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resumo 
 
 

A área do de metal duro encontra actualmente um vasto campo de aplicações e
por esse motivo é considerada uma área estratégica do ponto de vista 
tecnológico e científico. Salientam-se neste âmbito, o corte por arranque de 
apara, as ferramentas de estampagem, o corte de chapa e ferramentas para 
resistência ao desgaste. Compreende-se assim o elevado número de publicações 
e projectos de I&D dedicados nos últimos anos ao aumento do tempo de vida e 
desempenho de ferramentas. 
É bem conhecido que alguns materiais utilizados na indústria de moldes 
(alumínios e suas ligas) ou na produção de eléctrodos para electroerosão de 
penetração (grafite, cobre e suas ligas) são de difícil maquinação. Por esse 
motivo, as ferramentas de corte apresentam, geralmente, um reduzido tempo de 
vida. Neste contexto, o recurso a ferramentas com diamante policristalino como 
material de revestimento tem sido geralmente adoptado, apesar dos elevados 
custos que lhes está associado. Além disso, o revestimento de ferramentas de 
metal duro com filmes de diamante encerra algumas dificuldades tecnológicas, 
nomeadamente a adesão ao substrato Estudos previamente realizados 
demonstram que a fase de nucleação é determinante para o controlo do 
tamanho de grão do filme 
O presente trabalho de doutoramento teve como principal objectivo 
desenvolver novas soluções tecnológicas para a deposição de filmes de 
diamante com elevadas taxas de nucleação. Para o efeito, desenvolveu-se a 
técnica de deposição química em fase vapor modulada no tempo com controlo 
de tamanho de grão (TMCVD-GC). Esta técnica pressupõe a combinação das 
técnicas usuais de TMCVD com fluxos críticos de gases conducentes à 
obtenção de uma mono camada com elevada taxa de nucleação. Deve salientar-
se que no caso de revestimentos de metal duro, a fraca adesão está relacionada 
com as tensões residuais com origem na enorme diferença entre coeficiente de 
expansão térmica do diamante e do metal duro e com o efeito grafitizante do 
cobalto.  
Os filmes produzidos por TMCVD foram testados em condições industriais de 
maquinação de grafite, por torneamento. Os mecanismos de desgaste inerentes 
ao processo foram objecto de análise. Foi testado o comportamento de dois 
“interlayer” (CrN e SiC) no processo de nucleação/crescimento de diamante e o 
desempenho do “interlayer” de carboneto de silício foi testado na maquinação 
de grafite. Finalmente procedeu-se à comparação do desempenho das 
ferramentas revestidas por TMCVD com o desempenho de ferramentas 
comercias de PCD. 
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abstract 
 

Today, the cemented carbide has found wide application in different areas such as 
the cutting tools, the wear parts, and the metal forming tools. Therefore, the powder 
metallurgy of cemented carbides is considered as topic of major interest for the 
scientific community and the industry. Certainly this is the reason why in the past 
years were observed the increase of I&D projects with the purpose of increasing the 
performance and the tool life of the tools. 
It is well known that a few materials employed in the mould industry (aluminium
alloys) or in the EDM (electrical discharge machines) electrodes are of difficult 
machining with high accuracy. Therefore, the tool life is in general very short. 
Consequently WC-Co tools coated with polycrystalline diamond tools are often 
employed for this application, despite its high cost. However, to obtain such 
coatings with high quality represents an enormous challenge, due to the lack of 
adhesion between the diamond film and the substrate. Previous studies have 
shown that proper control of the early nucleation stage of diamond crystallites is 
detrimental for the crystal grain size control. 
The main objective of the present work is to develop new technological solutions 
for the deposition of diamond films with high nucleation density. For that, it was 
been developed a technique based on the modulation of the gases, with time, 
during the chemical vapour deposition, namely TMCVD. This process enables 
not only the control of the crystal grain size of the coating (TMCVD-GC) but also 
a high nucleation density. 
The films grown by TMCVD were tested in industrial cutting conditions by dry 
turning of graphite. The wear mechanisms were identified and studied. It was 
studied two approaches of interlayer to prevent the negative effect of cobalt 
during the diamond grown, the silicon carbide (SiC) and the chromium nitrite 
(CrN). The behaviour of the SiC interlayer was tested during the dry turning of 
graphite. Finally, the performance of the diamond coatings was compared with 
the performance of commercial polycrystalline diamond tools, under the same 
cutting operations. 
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Introduction 

Industrial diamonds have been synthesized commercially for over 40 years using  

high-pressure high-temperature techniques in which diamond is crystallized from metal 

solvated carbon at a pressure of about 50 to 100 kbar and at temperatures of about 

1800 K to 2300 K. Diamond exhibits a remarkable range of useful physical and 

chemical properties compared to other known materials. Diamond is the hardest 

material known and has the highest thermal conductivity. Combined with these 

important properties, diamond has very low thermal expansion and high electrical 

resistance. Because of its hardness, diamond is far more effective and efficient than 

other competing materials used for abrasive, cutting, shaping or finishing tools. Its very 

high thermal conductivity makes it ideal for conducting heat out of compact, high 

power, high speed electronic packages. Synthetic diamonds have been primarily 

produced by using high-pressure and high-temperature techniques. 

A low-pressure technique to produce diamonds, using chemical vapour deposition 

(CVD) drew worldwide attention in the mid-1980s. There has been an explosion of 

interest in CVD diamond, diamond-like (DLC) and cubic boron nitrite (cBN) films 

and coatings. These films are expected to be used in a variety of applications, from 

cutting tools to wear-resistance parts, and from electronics to optical applications. One 

advantage of CVD diamond technology over the high-pressure technology is low cost 

and its ability to coat any shape. 

In the mid-1990s, several new mass-production technologies for producing diamond 

and diamond-like films emerged, including the production of diamond-like coatings for 

razor blades. This era also saw the emergence several mass-production technologies for 

depositing diamond and DLC films on coated products. A method, which used 

interactive lasers or deposits these films, was first used in 1995. Yet another one, using 

fullerenes in argon microwave plasma, produced nanocrystalline diamond. Since the 
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advent of these new technologies, diamond and DLC films, and coated products have 

increase the range of their applications.  

In the late 1990s, another technology, which is used in large-scale commercialization, is 

Schick’s Alpha Diamond Technology, which uses an arc process, vaporizing graphite 

and forming a plasma ion to deposit DLC on chromium stainless steel. 

It is well known that a few materials employed in mould industry (aluminium alloys) or 

in the EDM (electrical discharge machine) electrodes are of difficult machining with 

high accuracy, therefore, the tool life is mostly very short. Tool inserts with CVD 

diamond thick-film blanks or thin coatings constitute the newest tool materials, 

therefore, WC-Co tools coated with polycrystalline diamond tools are quite often 

employed for this application, besides being quite expensive. However, to obtain such 

coatings with high quality represents an enormous challenge, due to the lack of 

adhesion between the diamond film and the substrate. Previous studies have shown 

that the proper control of the early nucleation stage of diamond crystallites is 

detrimental for the crystal grain size control. 

The main objective of the present work is to develop new technological solutions for 

the deposition of diamond films with high nucleation density. For that, it has been 

developed a technique based on the modulation of the gases, with time, during the 

chemical vapour deposition, namely TMCVD. This process enables not only the 

control of the crystal grain of the coating (TMCVD-GR) but also a high nucleation 

density.  

The present thesis is organized in six chapters. Chapter one is dedicated to literature 

review aiming at to update the reader with the state of the art regarding the following 

issues: the progress that has been made in understanding the physical and mechanical 

properties of WC-Co cemented carbide, the CVD diamond growth process and 

principles, the diamond film as a coating for cutting application and last but not least, 

the fundamentals of orthogonal cutting. 
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In chapter two, experimental procedures used for growing CVD diamond onto several 

cemented carbide grades and for characterizing the coating morphologies and 

properties are detailed. 

Chapter three focuses in the development of a new process, the Time Modulated CVD 

(TMCVD) for the depositing smoother and nano-sized diamond coatings. In 

developing the new TMCVD two stages were considered in diamond deposition: i) the 

diamond nucleation stage and ii) the crystal growth stage. This technique has the same 

advantages of HFCVD deposition with pulsed-bias, but is cheaper to implement. The 

key feature of this new process and the main difference from other conventional CVD 

process is the pulse modulation of the CH4 flow throughout the growth process, 

whereas, in conventional CVD, the CH4 flow is kept constant during the entire growth 

process. 

Chapter four handles the specific problems related to diamond nucleation and 

diamond growth on WC-Co substrates. Section 4.1 is dedicated to the diamond 

nucleation and nucleation enhancement on different cemented carbide grades and its 

microstructure correlation with the nucleation. The combination of these treatments 

allows uniform, dense seeding and high nucleation density on WC-Co substrate. 

Subsequently, it will be discussed the growth of diamond onto several cemented 

carbide grades using the TMCVD process. Finally, it will be presented preliminary 

results concerning the use of CrN and SiC as an interlayer to prevent cobalt diffusion 

during the diamond growth. 

Chapter five is dedicated to the study of the cutting performance of TMCVD diamond 

coatings, with and without the SiC interlayer, during dry machining of graphite and 

aluminium alloys. For sake of comparison, machining tests were carried out under 

identical conditions using commercial PCD inserts. 

The last chapter of this thesis is used to present the general conclusion resulting from 

this work and to recommend future work to further enhance. 
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Chapter 1.  

The purpose of this review is to give an account of the progress that has been made in understanding the 

physical and mechanical properties of WC-Co cemented carbide, the CVD diamond growth process 

and principles, the diamond film as a coating for cutting application and finally, the fundamentals of 

orthogonal cutting. 

1.1 History of cemented tungsten carbides 

Hardmetals or cemented carbides are composite materials with one or more hard but 

relatively brittle components (such as WC, TiC, TaC) and a ductile binder metal (most 

often cobalt, in some cases nickel) that imparts a certain degree of toughness to the 

composite material without impairing the high hardness of the carbide components. 

