to have an inductive 

effect on the proliferation of MG63 osteoblast-like cells and were able to allow the 

complete expression of the osteoblastic phenotype [20]. 

The initial phase of potential biocompatibility assessment is in vitro cytotoxicity 

testing using the human cell system characteristic of the tissue, which the biomaterials it 

will confront in vivo. Up till now, there is only one report in the literature concerning 

biocompatibility testing of NCD films by cell culture tests [16]. In this work, the authors 

described the morphologic behaviour of osteoblast-like SaOS-2 cells cultured on the films 

for 3 days.  

The main purpose of the present work is to evaluate the NCD biocompatibility in a 

more comprehensive way. Highly adherent NCD films were grown on suitable Si3N4 

ceramics. In the first stage of this study, NCD coatings were exposed to MG63 osteoblast-

like cells for screening toxicity. Then, in the second stage, the NCD films were seeded with 

human bone marrow cells to assess the effects of the material in cell growth and expression 

of the osteoblastic phenotype, i.e. the formation of a mineralised extracellular matrix.  

 

2. Materials and methods 

 

2.1. Materials preparation and characterization 

 

Details on composition and preparation of silicon nitride ceramics substrates can be 

found elsewhere [21]. Dense Si3N4 disc shaped substrates (diameter=10 mm, thickness=3 

mm) were ground and submitted to hard cloth polishing with 15 µm diamond slurry. 

Before deposition, the Si3N4 substrates were scratched for 1h in an ultrasonic suspension 
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with 1 µm diamond powder in n-hexane (1 g/100 ml), followed by ultrasonic cleaning with 

ethanol for 10 min. NCD films were grown by the HFCVD technique using a Ar-CH4-H2 

gas mixture and four linear tungsten filaments (∅ = 0.25 mm) pre-carburised for 30 min 

under 2 % CH4 in H2. The filament and substrate temperatures (Tf and Ts respectively) 

were monitored by a two-colour pyrometer and a K-type thermocouple in the substrate 

underside, respectively. NCD films were deposited using the following conditions: 

Ar/H2=0.1, CH4/H2=0.04, total gas pressure (P)=5kPa, total gas flow (F)=50 ml·min-1, 

substrate temperature (Ts)=750ºC, filament temperature (Tf)=2300ºC and deposition time 

(td)=2h. 

Before being seeded, the NCD coated Si3N4 samples were washed with ethanol in an 

ultrasonic cleaner and sterilized by autoclaving. 

The NCD films were characterized by scanning electron microscopy (SEM, Hitachi 

S4100), atomic force microscopy (AFM, Digital Instrument Multimode IIIa) and µ−Raman 

spectroscopy (Jobin-Yvon T64000, Ar+ 514.5 nm line) to assess the morphologic features 

and quality of the films. 

 

2.2. Cell cultures 

 

2.2.1. MG63 osteoblast-like cells 

 

MG63 cells were cultured in α-Minimal Essential Medium (α-MEM) containing 10% 

fetal bovine serum, 50 µgml-1 ascorbic acid, 50 µgml-1 gentamicin and 2.5 µgml-1 

fungizone, at 37ºC in a humidified atmosphere of 5% CO2 in air. For subculture, the cell 

monolayer was washed twice with phosphate-buffered saline (PBS) and incubated with 

trypsin – EDTA solution (0.05% trypsin, 0.25% EDTA) for 5 min at 37ºC to detach the 

cells. The effect of trypsin was then inhibited by adding the complete culture medium at 

37ºC. Cells were re-suspended in culture medium and cultured (104 cellcm-2) for 7 days in 

control conditions (absence of materials, standard plastic culture plates) and on the surface 

of the NCD films in the “as-received” condition. The medium was changed every 2-3 days. 