The first patent regarding hardmetals was issued around 1923 by a German company 

“Osram Studiengesellschaft” [ 1 ],[ 2 ]; today there are innumerable patents covering 

inventions related to hardmetals. The first hardmetals were marketed by F. Krupp in 

1927 under the name “Widia” (from “wie Diamant”=like diamond) and were used 

primarily for wire drawing dies and wear resistant materials. For metal cutting 

applications the early hardmetals did not perform much better than conventional high-

speed steels. Only after the introduction of titanium carbide, TiC, as a further additive 

to the basic tungsten carbide-cobalt (WC-Co) composition could breakthrough in 

metal cutting technology is achieved [ 3 ]. Today, most of the total production of 

hardmetals is used for metal cutting purposes. It is worth mentioning that even today, 

after eighty three years of research and development, the majority of hardmetals still 

consists of tungsten carbide plus various other carbide additions with cobalt or nickel, 

similar to those compositions claimed and protected by the very first patent. 

More recently, a class of hardmetals without tungsten carbide as a constituent emerged 

as a competitive material on an industrial scale. Here the hard component consists of 

titanium carbide or titanium carbonitride, Ti(C,N) with various other carbide additions, 
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mainly molybdenum carbide, Mo2C, that are bonded with an alloyed nickel binder. 

These composites materials are most often referred to as cermets. Ti(C,N)-based 

cermets are important tool materials for high-speed cutting applications [ 4 ],[ 5 ].  

Compared to the performance of conventional WC–Co cutting tools, Ti(C,N)- based 

cermets provide improved surface finishing and excellent chip/tolerance control and 

permit the geometrical accuracy of work pieces [ 6 ]. All these characteristics can be 

attributed to the mechanical properties of the hard phases in the systems. A typical 

hard phase in cermets has a core/rim structure. It has been shown that the mechanism 

of formation of the core/rim structure involves dissolution–reprecipitation [ 7 ], thus 

ruling out other processes such as spinodal decomposition and diffusion [ 8 ]. While 

Ti(C,N) has better wear resistance, chemical stability and a higher hardness than WC–

Co composite materials, it has a lower toughness, thermal shock resistance and 

mechanical shock resistance which leads to the limited use of Ti(C,N) for heavy 

turning and interrupt milling. 

The most important new developments to increase hardness in the case of the  

WC-Co hardmetals are the submicron and ultra-fine grained alloys with WC grain sizes 

of 0.5-0.8 µm and 0.2-0.5 µm, respectively and cobalt contents of 6-16%. The 

manufacturing of high quality ultra-fine grained compositions was only possible 

because raw material manufactures in parallel developed powders of corresponding 

grain size, shape and size distribution which are also able to meet high purity 

requirements. Fig. 1. 1 shows the hardness and bending strength of various hardmetals 

as a function of Co content  [ 9 ]. Worthy of note is the fact that with increasing grain 

size refinement not only hardness increases but also transverse rupture strength. 

Table 1. 1 lists the representative properties of several straight hardmetals [ 10 ]. 
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Fig. 1. 1 – Hardness and bending strength of various WC-Co hardmetals as a function 
of Co content [ 9 ]. 

Table 1. 1 – Physical properties of several commercial hardmetals  [ 10 ]. 

Average 
Grain size

[µm]

Density
[g/cm3]

Vickers
Hardness

Transverse 
Rupture 
Stength

[N/mm2]

Fracture 
toughness 

[MN/m3/2]

Thermal 
expansion 
coefficient 
20-800 ºC
[10-6/K]

WC TiC TaC Co
94 6 1.7 14.90 1500 2200 12 5.3
94 6 2.8 14.90 1430 2300 14 5.3
90 10 >5 14.55 1000 3100 21 5.8
80 20 2.8 13.60 910 2900 22 6.9

74.8 12 5 8.2 1.7 11.7 1550 1800 13 6.3
77 4 8 11 1.7 13.1 1390 2400 15 6.4

Chemical Composition
 [wt%]

 

The use of hardmetals frequently requires wide-ranging functionality of the material. 

Whereas the surface of such components may be exposed to wear, other areas are 

subjected to bending and compressive stresses. This challenge led to the development 

of FGMs (Functionally Graded Materials), based on WC-Co with Ti(C,N) and/or TaC 

additions, whose composition or microstructure varies locally. This concept permits 
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the production of hardmetals with controlled variation of structural, thermal and 

functional properties. The stresses occurring during cooling from sintering temperature 

as a result of the differing thermal expansion coefficients of the individuals 

components can be reduced very effectively because of the continuous transitions 

zones in the microstructure. The production of the graded structures is  

diffusion-controlled and takes place in a controlled gas atmosphere during sintering 

process [ 3 ]-[ 11 ]. The formation of the graded zones depends to a large extend on the 

amount of Ti(C,N), TiC and TaC additions. The microstructures of the surface zones 

can be divided generally into four types, accordingly to Fig. 1. 2 [ 11 ]. 

 

Fig. 1. 2 – Scheme of microstructure of gradient hardmetals [ 11 ]. 

Further important developments in cutting tool technology occurred in 1960s and early 

1970s [ 12 ] with the introduction of chemical vapour deposition coatings, CVD, to 

enhance the tool life. Coatings are mainly diffusion barriers, and they prevent the 

interaction between the chip formed during machining and the cutting material. The 

impetus for this development came from the Swiss Watch Research Institute, where 

vapour deposited TiC coatings had been used on steel watch parts and cases to reduce 

wear on these components [ 13 ]. Coatings compositions have also evolved from single 

TiC coatings with narrow application ranges to multiplayer hard coatings. Multilayer 
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coatings have a nominal total thickness of about 10 µm and use various combinations 

of TiC, Ti(C,N) and Al2O3 [ 14]. 

Physical vapour deposition (PVD) has emerged more recently as a commercially viable 

process for applying hard titanium nitrite, TiN, coatings onto high speed steel tools [ 14].  

Physical vapour deposition typically employs lower temperatures (~500 ºC) than CVD 

deposition. Therefore PVD process is attractive for use with cemented carbide tools 

because lower deposition temperature provides for refinement of the grain size of the 

coating layer. Another advantage of the PVD is to coat uniformly over sharp cutting 

edges. A sharp edge is desirable in a cutting tool because it leads to lower cutting 

forces, reduced tool tip temperatures and finer finishes [ 14]. The above advantages of 

PVD coatings are especially beneficial in operations such as milling, because it can 

produce severe thermal and mechanical cracks in cutting tools. The CVD coatings 

often aggravate this situation through stress raisers such as thermally induced cracks 

within the coatings. It should be noted that PVD coatings will not replace CVD 

coatings to any great extend in the near future. Currently, PVD has certain limitations, 

for example, combining Al2O3 and diamond is not feasible.  Multilayer coatings are 

being commercially developed. 

In view of the wide range of applications of cemented tungsten carbide materials for 

metal cutting, metal forming, and wear resistant applications considerable research 

efforts are being focused on the development of low-pressure super hard coatings. 

Super hard materials are significantly harder than any other compounds, and thus they 

can shape, scratch or indent any other object. The minimum hardness of a super hard 

material is set, often arbitrarily, at a Knoop hardness value greater than 40 GPa. 

Diamond and cubic boron nitrite (cBN), are the prominent super hard materials. 

Among other likely materials are boron carbide with high hot hardness, polycrystalline 

superlattice coatings with alternative nano-layers of compatible materials such as 

TiBN/NbN [ 15 ],[ 16 ] and the hypothetical β-carbon nitrite with a postulated hardness 

greater than that of diamond  [ 17 ]. 
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1.2 WC-based cemented tungsten carbides 

Cemented carbides are obtained by liquid phase sintering of an intimately mixed and 

compacted powder mixture of alloyed or unalloyed carbides of the transition metals 

with a binder (cobalt, nickel or iron alloys). The sintering is performed above the 

melting point of the lowest melting eutectic composition in the systems of the carbides 

with the binder. After sintering, the microstructure of sintered cemented carbides 

consists of particles of the hard phase(s) embedded in the binder metal or alloy. The 

properties of the composite material depend on the properties of the individual phases, 

on the size and distribution of those phases, on the state of aggregation of the carbide 

particles, and on the interfacial energies and the state of stress between the individual 

phases. In metallurgical terms the tungsten carbide phase is referred to as the α-phase 

(alpha), the binder phase (i.e. Co, Ni or iron alloys) as the β-phase (beta), and any other 

single combination of carbide phase (TiC, TaC/NbC) as the γ-phase (gamma), as 

shown in Fig. 1. 3. 

  

Fig. 1. 3 – Optical microscope images (1500X magnification) of sintered cemented carbides 
microstructures: panel a)- microstructure of WC-25%Co grade; panel b)- microstructure of 
(75%WC+ 11%TiC +5%TaC)- 9%Co. 

Table 1. 2 summarize the properties of refractory carbides [ 18 ] and Fig. 1. 4 show the 

tungsten rich part of the equilibrium diagram for the W-C system. The temperature of 

the eutectoid reaction W2C? WC+W has been fixed at 1300±5 ºC by means of activity 

measurements [ 19 ]. However W2C can be retained at room temperature even at slow 
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cooling rates and can easily be produced by melting or by carburization of tungsten. 

The cubic subcarbide WC1-z  is found at room temperature only in extremely rapid 

cooling samples.  

Another important feature of the W-C phase diagram is the very small range of 

homogeneity of WC. The carbon content corresponds to the theoretical values of the 

stoichiometric composition (50at% or 6.13wt%C). This means that there are neither 

carbon nor tungsten vacancies nor interstitials other than those created by thermal 

activation. The crystal structure is hexagonal with two atoms per unit cell,  

Fig. 1. 5 a); the lattice constants are a = 0.2906 nm and c = 0.2837 nm with 

c/a = 0.976 [ 20 ],[ 21 ]. 

Table 1. 2 – Some properties of refractory carbides used in cemented carbides 
Carbide Crystal  

Struct. 

Lattice 

Param. 

[nm] 

Melting 

Temp. 

[ºC] 

Carbon 

Content 

[Wt-%] 

Hardness 

HV(50g) 

Density 

[g/cm3] 

Modulus 

Elasticity 

[GN/m2] 

Coef. of 

Therm. Exp. 

[10-6 K-1] 

TiC fcc 0.433 3100 20.05 3000 4.94 451 7.7 

ZrC fcc 0.470 3400 11.64 2700 6.56 348 6.7 

HfC fcc 0.465 3900 6.30 2600 12.76 352 6.6 

VC fcc 0.417 2700 19.08 2900 5.71 422 7.2 

NbC fcc 0.447 3600 11.45 2000 7.8 338 6.7 

TaC fcc 0.445 3800 6.23 1800 14.5 285 6.3 

Cr3C2 Orth. a 0.283 

b 0.554 

c 1.147 

 

1800 

 

13.33 

 

1400 

 

6.66 

 

373 

 

10.3 

Mo2C Hexag. a 0.300 

c 0.473 

2500 5.89 1500 9.18 533 7.8 

WC Hexag. a 0.291 

c 0.284 

2800 6.13 (0001)2200 

1300)0110(
_

 

15.70 696 5.2 

7.3 
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Fig. 1. 4 – Phase diagram of W-C systems [ 19 ]. 

The prism crystal planes of ( )0110  type are highly polar because of the different spacing 

of the tungsten and carbon planes [ ]1010  direction, and there are two sets of three 

equivalents ( )0110  rather than six equivalents ( )0110  planes [ 22 ]. This is the reason why 

WC crystals grown from liquid metal solutions assume the typical shape shown in Fig. 

1. 5 b), which corresponds to the ditrigonalbipyramidal class of the crystal system [ 18 ].  

This is also the equilibrium shape of the WC grains in cemented carbides and the WC-

grain intersects in polished WC-Co shape of plane sections of such crystals (Fig. 1. 3). 



Chapter I                 Background on cemented carbide and CVD diamond coatings  
 

 
 

 9 

 
 

Fig. 1. 5 – (a): Unit cell (heavy lines) and position of Carbon atoms; (b): schematic 
representation of shape of equilibrium crystals. The heavily drawn body results from a 
truncation of the flat triangular prism (light lines) by a second prism and two sets of 
triangular pyramids  [ 18 ]. 

As is shown in Fig. 1. 6 only the Mo2C and the Cr3C2 are less stable than WC [ 18 ].  

Considering the properties of WC, why this carbide retains first place ahead of all other 

carbides in cemented carbide technology? Until the mid of 1960s WC was assumed to 

be perfectly brittle. There is a lot of evidence, however, that WC shows appreciable 

plastic deformation. The formation of slip bands has been observed in the vicinity of 

hardness indentations in WC single crystals [ 23 ]-[ 27 ]. Glide bands and dislocation 

network formation indicate that the WC grains in WC-Co are plastically deformed 

during compression testing and even during transverse rupture testing as shown by 

numerous investigators [ 28 ]-[ 30 ]. These plastic properties of the WC crystals explain at 

least partially the macroscopic plastic deformation of WC-Co, while the formation of 

dislocations networks was assumed to result in work hardening [ 28 ]. Other essential 

features of WC are an extremely high modulus of elasticity, well above 

700 GN/m2 [ 31 ], a value exceeded only by diamond  [ 32 ].  
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Fig. 1. 6 – Microhardness of transitions metal carbides [ 18 ]. 

1.2.1  Hardness  

Hardness is a property of paramount interest for cemented carbides. Generally, 

hardness increases with an increasing volume portion of the hard constituent, but also 

with decreasing grain size and increasing contiguity [ 23 ]. Contiguity is defined by the 

ratio of the grain boundary area shared by carbide particles to the total surface area of 

the carbide grains. The degree to which a continuous skeleton of the carbide phase 

exists is given by equation ( 1.1 ), 

αβαα

αα
αα NN

N
C

+
=

2
2

 ( 1.1 ) 

 

where α refers to the tungsten carbide phase and β refers to the binder phase. Usually 

these parameters are measured by the line-intercepted method; by counting the 

number of tungsten carbide-tungsten carbide interfaces per unit of length of a test line, 

ααN  and by counting the carbide number of intersecting tungsten carbide–cobalt 

interfaces per unit length αβN . 
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The model proposed is based on a simplified microstructural concept incorporating a 

plastic limit analysis. They introduced in situ hardness values for the carbide and the 

binder phase on the well-known Hall-Petch relationship for bulk materials, and arrived 

at equation ( 1.2 ), where 2
1

1.231382 WCWC dH +=  represents the Vickers hardness of 

tungsten carbide phase and 2
1

7.12304 −+= λCoH represents the hardness of the binder 

phase. 

( )αααα υυ CHCHHV WCCoWCWC −+= 1  ( 1.2 ) 

The mean diameter of tungsten carbide grains can be determined by equation 

( 1.3 ) [ 23 ]  where WCυ is the volume fraction of tungsten carbide phase present in the 

material. This equation accounts for the fact that some carbide grains are lying against 

each other by using contiguity [ 36 ]. 

αβαα

υ
NN

d WC
WC

+
=

2
2

 ( 1.3 ) 

The fraction volume of tungsten carbide phase (or the binder phase WCCo υυ −= 1 ) 

determines the mean free path thought the binder, accordingly to the equation ( 1.4 ).  

A role of thumb is that the trends of hardness and toughness (or fracture toughness, KIc) 

are opposed to each other.  

( ) ( )ααυ
υ

λ
C

d
Co

Co
WC

−−
=

1
1

1
 ( 1.4) 

 

1.2.2 Toughness and Transverse Rupture Strength  

Toughness depends on the amount of ductile binder phase present and generally 

increases with the grain size of the carbide phase. Prior to the advent of linear elastic 
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fracture mechanics it was common to quantify KIc by measuring the transverse rupture 

strength (TRS); a property related but not identical to toughness. The transverse 

rupture strength is defined as the ratio of the bending moment to the resisting moment 

of a rectangular specimen that is loaded midway with slowly increasing force until 

fracture occurs. From the very beginning of hardmetal technology, the TRS has been 

generally accepted as a quality control parameter. It is very sensitive to flaws and 

imperfections in the test specimens and therefore is a good indicator for general 

“housekeeping standards” during the manufacturing process [ 37 ]. 

The relationship between the hardness and the toughness of WC-Co was studied by 

several authors. Nowadays it is generally accepted that Palmqvist indentation 

toughness measurements can be used to evaluate the hardness to toughness 

relationships [ 38 ] -[ 42 ]. For conversion of the sum of crack length values, induced by 

Vickers indentation methods, into Palmqvist fracture toughness values the expression 

proposed by Shetty et al.  [ 41 ]-[ 42 ] is generally used for WC-Co substrates, 

∑
×

=
l

PHVK Ic 0028.0  
( 1.5 ) 

 

where HV is the Vickers hardness, P is the load and ∑ l  is the sum of crack lengths. 

An important prerequisite for the reproducibility of crack length measurements is the 

removal of the stressed surfaces which form by grinding the specimens. Following the 

work of Shetty et al. [ 42 ], Viswanadham et al. [ 43 ] and Exner [ 44 ]proposed, this can be 

done by progressive polishing of the sample. 

1.2.3 Binder phase 

The metal component of cemented carbides is usually called binder phase or simply β 

phase. The dominating metal used as binder is cobalt. The second most used is nickel, 

followed by iron alloys. Cobalt is used nearly exclusive in cemented carbide production 
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because of its outstanding wetting and adhesion as well as due to its advantageous 

mechanical properties.  

The binder phase is not a pure metal, but rather a cobalt-tungsten-carbon alloy and, if 

mixed carbides is present, one with minor amounts of titanium, tantalum, and/or 

niobium in solid solution. The amount of tungsten dissolved in the binder depends on 

the degree of carburization of the hardmetal. If the carbon content of the hardmetal is 

less than the ideal ratio of C/(W+Ti+Ta+Nb)=1, the amount of tungsten dissolved in 

the cobalt increases. In hardmetals with an even greater carbon deficit brittle complex 

phases with a composition of Co6W6C (at lower temperatures) or Co3+xW3-xC (at 

higher temperatures) may precipitate. These ternary phases are called η phase and are 

detrimental to the toughness of hardmetals, particularly if they precipitate as large 

dentrites. A vertical section trough the ternary diagram at the stoichiometric 

composition of WC is shown in Fig. 1. 7. η-phase is in equilibrium with WC and 

liquid even at stoichiometric compositions at temperatures ranging from about 1280 ºC 

to 1450 C. Since sintering of cemented carbides usually takes places in this temperature 

range, large η-phase regions may be retained after rapid solidifications. 

The two-phase region WC + β exists only in a narrow range of carbon concentration. 

At room temperature the carbon concentration of WC in the two-phase equilibrium 

with β estimated to be [ 18 ]  

6.057 wt-%Co < wt-%C < 6.13 

The left-hand limit gives the composition of WC at the boundary between the two-

phase regions WC + β and the three-phase WC + β +η. The right-hand is the 

stoichiometric composition at the limit between the two-phase region and the three-

phase region WC + C. It is well known that the precipitation of η-phase or carbon 

compromises the mechanical properties of cemented carbides. These two phases can 

be easily identified by analysing the polished surface in an optical microscopy, as is 

presented in Fig. 1. 8 and Fig. 1. 9. 
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Fig. 1. 7– Vertical section between stoichiometric WC and Co in 
WC-Co phase diagram [ 18 ]. 

 
Fig. 1. 8 – η-phase after 10 s etching with 
Murakami’s reagent (optical microscope at 
500X magnification). 

 
Fig. 1. 9 – Graphite precipitation in polished 
WC-Co surface (optical microscope at 500X 
magnification). 