Control cultures and seeded material samples were evaluated at days 1, 3 and 7 for cell 

viability/proliferation and observed by scanning electron microscopy (SEM) and confocal 

laser scanning microscopy (CLSM, Leica SP2 AOBS).  
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2.2.2. Human bone marrow cells 

 

Human bone marrow, obtained from orthopaedic surgery procedures after patient 

informed consent, was cultured in the same experimental conditions as those used in the 

culture of MG63 cells. Primary cultures were maintained until near confluence (10-15 

days) and, at this stage, adherent cells were enzymatically released (trypsin – EDTA 

solution) and seeded at a density of 104 cellcm-2 in control conditions (standard plastic 

culture plates) and on the surface of the “as-received” NCD films. Control and seeded 

material samples were cultured for 28 days in similar experimental conditions but the 

culture medium was further supplemented with 10 mM β-glycerophosphate and 10 nM 

dexamethasone. All the experiments were performed in the first subculture since the 

sequential passage of bone marrow cells fallout in a progressive loss of the osteoblast 

phenotype [22]. 

Control cultures and seeded material samples were characterized at days 2, 7, 14, 21 

and 28, and were assessed for cell viability/proliferation, alkaline phosphatase (ALP) 

activity, total protein content and observation by SEM and CLSM to evaluate cell 

morphology and the proliferation-differentiation behaviour of the bone marrow cells.  

 

2.3. Biochemical, histochemical and microscopy assays 

 

2.3.1. Cell viability/proliferation 

 

MTT assay (reduction of 3-[4,5-dimethylthiazol-2-yl]–2,5-diphenyltetrasodium 

bromide (MTT) to a purple formazan reaction product by living cells) was used to estimate 

cell viability/proliferation [23,24]. Cultures were incubated with 0.5 mgml-1 of MTT in the 

last 4h of the culture period tested; the medium was then decanted, formazan salts were 

dissolved with 200 µL of dimethylsulphoxide and the absorbance was measured at 600 nm 

in an ELISA reader. The results were normalized in terms of macroscopic area and 

expressed as Acm-2. 

 

 



IV.3. NCD:in vitro biocompatibility assessment by MG63 and human bone marrow cells cultures 

 

167 

 

2.3.2. Total protein content and alkaline phosphatase activity 

 

Culture samples (control and seeded materials) were washed twice in PBS, frozen at -

20ºC and evaluated at the end of the culture time. The total amount of protein present in 

the material surface was assayed by the Lowry’s method with bovine serum albumin used 

as a standard. The results are expressed as µgcm-2. ALP activity was determined in cell-

layer lysates (obtained by treatment of the cultures with 0.1% triton in water) and assayed 

by the hydrolysis of p-nitrophenyl phosphate in alkaline buffer solution, pH 10.3, and 

colorimetric determination of the product (p-nitrophenol) at 405 nm. Hydrolysis was 

carried out for 30 min at 37 ºC. Results are expressed in nanomoles of p-nitrophenol 

produced per min per µg of protein (nmolmin-1µg protein-1). 

 

2.3.3. SEM and confocal microscopy 

 

For SEM observation, samples were fixed with 1.5% glutaraldehyde in 0.14 M 

sodium cacodylate buffer (pH 7.3), then dehydrated in graded alcohols, critical-point dried, 

sputter-coated with gold and analysed in a JEOL JSM 6301F scanning electron microscope 

equipped with a X-ray energy dispersive spectroscopy (EDS) microanalysis capability 

(voyager XRMA System, Noran Instruments). 

Control cultures and seeded NCD films were labelled with calcein for the 

visualization of calcium-containing deposits. At each testing-point, the cultures were 

incubated with calcein (25 µg/ml) for the last 3 h at 37ºC, washed several times in PBS and 

fixed in 3.7% paraformaldehyde (10 min). Cell cytoskeleton filamentous actin (F-actin) 

was visualized treating the cells with Alexa Fluor90 488 Phalloidin (1:20 dilution in PBS, 1 

h). Cultures were counterstained with propidium iodide for cell nuclei labelling. Labelled 

cultures were mounted in Vectashield® and examined with a Leica SP2 AOBS (Leica 

Microsystems) microscopy. 
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2.4. Statistical analysis 

 

Triplicate experiments were performed. The results are shown as the arithmetic mean 

± the standard deviation (±SD). Analysis of the results was carried out using the Student’s t 

– test, with a significance level of p<0.05. 