1.3 Science and technology of CVD diamond growth 

1.3.1  A brief history of CVD diamond coatings for cutting tools 

The synthesis of diamond under conditions of it’s thermodynamically stability by high 

pressure-high temperature (HP-HT) conversion of crystalline graphite is a well-known 

success story since its first announcement in 1955 [ 45 ]. During the same period in both, 
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United States and the ex-USSR, attempts were made to synthesize diamond under 

metastable conditions at low pressures and temperatures. Derjaguin in 1956 [ 46 ] and 

Eversole in 1959 [ 47 ], described the deposition of diamond onto diamond substrates by 

thermal decomposition of carbon-containing gases at pressures lower than 1 bar and 

temperatures of 800 – 1000 ºC. Eversole results were later confirmed by Angus and 

co-workers in the early 1970s [ 48 ] and completed by the finding that the co-deposited 

thermodynamically stable graphitic material can be removed from the deposit by 

means of atomic hydrogen in a separate cleaning step. Up to then, it was only possible 

to grow diamond on diamond substrates. In 1981, the Moscow group of Spitzyn, 

Bouilon and Derjaguin provide, for the first time, clear evidence that is possible to 

nucleate diamond on non diamond substrates [ 49 ]. Later, these findings were confirmed 

at the Japanese National Institute of Research in Inorganic Materials (NIRIM) by 

Matsumoto, Sato, Kamo and Setaka [ 50 ] -[ 51 ]. Over the past 20 years, several chemical 

vapour deposition techniques, like plasma assisted CVD at microwave (PACVD), at 

radio frequency (RFCVD), hot filament CVD (HFCVD) or laser assisted CVD 

(LACVD), and ion beam, have been successfully used to grow diamond layers on 

various substrates [ 52 ]- [ 58 ].  

In the mechanical field, the use of diamond coatings is especially attractive for cutting 

tools for non-ferrous metals and alloys, polymer composites, carbon-fiber composites, 

green ceramics, graphite and hard carbon [ 59 ]. Two approaches are followed for the 

CVD diamond coatings on cutting tools [ 60 ]. One is to grow a thick (1-1.5 mm) free 

standing polycrystalline diamond slab, cut it to size and braze it on to the cemented 

carbide substrate. The other approach is to develop diamond coatings on cutting tools. 

This fact is unique to the CVD diamond process as it is not possible and/or 

economical to produce thin coatings by HP-HT process. The main advantage of 

crystalline diamond coatings for carbide cutting tools is that they combined the 

hardness of the diamond with the strength and relative fracture toughness of the 

cemented carbide. In addition, the diamond coating completely covers and protect the 

complex, 3-dimesional shapes found on the cutting edges of round tools, as well as the 

multiple cutting edges of inserts with complex chipbreacker geometries. The main 
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problem with diamond coatings on cemented carbide substrates is the lack of good 

adhesion due to considerable differences in properties as thermal expansion 

coefficient, elastic modulus, and chemical as well atomic structure between diamond 

and cemented carbides [ 61 ]. In addition, the cobalt binder used in cemented tungsten 

carbide promotes the formation of non diamond forms of carbon at the surface and 

decreases the adhesion between the coating and the substrate. Consequently, while the 

performances of these tools are better than uncoated tools, the lack of consistency 

leads to erratic results while the production environment demands consistency. 

Metal matrix composites (MMCs) are typically reinforced with over 20% ceramic 

particles or fibres, making them extremely difficult or impossible to machine with 

conventional tooling such as cemented tungsten carbides. One of the present uses of 

MMCs is the automotive brake rotors where aluminium matrix composites are 

employed. CVD diamond tooling has promisingly appeared as an alternative to PCD 

tooling or, in some cases, grinding or water-jet cutting MMCs. In tests performed by 

Polini et al. [ 62 ] using a 6061 Al alloy reinforced with 10% Al2O3 particles 

reinforcement, the results showed that the performance of diamond coated WC-Co 

tools in dry machining depends on proper combination of microstructure, CVD 

process parameters and surface pre-treatment and thickness of the deposited film. The 

flank wear of diamond coatings with 24 µm film thickness pre-treated with Murakami’s 

reagent followed by acid etching (10 min etching with Murakami’s reagent+10 s 

etching 88 ml 40% m/v H2O2+3 ml 96wt% H2SO4) showed values slightly smaller 

than those shown by polycrystalline diamond (PCD). The turning tests were performed 

using triangular TPGN 160308 inserts with the following cutting conditions: cutting 

velocity, VC=480 m/min; feed rate, f=0.4 mm/rev; depth of cut, DOC=1.5 mm.  

Polini et al. [ 63 ] also studied the effect of the substrate grain size on the cutting 

performance of MMC’s bars reinforced with 20% SiC particles. Inserts with TPGN 

160308 geometry were used with the following cutting conditions: VC=480 m/min, 

f=0.4 mm/rev and DOC=1.5 mm. They used two types of pre-treatment: (i) 

Murakami’s reagent for 20 min followed by an etching in acid solution for 10 s (3 ml 96 

%wt H2SO4+88 ml 40% m/v H2O2) and (ii) a heat treatment before the chemical 
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etching. The purpose of the thermal treatment is to promote the surface 

recrystallization of WC and increase the surface roughness of the substrate by the 

growth of WC grains. In particular, they reported that the larger the substrate grain size 

the larger the wear of cutting edge. The values of the flank wear of CVD coated tool 

with proper substrate WC grain size and pre-treatment were lower that the flank wear 

presented for the PCD inserts. 

Caroline et al. [ 64 ] studied the cutting performance of commercially CVD diamond 

tools (KCD25-Kennametal – TPG 322 geometry) with the following cutting 

conditions: VC=190 m/min  f=0.1 mm/rev and DOC=1 mm. The turning testes were 

made on A380 aluminium alloy matrix reinforced with 20 vol% SiC particles having an 

average diameter of 12.8 µm. The values reported for the flank wear show faster wear 

rates on the CVD diamond insert than on the PCD insert; however the authors did not 

present any data regarding the characterization of the CVD diamond coatings. An 

interesting study of wet machining of the MMC’s with PCD and CVD coatings was 

presented by D’Errico [ 65 ]. A set of inserts (Geometry SPMN 09308) coated with CVD 

diamond with thickness ranging from 20 to 500 µm were tested and compared with 

the performance of PCD (grain size = 25 µm) in the turning of 6061/Al2O3/10p 

(10 vol% Al2O3 particles reinforcement) and 359/SiC/20p (20 vol% SiC particles 

reinforcement). The cutting conditions used are in the following range: VC=250 and 

500 m/min f=0.1 and 0.4 mm/rev and DOC=1.5 mm. Detailed characterization of the 

diamond coatings was not presented. They concluded that the thick diamond CVD 

coatings (500 µm) may be currently considered as competitor for PCD.  

The advantages of CVD diamond coated rotary tools in enhancing graphite machining  

operations are presently aggressively marketed by many vendors and are becoming well 

known in the machining industry [ 66 ]. Ten to twenty times tool lifetime increases are 

commonly observed in small job shops and large machine shops involved in EDM 

(Electrode Discharge Machines), sinker-die electrode and other graphite component 

production. However, it was not found any scientific work published in open literature 

about this subject. The failure mechanisms, the type of pre-treatments, the influence of 
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the diamond crystal size in the performance under high speed machining are matter of 

high industrial interest, not only to the producers but also for end users of such 

tooling. 

A comparison among the various performance tests is difficult due the lack of 

common test methods used by different research groups or laboratories, either because 

the type of pre-treatment is not the same, the deposition conditions are different or 

even the testing conditions or the work-materials are not comparable. However it may 

be said that the present machining assessment shows that, in general, the current batch 

of CVD diamond coated tooling is still a matter of study and debate. The coated tools 

can probably machine effectively in the finishing of less “aggressive” materials. The 

adhesion to the carbide substrate needs to be further improved so that the bonding will 

be stronger, tougher and most important, very reliable and consistent among the same 

deposition lot as well as between different coatings batches. More basic research is 

needed to delineate the many still largely unknown effects of the diamond film 

morphology (such as grain size, roughness, etc…) on tools life and part quality in 

machining. 

1.3.2 The activation process and the gas phase reactions in HFCVD 

The gas mixture fed into the diamond growth reactor is normally composed of a few 

percent of hydrocarbon in hydrogen. Among the carbon-containing species 

responsible for diamond growth over a rather long period of time, two main species 

warrant attention: the C2H2 molecule and the *
3CH  radical [ 67 ],[ 68 ].  Although C2H2  or 

C atoms might be responsible for diamond growth under certain conditions, in 

particular, those of very high power [ 69 ], today many results support the conclusion 

that, in microwave plasma reactors and in HFCVD both operating under moderate 

pressure in H2/CH4 mixtures, *
3CH radicals are the most probable growth species.  

The activation process in HFCVD diamond growth is understood as a means to 

produce a supersaturation of atomic hydrogen ( *H ) in the gas phase at filament 

temperatures  (Tfil.) above 1800 Cº. The dissociation of molecular hydrogen into the 
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atomic species is what makes diamond growth possible. The *H  can interact with 

small percentages of a hydrocarbon gas, frequently CH4, to form methyl radicals ( *
3CH ) 

via the reaction [ 70 ], 

2
*
3

º1800
*

4

.

HHHCH
CT fil

+⇔+
>

 
( 1.6 ) 

This provides the most important active species for diamond growth [ 52 ],[ 71 ]-[ 73 ]. The 
*H  also has two other primary functions: i) to etch non-diamond carbon from the 

growing film: it involves a faster etching of the graphitic carbon sp2 sites, which are 

removed 500 times faster than sp3 sites [ 48 ] and (ii) a secondary role, heating the 

substrate to temperatures suitable for diamond growth [ 73 ] -[ 76 ]. 

When the level of carbon in the gas phase becomes greater than a critical value, 

dependent on T fil,  deposition of carbon onto the filament surface occurs [ 77 ]-[ 79 ]. This 

deposition is commonly referred as “poisoning” or “shooting”. Filament poisoning 

results in a reduced ability to transform H2 to *H . The effects are a reduced growth 

rate, morphology changes and a reduced crystal size in the deposited film. In most 

cases, the onset of changes in the filament will be detected by a sudden apparent 

increase in Tf i l. followed by a decrease in the substrate temperature. These two 

seemingly contradictory behaviour can easily be explained as follows: as the filament 

starts to build up a layer of carbon on their surface, the emissivity of the filament is 

increased. This increase is perceived by an optical pyrometer, typically used to measure 

Tfil. as an increase in temperature. The subsequent decrease in Tsub. is the result of the 

lower level of *H  production. 

A two-dimensional model containing a reduced gas-phase kinetic mechanism 

consisting of 10 species and 12 reactions was developed by Mankelevich et al. [ 80 ] for 

HFCVD reactor. Closed form-expressions for heterogeneous *H production on the 

filament and film growth rate were included in the model. The relevant kinetic 

coefficients were adjusted to yield agreement with the measured gas-phase [ *H ]. The 
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two-dimensional reactor model was applied to three different systems [ 72 ],[ 81 ] -[ 83 ]. It 

was found that the temperature discontinuity at the filament had little effect on the 

results, which is consistent with early one -dimensional studies [ 84 ],[ 85 ]. In general, it was 

concluded that the model adequately predicts the species concentrations and film 

growth rates in different experimental systems. Mankelevich et al [ 80 ] derived the 

formula for the growth rate, G (in µm/h), of diamond,  
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( 1.7 ) 

 

Here, S
CH

n *
3
, S

Hn
2
, S

H
n * are the concentrations (cm -3) of methyl, molecular and atomic 

hydrogen near the substrate surface. nST  and ST  are the temperatures of the gas phase 

near the substrate and of substrate surface, respectively; 14
1 1084.3 ×=c , 0089.02 =c , 

204.03 =c  are constants, 3109873.1 −×=R  kcal(mol K)-1, 6.141 =Q  kcal mol -1,  

3.72 =Q  kcal mol -1 are the activation energies of diamond growth for low ( 850<ST k) 

and high substrates temperatures and ( )STf  is the temperature-dependent function 

given by equation  ( 1.8 ).  

( ) ( )
( ) ( )SS

SSS

RTRT
RTRTTf

/5.12exp23.0/8.8expexp1.0
/2.5exp016.0/5.1exp0021.0)(

−+−+
+−+−=  ( 1.8 ) 

  

 

Methyl radicals are generated in the gas phase by the reaction ( 1.6 ) Thus, the 

concentration of methyl radicals near the substrate can be written accordingly with 

equation ( 1.9 ). Inserting equation ( 1.9 ) into ( 1.7 ) gives the growth rate, equation 

( 1.10 ). With the calculated concentrations of the gas species in quasi-equilibria [ 86 ],  

the equilibrium constant Keq can be determined yielding a value of  20≈eqK . 
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The most significant destruction mechanism of atomic hydrogen is through 

recombination on surfaces. In HFCVD reactor, recombination takes place at the 

substrate, the support post and the reactor walls. The destruction of atomic hydrogen 

on a diamond-coated substrate was measured by Cappelli [ 87 ] and can be determined 

by equation ( 1.11 ), where *H
γ  is the recombination coefficient of hydrogen on 

diamond. The recombination results in 0.12, at typical substrate temperatures. This 

recombination results in a significant heat release of 435 kJ/mol at the recombining 

surface, which produces significant heating of the substrate. 

( )SH
T/3025exp95.1104 4

* −+×= −γ  ( 1.11 ) 

 

1.4 CVD diamond coatings on cutting tools 

Two approaches were followed for the CVD diamond for cutting tools. One is to 

grow thick (1-1.5 mm) free standing polycrystalline diamond slab, cut it to size and 

braze it on to cemented tungsten carbide substrate. However the tools have to be 

finished before use. Norton®, Crystallume®, sp3® and Kennametal® in the US; 

Sandvick®, Cemecon® and Ceratizit® in Europe; Mitsubishi Materials®, Toshiba®,  

Tungaloy® in Japan are some of the cutting tool manufactures actively engaged in the 

research and development (R&D) of CVD diamond coatings for a wide range of 

commercial applications. 
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The main problem with the diamond coatings on cemented carbide substrates is the 

lack of good adhesion due to considerable differences in the materials properties. 

Soderberg et al. [ 88 ] cited three reasons for the lack of good adhesion. They are: i) void 

formation at the interface, ii) presence of non-diamond material at the interface, and 

iii) high residual stresses. The first problem occurs because of lower nucleation density. 

As the nuclei grow and coalesce, pores are left on the carbide surface between the 

diamond crystallites. As the second nucleation is rather limited, voids are not filled 

during growth. The second problem, namely, presence of non-diamond material at the 

interface, is considered to be the most deleterious to the quality of the diamond coating 

and its adherence on to the WC-Co tools.  Finally, high residual stress result from the 

large thermal expansion mismatch between diamond coatings and the cemented 

tungsten carbide substrate. The linear thermal expansion coefficient is 3.1x10-6/ºC 

while that of WC-Co ranges between 4.5x10 -6 – 7.1x10-6/ºC depending on the cobalt 

content  [ 10 ]. As a result, the deposited diamond layer is under a residual compressive 

stress and the substrate material is under a residual tensile stress [ 89 ]. The next sections 

of this chapter will focus the state of art concerning to CVD diamond coatings on 

WC-Co for cutting tools and the different approaches followed by several research 

groups in order to solve theses problems.  

1.4.1  Behaviour of cobalt during diamond deposition on WC-Co 

Because of the high solubility of carbon in cobalt at the deposition temperatures of 

CVD diamond coatings and the fact that graphite is the thermodynamically stable 

carbon phase under these conditions, non diamond carbon phases form during 

diamond film deposition on cemented tungsten carbide [ 90 ]. From the phase diagram 

for C-Co system represented in Fig. 1. 10, it is clear that in the region of temperature 

range in which diamond is commonly conducted, at any composition within the 

solubility range of C in Co, graphite will precipitate out as the temperature drops 

during cooling. Haubner et al. [ 91 ] reported that direct deposition of diamond on pure 

cobalt substrates is feasible only at low methane concentrations (0.4%). Bichler et 

al. [ 92 ] studied the effect of cobalt in WC-Co on diamond nucleation rates. They 
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reported that the nucleation rate of diamond without prior diamond treatment 

decreases with the increase in cobalt content, in the range of 3-10 %Co with minimum 

nucleation for a cobalt content exceeding 6 %Co. This led many researchers to 

concentrate on diamond coatings only on low cobalt content cemented tungsten 

carbide grades, typically in the 3-6 Co-wt% range. In addition to the carbon diffusion 

into the cobalt binder in the tool during diamond deposition, several studies noted that 

cobalt diffused into the growing carbon layer and affected the diamond growth. 

 
Fig. 1. 10 - Phase diagram of Co-C system [ 90 ]. 

Menlmann et al. [ 93 ]-[ 95 ] found that cobalt attacks diamond and forms cobalt-containing 

particles. It was observed the  movement of cobalt towards diamond coatings for 

growth at 800 ºC. Polini  et al. [ 96 ] reported the presence of cobalt rich particles between 

growing diamond nuclei at temperatures of 750 ºC, but at higher temperatures (950 ºC) 

X-ray photoelectron spectroscopy (XPS) data demonstrated that surface cobalt is less 

abundant. As a consequence, cobalt is gradually included in the diamond coating when 

deposition time is increased. The interaction between cobalt and diamond results in 

zones that contain small cobalt particles and disordered graphite. The growth at higher 
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temperatures eliminates cobalt containing particles due to in-situ etching of cobalt. 

Kubelka et al. [ 97 ] proposed that the deleterious effects of the cobalt binder continue 

even after the diamond film exists on the surface. They found that the carburization of 

the binder proceeds towards the inside of the substrate, reaching a depth of more than 

400 µm after 240 h. After the substrate is covered by a continuous film the carbon 

diffusing into the substrate can not be supplied by the gas phase and is probably 

supplied by the dissolution of the diamond film itself. This effect also contributes for a 

reduced adhesion. The main processes involving cobalt-carbon and cobalt-diamond 

interaction are graphically resumed in Fig. 1. 11. 

  

 

 
Fig. 1. 11 – The main processes involving cobalt during CVD diamond growth. a): carbon 
diffuses from the gas phase into Co and the formation of graphite is catalyzed; b): diamond 
nucleates on WC and on graphite; c) cobalt diffuses through diamond grains forming cobalt 
particles on surface, graphite forms around cobalt particles and diamond nucleate on them.  
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Besides the role of cobalt on diamond adhesion, it is very important to take into 

account the effect of other carbides on the adhesion of diamond films on WC-Co 

cemented tungsten carbide. Recently Polini et al. [ 98 ] studied the influence of VC and 

TaC, used as grain growth inhibitors during the WC-Co sintering process, on the 

diamond film adhesion. They reported that at high substrate temperatures (950 ºC) 

grain growth inhibitors segregate at the interface between diamond and WC-Co 

cemented carbides. The adhesion level was strongly dependent on the segregation of 

such additives and lead to the formation of graphitic interfacial layer. Therefore, 

process conditions which cause segregation of grain growth inhibitors must be 

carefully avoided when diamond deposition on WC-Co is concerned. 

1.4.2 Techniques for improving adhesion 

Many approaches have been found in the open literature to more or less efficiently 

eliminate, or minimize, the cobalt diffusion and improvement of coating adhesion. 

Cobalt is readily dissolved by sulphuric, hydrochloric and nitric acids to form cobaltous 

salts [ 99 ],[ 100 ]. Cobalt removal at and near the surface cemented tungsten carbide 

substrates in order to improve the adhesion is an approach widely adopted by many 

researchers [ 101 ]-[ 104 ]. One of the common chemicals used for etching tungsten carbide 

is a solution of potassium ferricyanide and potassium hydroxide in water 

(10 g K3(Fe(CN)6) + 10 g KOH + 100 ml H2O), known as Murakami’s reagent. It was 

found to be ideal to make a selective etching in the WC phase leaving. Peters and 

Cummings [ 105 ],[ 106 ] introduced a widely recognized two step etching procedure with 

effectiveness in adhesion and nucleation enhancing. The WC-Co was first treated with 

Murakami’s reagent followed by a treatment in a solution of either H2SO4+HNO3 

(30:70) or diluted solution of HNO3 to remove the surface cobalt. 

Several research groups reported an improvement in adhesion by heat treatment of 

WC-Co in-situ, prior CVD growth. They noticed an increase in the surface roughness 

of WC by heat treatments, without the formation of subsurface porosity [ 107 ]-[ 111 ].  

They also found that the surface cobalt was eliminated by evaporation. The increase in 
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surface roughness provides anchoring sites for the mechanical interlocking of the 

diamond, thereby improving the adhesion of the film. Bi Zhang and L. Zou [ 108 ] 

observed that sandblasting treatments is effective in containing an enhanced  

nucleation density and adhesion strength of diamond coatings [ 113 ]. More recently, 

Polini et. al [ 114 ] proposed a new technique to pre-treat WC-Co by a fluidized bed of 

diamond powder. Other groups proposed surface modifications by laser [ 112 ] and water 

penning  [ 115 ] to improve the adhesion. 