 

3. Results  

 

3.1. Materials characterization 

 

Representative SEM micrographs of the NCD films before being seeded are presented 

in Fig.1. The film, with ap. 2µm of thickness, is composed by agglomerates of diamond 

nanocrystals (Figs.1a and b). The NCD coatings surface topography can be observed in 

Fig.1c. The root-mean-square value (RMS) from AFM scans over 100x100µm regions was 

68 ± 5 nm. A representative µ-Raman spectrum is given in Fig.1d. The 1140 cm-1 and 1480 

cm-1 shoulders, usually attributed to trans-polyacetylene, are an indirect proof of the 

presence of NCD [25,26]. It is also visible a band at 1228 cm-1 that appeared to be 

conjugated with vibration modes of C-H chains characteristic of nano- and 

ultrananocrystalline diamond [27]. Furthermore, it is also visible the 1332 cm-1 diamond 

band as well as the D (1360 cm-1) and G (1560 cm-1) graphite bands.  

 

3.2. Biological performance 

 

3.2.1. Behaviour of MG63 osteoblast-like cells 

 

The results of viability/proliferation assay are represented in Fig. 2. MTT is 

metabolized to a purple formazan salt by mitochondrial enzymes in living cells and the 

absorvance is proportional to the number of viable cells. Comparing to control cultures, 

MTT reduction values for the seeded material samples were similar at day 1 and 

statistically significantly higher at days 3 and 7.  
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As it can be seen in Fig. 3, at 1 day of culture the MG63 osteoblast-like cells were 

already well attached and completely spread, displaying a flat configuration and a typical 

morphology (central spherical body with the cytoplasm extending away from the central 

area in all directions and adhering to the material surface). Neighbouring cells have an 

extensive connection with each other through cytoplasmic extensions. After 3 days of 

culture, the cells formed multilayers of flattened sheets, covering completely the material 

surface. For this time of culture, by CLSM it was possible to distinguish some details of 

the cell cycle as mitosis and chromosome duplication as shown in Fig. 3. No deleterious or 

cytotoxic responses were observed for the entire time of culture. Control cultures showed a 

similar behaviour on SEM and CLSM (results not shown). 

 

 

Fig. 1 – SEM plan (A) and cross-sectional (B) views, AFM scan (C) and µ-Raman spectrum (D) of 

the as grown NCD films  
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Fig. 2 – Cell viability/proliferation of MG63 cells cultured on NCD coated Si3N4 substrates for 7 

days, estimated by the MTT assay. Open bars, material samples; solid bars, control. (* statistically 

different from the control). 

 

3.2.2. Behaviour of human bone marrow cells 

 

Human bone marrow cells attached to the NCD films and MTT reduction values 

increased especially in the first week, remaining approximately constant afterwards. As 

compared to control cultures, MTT values were similar at day 3 and higher at longer 

incubation times, Fig. 4a. Total protein content is also a measure of cell proliferation and 

the pattern was similar to that observed for the MTT reduction, Fig. 4b. Fig. 4c shows the 

ALP activity of human bone marrow cells cultured on the NCD surface and under control 

conditions. During the 28 days’ incubation time, the pattern was similar in both situations 

but the enzyme levels were always higher in the seeded material. ALP activity increased 

during the first 2 weeks, attaining maximal values around day 14 and decreased afterwards. 

SEM and CLSM observation of seeded materials at day 7 showed that cells were well 

spread and interconnected through cytoplasmic extensions and formed a flattened sheet, 

Fig. 5. Cell growth was accompanied by the production of abundant fibrillar matrix, Fig. 

6a. In addition, at day 16, the material surface was completely covered with bone marrow 

cells presenting already some globular mineralised structures (Fig. 6b) that grew in number 

and size with culture time, as evident in Fig. 6c for 21-day cultures. Fig. 7 shows the 
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representative behaviour of bone marrow cells cultured on NCD films for 21 days. The 

film was completely covered by a cell layer presenting abundant mineralised deposits as 

evident at low magnification SEM (Fig. 7a) and CLSM (Fig.7c). SEM observation at high 

magnification, Fig.7b, showed that the mineralised structures were closely associated with 

the fibrous cell layer and presented Ca and P peaks on X-ray spectrum obtained by 

SEM/EDS. In addition, compared to control cultures, the seeded NCD films showed 

increased calcein uptake as observed by CLSM and, also, higher abundance of mineral 

deposition on SEM. 

 

 

Fig. 3 – SEM and CLSM (phalloidin and propidium iodide labeling) photographs of MG63 cells 

cultured on NCD coated Si3N4 substrates for 1 (A and B) and 3 (C and D) days. ��� - mitosis; ••• - 

chromosome duplication 
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Fig. 4 – Cell viability/proliferation (A), total protein content (B) and ALP activity (C) of human 

bone marrow cells grown on NCD coated Si3N4 for 28 days. Open bars, material samples; solid 

bars, control (* statistically different from the control). 
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Fig. 5 – Human bone marrow cells cultured on NCD films for 7 days. A: SEM image; B: CLSM 

image (phalloidin and propidium iodide labeling).  

 

4. Discussion 

 

The clinical success of any implant depends on the cellular behaviour at the 

host\biomaterial interface and, if coated, on the coating/substrate reliability, besides the 

osteointegration of the implant. In our recent works [28-30], it was demonstrated that NCD 

is highly adherent to Si3N4 substrates, presenting an interfacial crack resistance of ~6 Nµm-

1 in static indentation testing and a delamination threshold load of 60 N (~3.5 GPa) in self-

mated tribological experiments.  

 

 

Fig. 6 – Matrix mineralization of human bone marrow cell cultures on NCD films as observed by 

SEM. A: 14 days; B: 16 days; C: 21 days; onset of mineralization was observed at day 16 (*). 
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The present paper deals with the chemistry and morphology of the biomaterial surface 

that can affect the biological response including cell attachment, cell growth and functional 

activity. Cell cultures on the materials surface are a reliable, suitable, and reproducible 

screening method to detect cell death and negative effects on cellular functions and 

represent the starting point to assess the biological response to foreign materials [1]. 

The biological performance of NCD coated Si3N4 ceramics was evaluated using cell 

cultures of MG63 osteoblast-like cells for a preliminary and quick screening and human 

bone marrow cells for extensive assessment of osteoblastic cell growth and osteogenic 

differentiation. 

 

 

Fig. 7 - Representative behaviour of human bone marrow cells cultured on NCD films for 21 days. 

General appearance: A (SEM) and C (CLSM, calcein, phalloidin and propidium iodide labeling). 

Detail of the globular mineralized structures closely associated with the fibrous matrix(*): B 

(SEM). X-ray spectrum of the mineral deposits showing Ca and P peaks: D. 
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human bone marrow cells grown in experimental conditions that favor osteoblastic 

proliferation and differentiation [31,32], presented a high cell growth rate with the 

formation of abundant fibrillar matrix, production of high ALP levels and matrix 

mineralization following the maximal ALP activity. This behavior is representative of that 

reported for the development of the osteoblastic phenotype in several bone cell systems 

including human bone marrow cell cultures [31]. In addition, compared to control cultures, 

NCD films induced osteoblastic cell proliferation, as evident by the higher growth rate 

presented by MG63 and bone marrow cells growing in the material surface, and stimulated 

specific metabolic activities, namely ALP activity and production of a mineralized matrix. 

In literature, only one work reports the biocompatibility assessment of NCD films by 

cytotoxicity tests [16]. This work showed that a composite of NCD and amorphous carbon 

was not cytotoxic to osteoblastic SaOS-2 cells cultured for 3 days, as observed by SEM. 

This study did not provide quantitative data, preventing comparison with the present 

results. NCD is a nanostructured material composed by agglomerates of diamond 

nanocrystals surrounded by an amorphous matrix, Fig. 1, with surface roughness within the 

nanoscale range. These nanofeatures are likely the responsible for the increased osteoblast 

proliferation and function, when compared to the control cultures. Nanophase materials 

simulate surface properties of the constituents of living systems and a variety of studies 

reports that cells respond differently to nanostructured compared with conventional 

structured material topographies in terms of cell adhesion, proliferation and function [3,4]. 

Proteins, nucleic acids, lipids, carbohydrates, etc, possess unique properties determined by 

the size, folding and patterns at the nanoscale [33]. Bone presents a highly nanostructured 

surface. Hydroxyapatite, the major inorganic component of bone is between 2 and 5 nm in 

width and 50 nm in length. Collagen type I, the major organic component of bone, is 300 

nm in length, 0.5 nm in width and as a periodicity of 67 nm [33]. In this way, osteoblasts 

interact with surfaces with a large degree of nanometric roughness. Evidence exists that 

osteoblasts recognize differences in nanometer compared with conventional topographies. 