Various studies have been reported in the open literature concerning the use of 

interlayers between diamond films and a variety of substrates for the purpose of 

improving adherence. Krupp et al. [ 116 ] attempted to use coatings to react and to form 

stable phases to block cobalt diffusion. A boron coating was used successfully to block 

cobalt to return to the surface however, it was not able to prevent carbon difusibility 

through the binder. Konvashin et al. [ 117 ] deposited a multilayer (TiN-TiCN-TiN) 

coating on WC-Co substrates prior diamond deposition and reported good adhesion of 

the diamond. Endler et al. [ 118 ] investigated the suitability of various coatings, such as 

Si3N4, SiC, TiN, TiC and a-carbon as interlayers and carried out experiments in the 

temperature range of 600-950 ºC. Adherent diamond coatings were reported on TiC, 

SiC, and Si3N4 over the entire temperature range. However TiN, diamond coatings 

were obtained only at higher temperatures. By scratch tests they determined that the 

best adhesion was obtained for the interlayers of SiC and Si3N4.   

This section summarizes many of the approaches that have been used to solve the 

problem of CVD diamond coatings adherence on WC-Co tool inserts. A comparison 

among the various methods is difficult due to the lack of common test methods. 

However, the method proposed by Peters and Cummings [ 105 ],[ 106 ] seems to be 

generally accepted in the scientific community as a proper approach of pre-treatments 

for CVD diamond coated directly on WC-Co substrates. This approach of surface 

modification is still in development but its realization is feasible. 
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1.4.3 Heterogeneous nucleation and diamond growth in pre-treated WC-Co  

It has become clear in research on diamond film growth that control of the 

fundamental phenomena associated with diamond nucleation and the early stages of 

growth is essential for applications in which material properties are sensitive to, or 

depend upon, the morphology of polycrystalline film. An increase in surface nucleation 

density may reduce surface roughness and, further may improve the homogeneity of 

film and reduce formation of voids at the substrate or coating interface, leading to 

better diamond-substrate adhesion. 

Surface nucleation processes can be described by two parameters: the nucleation 

density, Nd (cm-2), and nucleation kinetics, Nr (cm-2 h-1). The nucleation density is the 

number of nuclei grown per unit area, and Nr represents the time evolution of the 

surface coverage as it occurs during a CVD process [ 119 ], [ 120 ].  

The emphasis of most studies on nucleation and growth of diamond has been the 

heterogeneous formation of diamond particles and the crystallization and deposition of 

diamond films on substrates surfaces. Only limited work has been done in order to 

examine the possibility of achieving homogeneous a nucleation from the gas phase at 

low pressures. Probably, the main reason that homogeneous nucleation of diamond 

has not been pursued more aggressively is that using a CVD process to produce 

diamond powder via homogeneous nucleation does not appear commercially 

competitive with other techniques, because the low nucleation rate and conditions 

conducive to homogeneous nucleation are not favourable for film growth [ 121 ]-[ 123 ].  

 The most commonly used methods to enhance nucleation are: i) the damaging and/or 

seeding of the substrate surface either by mechanical or ultrasonic abrasion with 

diamond or other hard powders and ii) substrate biasing during the initial stage of 

diamond deposition. The mechanisms of nucleation by damaging/seeding are still a 

matter of debate, however, most of the work presented in open literature was done 

using silicon substrates [ 125 ]-[ 130 ]. To justify the increase of the surface activity after 

substrate  
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pre-treatment, two hypotheses can be addressed  [ 131 ]: (a) residuals of diamond powder 

left at the surface act as seeds for subsequent diamond growth; (b) the presence of 

defects produced by mechanical damage supply suitable sites for the diamond 

formation through a heterogeneous nucleation process. In the heterogeneous 

nucleation process, the formation of stable crystals on the surface at nucleation sites is 

a time-dependent process [ 132 ]. On the contrary, if nucleation enhancement would be 

due to seeding, no time-dependent nucleation process should be observed. 

Many researchers studied nucleation enhancement by negative bias and proposed 

various mechanisms. Yugo and his colleagues speculated that negative bias increased 

the hydrogen content of amorphous carbon and the bond strength of diamond nuclei 

with the substrate [ 133 ].Jiang, Schiffmann, and Klages [ 134 ] claimed that ion 

bombardment under negative bias increased adatom diffusion. Stoner et al. [ 135 ] 

proposed that bias increased the flux of positively charged carbon ions to the surface 

and that higher energy transferring from ions to the surface resulted in an increased 

surface mobility of the absorbed species. Robertson et al. [ 136 ] suggested that ions could 

be injected into the substrate surface, forming a layer of nanostructure graphitic 

carbon, which acts as the transition layer between diamond and substrate. McGinnis, 

Kelly, and Hagstrom firmly believed that the bombardment of the substrate surface by 

energetic species was critical for nucleation enhancement  [ 137 ]. Chen and co-

workers [ 138 ],[ 139 ] found that electron emission could enhance diamond nucleation and 

they believed that electron emission played a key role during diamond nucleation. 

Wang et al. [ 140 ] applied a negative bias relative to the filament to the electrode set 

between the filament and substrate. They found that diamond nucleation was also 

improved and put forward the mechanism of electron-emission-enhancement (EEE) 

nucleation. These mechanisms elucidated different aspects of negative-bias-enhanced 

diamond nucleation.  

The mechanisms mentioned above were proposed according to their experimental 

results, and each of the mechanisms only emphasized some aspects of the 

enhancement of diamond nucleation by negative bias. Therefore, diamond nucleation 

has not completely been explained. 
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As it is well known, the secondary electron emission properties of diamond are highly 

sensitive to the surface conditions and thermal history; their influence during the 

electron emission enhanced nucleation process is not expected to be reproducible. 

Recently, Kamiya and his co-workers [ 141 ] studied the effect of bias application on 

nucleation and enhancement of diamond on WC-Co substrates in the process of 

microwave plasma CVD. They reported very low reproducibility of nucleation density. 

The maximum value reported was 1.3x109 cm-2  while by seeding with diamond 

powder a value of 4.0x108 cm-2 was achieved. For these reasons, Zhou et al. [ 142 ] and 

Kromka et al. [ 143 ] have developed a new process to obtain high density diamond 

nucleation densities via a double bias assisted HFCVD. The nucleation density 

reported is about 3x109 cm-2 on mirror polished silicon wafers. 

1.4.4 Failure mechanisms CVD diamond tools 

To understand the different failure mechanisms we can intuitively visualize that there 

are several metallurgical regions on top of the substrate after the tool has gone through 

the CVD diamond deposition. First, directly above the bulk substrate material there 

will be a region where the cobalt has been somewhat depleted and its concentration is 

lower than the nominal level in the bulk substrate. Presumably, this section is not as 

tough as the origin bulk material. Next, there will be the a “transition” zone where 

both diamond and WC are present together and most likely the adhesion is due to the 

mechanical interlocking between the diamond and the WC grains. The final region is 

referred to the diamond thin film that has grown in columnar structures after the initial 

coalescence of all the crystallites across the substrate surface. The idealized cross 

sections (Region I to IV) of the composite structure have been described by Shen [ 144 ] 

and are reproduced in Fig. 1. 12. The weakest link and the most commonly observed 

failure is at Region II, the transition zone/layer, where the CVD diamond coatings 

detach cleanly from the carbide substrate. This type of failure means that there is not 

enough adhesion between the WC and the diamond grains. In order to prevent an 

outright film delamination in the transition layer, the mechanical interlocking between 
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diamond and the WC grains has to be very strong. One method of strengthening this 

layer is to ensure that there will be minimal voids among the interstitial grain (WC and 

diamond) spaces. 

 

Fig. 1. 12 – Schematic representation of the various regions of wear and gross failures 
according to Shen [ 144 ]. 

If the diamond film does detach in Region II, the next failure mode most likely to 

occur will be at Region III. This is the layer where the strength of the cobalt-depleted 

tungsten carbide zone will be significantly reduced. In this case, the film would 

separate itself from the bulk of the tool by pulling the carbide grains along with it. This 

would give rise to localized pitting and/or macroscopic chipping of fracturing. Finally, 

the third and the fourth failure modes can be identified with the bulk failure of the 

nominal substrate (Region IV) and the nominal layer (Region I) respectively. The third 

type is strongly related to the fracture toughness of the substrate. When such 

toughness is very low for a specific cutting application this failure mode can be quite 

frequent. The fourth type is not too easy to detect because it will be masked over by 

subsequent major failures. Nevertheless, Bhat [ 145 ] was able to capture this diamond 

grain fracture phenomenon. 
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All of the main types of failure mechanisms are catastrophic in nature and are 

undesirable in the pursuit of a protective and predictable thin diamond film 

performance. The only failure mode that would be desirable to observe is the gradual 

attrition wear of the diamond grains.  

1.5 Fundamentals of orthogonal machining  

There are two distinct types of manufacturing processes that rely on the behaviour of 

the material past the yield point to form net shape components from a work piece. The 

first is a deformation process, which produces the required shape by plastic 

deformation of the material while conserving mass. The second process and the focus 

of this project is the machining process, which forms the net shape work piece by 

removing material. Traditional machining uses a cutting tool to perform milling, 

drilling, sawing, abrasive, or broaching operations. Machining can also include non-

traditional processes in which the material is removed by other means such as 

electrically, chemically, or optically. In traditional machining, where a tool mechanically 

cuts, or shears the material to failure, the resulting chip formation process can be 

modelled with a simple orthogonal metal cutting model in which a local region of the 

work piece is strained to fracture. 