Webster et al, in a variety of studies investigating cellular reaction to orthopedic and dental 

nanomaterials, found increased functions of osteoblasts on nanophase compared to 

conventional ceramics, polymers, carbon nanofibers, metals and composites of these 

materials [5, 6,34-37].  

Improved osteoblast behaviour appears to be related to the unique surface properties 
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of nanophase materials, namely a higher number of atoms at the surface compared to bulk, 

greater areas of surface defects (such as edge/corner sites and particle boundaries) and 

larger proportions of surface electron delocalizations [38,39]. Also, the quantitative 

increase in the total length of particle boundaries and total number of pores between 

surface particles of nanophase materials provide a significantly extended surface area for 

osteoblast proliferation, compared to micron-structured surfaces. Such properties, namely 

the greater surface reactivity, have been shown to influence initial protein interactions that 

control subsequent cell adhesion [40-42]. Webster et al found that the initial adsorbed 

concentration, conformation and bioactivity [40,41] of proteins contained in serum were 

different on nanophase compared with conventional materials. Specifically, the arginine-

glycine-aspartic acid (RGD) peptide sequence, important for anchorage-dependent cell 

adhesion and subsequent cell function was present in greater amounts when vitronectin 

was adsorbed on nanophase compared with conventional alumina [43].  

Results obtained under this study strongly suggest that nanostructured surfaces may 

provide better overall features to modulate protein interactions necessary to promote initial 

osteoblast adhesion and improved subsequent cell behavior.  

The ultimate biological assessment must now be performed in an animal model to 

evaluate the interfaces behaviour and the osteointegration through push-out strength 

measurements and histological studies. 

 

5. Conclusions 

 

NCD films induced human osteoblast proliferation and stimulated specific metabolic 

activities such as ALP activity and matrix mineralization. These results suggest the 

potential of NCD as a coating for orthopedic applications. The high chemical resistance 

and unique mechanical properties of NCD associated with its ability in simulating the 

nanometric features of the bone tissue might offer exciting possibilities in the design and 

efficacy regarding bone regeneration strategies. 
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V.1. Conclusions 

 

Nanocrystalline diamond (NCD) was successfully grown on silicon nitride (Si3N4) 

ceramics for biomedical applications by using hot-filament (HFCVD) and microwave 

plasma chemical vapour deposition (MWCVD) techniques.  

A first set of experiments performed in a HFCVD reactor using Ar/H2/CH4 gas 

mixtures, allowed the definition of filament (Tf) and substrate temperatures (Ts) for NCD 

nucleation, 2200 ºC and 650 ºC, respectively. Nearly continuous NCD films were achieved 

using those temperatures and the following conditions: one hour of deposition time, total 

pressure of 50 mbar, gas flow ratios of Ar/H2=1.2 and CH4/H2=0.04 and gas mass flows of 

50 and 100 ml⋅min-1.  

In a further study, it was found that different NCD coating grades could be obtained 

by adjusting the CH4/H2 and Ar/H2 ratios. The optimal NCD films, concerning the 

combination of crystallite size (~15 nm), growth rate (~1 µm⋅h-1) and film quality (less 

graphitic material) were obtained for Ar/H2=0.1, CH4/H2=0.04, Tf=2200ºC, Ts=750ºC, total 

pressure=50 mbar and total mass flow=50 ml⋅min-1. Smaller diamond crystallite sizes (8 

nm) were possible to grow but under a very slow rate of 0.1 µm⋅h-1. The surface roughness 

values of the NCD films can be adjusted by increasing the Ar/H2 ratio up to 0.63, yielding 

RMS values down to 13 nm. The filament temperature is the HFCVD parameter having the 

major influence on the growth rate, which increases from 0.7 µm⋅h-1 to a distinctly high 

value of 1.6 µm⋅h-1, when the filament temperature is raised from 2200ºC to 2300ºC, for 

CH4/H2=0.04 and Ar/H2=0.10. Due to the increased CH3 and atomic H concentrations, the 

crystallite size doubles from 15 nm to 28 nm. 

Using the MWCVD technique with Ar/H2/CH4 gas mixtures it was possible to grow 

thick (8-12µm) NCD films on Si3N4 substrates. The coatings present low roughness (Ra) 

values of 22 nm to 40 nm for substrate temperatures ranging from 650ºC to 880ºC. The 

growth rates of NCD on Si3N4 depend strongly on the temperature, for a given gas mixture, 

varying from 1.0 µm·h-1 to 3.0 µm·h-1 at 650ºC and 770ºC, respectively. For good 

structural properties, the surface roughness augments with the crystallite size of the NCD 

films.  

Si3N4-bioglass composites were successfully coated by NCD films, using the HFCVD 
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technique. The Ar/H2 ratio and the substrate temperature were identified as the most 

critical deposition parameters for obtaining adherent continuous films. Ar/H2=0.1 produced 

continuous NCD films at the highest growth rate (1µm⋅h-1), although the substrate 

temperature should not surpass 637ºC, otherwise adhesion is compromised. The cooling 

rate after deposition and the substrate finishing quality have a further influence on the 

adhesion level. No film delamination was verified after a 200N Brale indentation using 

2ºC⋅min-1 of cooling rate. Furthermore, flat lapped substrates give a better adhesion of the 

NCD film than soft cloth pre-polished ones. 

Very low friction coefficients of 0.01-0.02 were measured using HBSS lubricated pin-

on-flat self-mated tests with NCD coated biocomposite. FBS lubricated tests result in 

increased friction coefficients (0.06-0.09) due to protein attaching effect. FBS needs to be 

periodically replaced, otherwise the serum degradation will increase the friction levels. 

Steady state wear occurs by gradual flattening of NCD agglomerates due to self-polishing. 

The wear rates of pins and plates, for nominal applied stress of 25 MPa, yield very mild 

wear regimes (k ~10-10 mm3·N-1m-1) for HBSS. Wear rates of FBS lubricated tribotests are 

larger ((k ~10-9 - 10-8 mm3·N-1m-1) due to a mixed lubrication regime causing larger 

localized stresses. The adequate tribological behaviour of this NCD coated biocomposite 

shows they have a potential use in hip and knee joint implants. 

In the NCD coated Si3N4 screening tests, the measured friction coefficient values 

varied in the range of 0.02 to 0.06 for the Hank’s balanced salt solution (HBSS) and up to 

0.10-0.12 for those tested under fetal bovine serum (FBS), the polished substrates (P) 

substrates yielding lower friction than the polished and CF4 plasma etched (PE) ones under 

HBSS lubrication. Evidences of protein attachment and salt deposition were found and 

related to the enhancement of friction under FBS relatively to HBSS. The higher surface 

roughness of the coated PE samples diminished the protein attachment effect compared to 

the NCD coated P ones. For nominal applied stresses of 25 MPa to 36 MPa, the NCD films 

undergo an ultra-mild wear regime (k~10-9-10-8 mm3·N-1m-1). Moreover, a non-negligible 

aspect is the innocuous nature of any generated wear debris.  

Biological studies attested the non-cytotoxicity of NCD coatings, which provide a 

suitable surface for cell attachment, spreading and proliferation. In vitro cell cultures with 

a continuous fibroblast cell line, L929 cells, and normal human gingival fibroblast cells, 

show that the seeded films allowed reproduction of the typical features of the two cell 
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populations. Compared to control, cell proliferation is slightly enhanced in both L929 and 

HG cells. The cellular biocompatibility of the NCD coatings, allied with the excellent 

physicochemical performance, anticipates a wide range of applications in the dental 

biomedical field.  

Cell culture assays using MG63 osteoblast-like and human bone marrow cells, reveal 

that NCD films induced human osteoblast proliferation and stimulated specific metabolic 

activities such as ALP activity and matrix mineralization. These results suggest the 

potential of NCD as a coating for orthopaedic applications.  

The high chemical resistance, biocompatibility and unique mechanical properties of 

NCD associated with its ability in simulating the nanometric features of the bone tissue 

might offer exciting possibilities in the design and efficacy regarding bone regeneration 

strategies. NCD is an excellent candidate for orthopaedic and dental applications with 

special significance for the coating of joint implants. However, the tests reported on the 

present work contribute only to a preliminary analysis and further tribological tests 

conducted in hip-joint simulators and in vivo biological assays are needed to confirm the 

ability of NCD as a new coating for biotribological applications. 

 