A simple two-dimensional orthogonal metal cutting model is seen in Fig. 1. 13. The 

tool is a single point tool that is characterized by the rake angle 'α  and the trailing edge 

of the tool, the clearance angle 'γ . When the rake face of the tool is in the clockwise 

position from the work piece the rake angle is considered to be positive and if counter 

clock wise negative. The localized straining in the work piece enforced by the tool 

causes plastic deformation of the undeformed chip t which proceeds to the deformed 

chip thickness tc The chip thickness are related by the shear plane angle φ  which is an 

important characteristic parameter in metal cutting that varies with cutting conditions 

and work piece materials.  
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Fig. 1. 13 – Schematic of orthogonal metal cutting. Panel a) - orthogonal model. t, 
uncut chip thickness (feed or depth of cut); tC , chip thickness; φ , shear angle; α, 
rake angle; 'γ , clearance angle; θ edge angle ( )[ ]''90' γαθ +−= . Panel b) – 
velocity triangle. V, chip velocity; VC, cutting velocity. Panel c) – chip freed body 
diagram. F, friction force; N, normal to friction force; FS, shear force, Fn, normal 
to shear force; FC , cutting force; Ft , tangential force; R, resultant force [ 146 ],[ 147 ]. 

Fig. 1. 13 c) shows a free body diagram of a chip that has been separated at the shear 

plane. The resultant force R consists of the friction force, F, and the normal force, N,  

acting on the tool/chip interface contact area. A dynamometer mounted in the  

work-holder or the tool-holder can be used to measure FC and Ft. This set has resultant 

R’’, which is equal in magnitude and collinear to the other resultant forces in diagram. 

To express the desired forces (Fs, Fn, F, N) in terms of dynamometer components, Fc 

and Ft, an appropriate angles, a circular force diagram has been proposed by 

Merchant  [ 146 ], shown in Fig. 1. 14. The β angle is used to describe the friction 

coefficient, µ, on the tool/chip interface area, witch is defined as F/N. 
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Fig. 1. 14 – Circular diagram for orthogonal chip 
formation [ 146 ]. 

1.5.1  Chip form: terminology in two dimensional machining  

The properties of the work material control chip formation. Work material properties 

include yield strength under compressive loading, strain-hardening characteristics, 

friction behaviour, hardness and ductility. High ductile materials not only permit 

extensive plastic deformation of the chip during cutting, which increases work, heat 

generation and temperature, but also result in longer continuous chips that remain in 

contact longer with the tool face, thus causing more frictional heat. The continuous chips 

are formed by a predominantly steady plastic deformation. On the other hand, some 

materials, such as grey cast iron, lack the ductility necessary for appreciable plastic chip 

formation. Consequently, the compressive material ahead of the tool can fail in a brittle 

manner anywhere ahead of the tool, producing small fragments. Such chips are termed 

discontinuous or segmented. A built-up edge (BUE) is a work material that deposited on the 

rake face near the cutting edge. It is the product of the localized high temperature and 

extreme pressure at the tool/chip interface. The work material adheres to the cutting 

edge of the tool. Although this material “protects” the cutting edge, it also modifies the 

geometry of the tool. BUE are not stable and will slough off periodically, adhering to 

the chip or passing under the tool and adhering the machined surface. Fig. 1. 15 (panel 

a to c), show partially formed chips of these types [ 147 ]. 
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Fig. 1. 15 - Types of chip formations: (a), continuous (b) discontinuous, (c) continuous with 
built-up edge (BUE) [ 147 ]. 

1.5.2 Wear surfaces on cutting tools 

All tools wear during machining until and continue to do so until they come to the end 

of the tool life. Fig. 1. 16 shows the characteristic wear surfaces on a turning tool 

insert, end mill, form tool and drill [ 148 ]. The changes in the tool cutting edge geometry 

could produce out-of-tolerance dimensions on machined parts. The edge wear and 

crater wear on the rake surface alter the state of stress and strain in the cutting region, 

thereby changing the cutting forces and the mechanics associate with the chip-making 

process. The location and size of these wear surfaces play an important role in 

determining the useful life of the cutting tool. Localized stress on the cutting tool 

surfaces are a major contributing factor in regarding to location and size of the wear 

surfaces [ 149 ]. Fig. 1. 17 shows the distribution of normal and shear stresses on the tool 

wear surfaces [ 148 ]. The normal stresses, s n, are caused by normal forces acting along 

the rake surface, the cutting edge surface and the clearance surface. The shear stresses, 

t , that act along the surface of the tool are associated with sticky and sliding shear 

processes. For the sticky zone, the normal force has a magnitude that results in a shear 

stress component that equals the shear yield strength, t y, of the strain-hardened work 

piece material. Rather than sliding along the surface, the chip tends to adhere and 

periodically separate along fracture planes. Tool surface roughness and lubrication 

conditions affect the magnitude of these surface shear stresses. 
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The “conflict” between chip motion strain and stationary work piece strain produces a 

plowing action by the cutting edge. The plowing action exists to some degree because 

it is impossible to create a cutting edge with no radius and with a primary shear zone 

that is a perfect plane. 

 
Fig. 1. 16 – Wear surfaces on common tools due to the tool motion V [ 149 ]. 

 

Fig. 1. 17 – Wear surface stresses [ 148 ]. 



 

 36 

1.5.3 Components of force and wear at tool tip 

One of major importance on the tool wear is the identification of the wear 

mechanisms [ 147 ],[ 148 ]-[ 151 ]. What has emerged is that the particular wear mechanism is 

dependent upon the contacts stresses, relative velocities at the wear surfaces, and 

temperature and physical properties of the materials in contact.  For a set of contact 

materials, wear maps have been used to identify the ranges of normal pressure and 

velocity that result in a particular wear mechanism [ 151 ].  

It is possible to use a range of process variables to indirectly measure the effects of 

tool wear. Measurements have been made by many investigators [ 153 ],[ 154 ]. Theses 

included the use of on-line electronic equipment/transducers to measure: motor 

power, spindle torque or even the current drawn by a.c. feed drive 

servomotors [ 155 ],[ 156 ]. Another technique which has gained wide acceptance in sensing 

wear is the dynamic behaviour of the tooling system [ 157 ],[ 158 ]. However, one of the 

most promising techniques for sensing tool wear and breakage involves the 

measurement and observation of the components of static/dynamic force acting at the 

tool tip during machining  [ 159 ]-[ 163 ]. In Oraby and Hayhurst [ 152 ] reported for centre 

lathe turning, force variation during cutting was found to correlate well with tool wear 

and breakage. Both the feed component of force Fx (also named as feed force, Ff),  Fig. 

1. 18, and the radial component of force Fz (also named as trust force Ft) were found to 

be more affected by tool wear than by the vertical component of force Fy (also named 

as cutting force FC). This suggests that force variation during real-time cutting may 

provide an accurate and reliable technique to monitor tool wear and breakage. 

However, one of the drawbacks of such an approach is its non-linear dependence on 

the control variables, and the influence of the current tool–work piece interface 

conditions. A reformulation of the approach has therefore been proposed  [ 164 ] which 

seeks to eliminate as many of these aspects as possible. 

Wear scars are usually not evenly distributed on the tool flank and three regions of 

wear can be distinguished, Fig. 1. 19: nose wear BCV , over region C; flank wear BV , 

over region B; and notch wear CWV  over region N. The radial component of force Fz 



Chapter I                 Background on cemented carbide and CVD diamond coatings  
 

 
 

 37 

has been shown [ 152 ] to be most affected by nose wear, BCV , while the feed component 

of force Fx is most influenced by wear scars in the flank, BV , and notch, CWV , areas. In 

general, if the wear in one area dominates, then the associated force component is 

most influenced. Hence, if an average value of flank wear is used to correlate with the 

behaviour of Fx and Fz, then an erroneous effect on the individual force components 

will be predicted.  

 
Fig. 1. 18 –  Cutting forces components in turning operations [ 152 ]. 

 
 

Fig. 1. 19 – Tool wear curves [ 152 ]. 
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For a practical machine situation, since no machining theory is available to predict the 

tool life, one is compelled to rely on empirical relations such as those proposed by F. 

W. Taylor early in the last century [ 148 ]. To predict tool life/wear in a fundamental way, 

an in-depth understanding of tool wear mechanism is required to each given system. The 

useful life of a tool can be defined in terms of the progressive wear that occurs on the 

tool rake face (crater wear) and/or clearance face (flank wear). Of these two, flank wear 

is often used to define the end of effective tool life [ 165 ]. This is also physically more 

meaningful as the flank wear land width has, once a certain level is reached, a major 

negative influence on dimensional accuracy and surface finish of the component as well 

as the stability of the machining process. Fig. 1. 20 shows typical tool wear curves for 

different cutting velocities. The wear limit or failure criterion, W1, shows that the elapsed 

time before tool replacement increases with a decreasing in cutting velocity. Table 1. 3 

presents some typical values for some common tools of hardmetal and high speed steel 

(HSS) [ 148 ]. 

Table 1. 3 – Typical flank wear limits [ 148 ]. 

Operation and material Average Flank 
wear  
[mm] 

Maximum local 
Flank wear 

[mm] 

Turning 
               HSS 
               Hardmetal 

 
1.5 
0.45 

 
1.5 
0.9 

Face milling 
               HSS 
               Hardmetal 

 
1.5 
0.45 

 
1.5 
0.9 

End milling-slotting 
               HSS 
               Hardmetal  

 
0.3 
0.3 

 
0.5 
0.5 

End milling-peripherical 
               HSS 
               Hardmetal  

 
0.3 
0.3 

 
0.5 
0.5 

DrillingTurning 
               HSS 
               Hardmetal 

 
0.45 
0.45 

 
0.45 
0.45 
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Fig. 1. 20 – Tool wear curves [ 148 ] 

The progressive wear of the tool presented in Fig. 1. 20 can be split in three different 

“zones”: 

Initial wear mechanisms (region zone I) – the two materials in contact have surface 

roughness irregularities in the form of protrusions or asperities. At the interface, 

asperities from the two materials touch, creating tiny contact areas. The total area from 

these contact points is a fraction of the projected area of the contact surface. The 

stresses and heat are intensified in the asperities, and partial removal may occur due to 

seizure accompanied by fracture of the asperity or melting in the asperity. As these 

asperities are removed, the initial surface roughness is altered and the contact area 

increases. If the force conditions remain unchanged, pressure decreases and the active 

wear mechanism changes to plasticity and/or mild oxidation/diffusion dominated 

wear [ 151 ]. 

Steady state wear mechanisms (zone II) – the abrasion, oxidation, diffusion and 

chipping wear mechanisms that occur at operating conditions within the safe zone 

shown in Fig. 1. 20 cause the initial wear surfaces to enlarge over time. This surface 

life period is often referred to as the steady state wear period. 
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Tertiary wear mechanisms (zone III) – the steady-state period of wear eventually 

enlarges the wear surfaces to a critical size that triggers accelerated wear. In tools that 

have a hard wear-resistant coating, wear through this coating or separation of small 

volumes of the coating exposes the less-resistant core material, resulting in accelerated 

wear; a tool changes must be made before this point is reached. 
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Chapter 2.  

In this chapter it is explained in detail the experimental procedure, including the system configuration, 

substrate preparation and deposition process of CVD diamond. Section 2.1 deals with the techniques 

used for characterization and their analysis. The techniques include Raman spectroscopy, scanning 

electron microscope (SEM), energy dispersive X-ray spectroscopy (EDS), atomic force microscope 

(AFM), X-ray diffraction, indentation test and adhesion scratch test. The mechanical and 

microstructural properties of the cemented carbides used as substrates are presented in section 2.2. A 

detailed description of the home-made HFCVD system used to growth diamond films is presented in 

section 2.3. 

2.1 Experimental techniques for substrate and diamond characterization 

Numerous techniques are useful in the characterization of diamond; too many to 

review in this chapter. In fact, even this review is limited to the techniques that have 

been used in the recent past to analyse CVD diamond.  

2.1.1  Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is a micro analytical technique, which is able to 

image or analyse materials that cannot generally be observed with the resolution 

available by optical techniques, thus allowing a detailed analysis of the grain growth and 

morphology of the studied material. During SEM inspection, a fine beam of electrons, 

also referred to as primary electrons, is formed by the source and scanned across the 

specimen surface. The electrons dislodged from the interaction of the primary electron 

with the specimen, also known as secondary electrons, are then collected and displayed 

on a monitor as a function position.  

The kinetic energy of the secondary electrons is often only a few hundred eV, 

compared to 25,000 eV for the primary electrons. The physical arrangement of the 
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electron gun and the secondary electron detector is schematically represented in  

Fig. 2. 1.  

Interaction of the primary beam with atoms in the sample causes shell transitions 

which result in the emission of an X-ray. The emitted X-ray has an energy 

characteristic of the parent element. Detection and measurement of the energy permits 

elemental analysis Energy Dispersive X-ray Spectroscopy (EDS). EDS can provide 

rapid qualitative, or with adequate standards, quantitative analysis of elemental 

composition with a sampling depth of 1-2 microns. X-rays may also be used to form 

maps or line profiles, showing the elemental distribution in a sample surface. 

 

Fig. 2. 1 - Secondary electrons are emitted from the sample when 
struck by the primary electron beam. The secondary electrons are 
drawn toward the electron detector by a small electric field, resulting in 
the curves paths represented by dashed lines. 

A Hitachi 4100 SEM system is used to examine crystallite size and morphology of the 

CVD diamond. Magnification of sample topology ranges from 30X to 300000X. 

Energy dispersive X-ray spectroscopy (EDS) is available on this instrument, providing 

complementary identification of cobalt, tungsten carbide presentment in the samples. 
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2.1.2 Atomic force microscope (AFM) 

Scanning probe microscopy covers several related technologies for imaging and 

measuring surfaces on a fine scale, down to the level of molecules and groups of 

atoms. At the other end of the scale, a scan may cover a distance of over 100 

micrometers in the x and y directions and 4 micrometers in the z direction. During the 

scanning the probe (or the sample under a stationary probe) generally is moved by a 

piezoelectric tube. Such scanners are designed to be moved precisely in any of the 

three perpendicular axes (x,y,z). By following a raster pattern, the sensor data forms an 

image of the probe-surface interaction. Feedback from the sensor is used to maintain 

the probe at a constant force or distance from the object surface. For atomic force 

microscopy the sensor is a position-sensitive photo detector that records the angle of 

reflection from a laser bean focused on the top of the cantilever, as shown in Fig. 2. 2.  

Atomic force microscope (AFM) systems detect the z-displacement of the cantilever 

by the reflection of a laser beam focused on the top surface of the cantilever. The 

feedback from this sensor maintains the probe at a constant force. The z-axis (vertical) 

component of the force of interaction is calculated from the z-displacement of the 

cantilever and the spring constant of the cantilever. 

In addition to the SEM/EDS, AFM was carried out using NANOSCOPE – 03 

(Digital Instrument, USA) to characterize the surface morphology of WC-Co after the 

nucleation of diamond. 
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Fig. 2. 2 – Schematic diagram of atomic force microscope. 

2.1.3 X-ray diffraction analysis 

X-ray diffraction analysis (XRD) uses the property of crystal lattices to diffract 

monochromatic X-ray light. This involves the occurrence of interferences of the waves 

scattered at the successive planes, which are described by Bragg's equation [ 166 ],[ 167 ]:  

hklhkldn Ψ= sin2ς ,   (n=1,2,3,...) (2. 1) 

where ςn  is always taken as unity and hkl are the Miller indexes. Bragg’s law indicates 

that diffraction is only observed when a set of planes makes a very specific angle  

(Ψ – Bragg angle) with the incoming x-ray beam. This angle depends on the inter-

plane spacing, hkld , which itself depends on the size of the molecules/ions that make 

up the structure. Typically diffracted intensity if plotted as a function of 2 Ψ .  

The maximum value of the amplification factor is ∞ so that theoretically no size limit 

exists with a given radiation of wave length ζ. In reality the diffraction geometry and 

coherence length of the radiation leads to a large scale limit on the micron scale.  

The XRD measurements were carried out using a X’Pert MPD Philips diffractometer 

with Cu-Kα radiation. The crystal faces and crystallinity were identified using XRD.  
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2.1.4 Raman spectroscopy of CVD diamond 

Raman spectrometry in an active tool for the characterization of CVD diamond. 

Depending on the nature of the vibration, which is determined by the symmetry of the 

crystal, vibrations may be active or forbidden in the infrared or Raman spectrum. The 

spectra show certain bands, i.e., characteristic vibrations, which are typical of particular 

crystals and which are defined by definite ranges of frequencies and intensities in the 

Raman and Infrared.  

Diamond belongs to the face-centered cubic lattice with two carbon atoms in primitive 

unit cell and thus a single and thus a single triply degenerate first order phonon with 

symmetry T2g. The first order band of diamond appears as a single sharp line at 

1332.5 cm-1 [ 168 ] (room temperature). Besides the diamond peak position, the CVD 

diamond coatings shown other peaks related with different forms of carbon. Table 2. 1 

resumes the correlation between the Raman frequency and the respective carbon 

phase. 

Table 2. 1 – Characteristic Raman frequency of different carbon phase [ 169 ]-[ 174 ]. 

Wave number 

[cm-1] 

Carbon phase Reference 

1140 and 1450 Trasnpolyacetylene [ 169 ], [ 170 ] 

1200 Briollouin zone K [ 169 ] 

1280 Scattering in diamond due to relaxation 
of the wave vector selection rule 

[ 171 ] 

1332.5 Crystalline diamond  [ 169 ]- [ 172 ] 

1350 D- band of graphite [ 169 ]-[ 171 ] 

1580-1600 G- band of graphite [ 169 ]-[ 172 ] 

1480-1500 Amorphous carbon [ 173 ]-[ 174 ] 

For a polycrystalline film, the quality of diamond may be retained in terms of 

microscopic quantities as defects in impurity content of non diamond phases. Raman 
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spectroscopy is one of the most commonly used investigative techniques to determine 

the quality and characteristics of diamond films. For a better characterization, the 

Raman spectra can be first subtracted with a linear background and then 

mathematically decomposed with Loreantzian functions for diamond peak and 

Gaussian function for non-diamond bands, using a software like Peak Fit or Origin. To 

quantify the quality of the diamond coatings, fq, it will be used a relation of the area 

below de diamond peak, Ad, to the total area of the peaks, less underground  [ 175 ],[ 176 ].  

100
75

75
×

×
=

∑
nd

ndd

d
q AA

A
f ,  (2. 2) 

The index nd and d, marks the non-diamond and the diamond phase presents in the 

diamond film. The factor 75 takes into account the more effective Raman scattering on 

sp2-structures for the wavelength of the used laser [ 176 ],[ 179 ]. 

The phonon frequencies are sensitive to lattice deformations caused by mechanical 

stress [ 180 ]. An arbitrary stress tensor can be generally decomposed into a hydrostatic 

and a deviator, inducing a volume change of the unit cell and a distortion of the bond 

angles, respectively [ 181 ]. The volume change of the unit cell due to hydrostatic stress 

results in a linear shift of the triply degenerate Raman [ 181 ]-[ 183 ]. The Raman shift 

Hω∆ relative to the stress-free state is related to the magnitude of the hydrostatic stress 

s  by 

σ
ϕ

ω ××=∆
C

H E
5.1332 ,  (2. 3) 

Taking the room temperature values ϕ =1.06 for the diamond Grüneisen parameter 

and EC the Young’s modulus [ 181 ]. 

The triple degeneracy of the zone-center optical phonon is lifted when deviatory stress 

distorts the bond angles. This causes the splitting of the single Raman line into either 
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three singlets or into a singlet and a doublet. It is found however that the centroid 

position of the split lines does not change under deviatory stress [ 181 ]. In particular 

cases, the splitting of the singlet is twice that of the doublet and opposite in the 

sign [ 181 ],[ 182 ] whereas the doublet splits symmetrically in other cases. The centroid 

position of the Raman split line is thus entirely determined by hydrostatic stress.  

A Jobin Yvon T6400 Raman spectrometer has been employed for quality evaluation of 

the diamond coatings. Micro-Raman spectra of the samples were taken using a 

514.5 nm Ar+ laser operating at a beam power of 400 mW on a 1.4 µm diameter spot 

size by 10 s integrated time. A natural diamond was used for calibration and it’s full 

with at half maximum (FWHM) was 2.3 cm-1 under this conditions. 

2.1.5 Coatings adhesion 

According to the ASTM definition (D907-70), adhesion is “the state in which two 

surfaces are held together by interfacial forces which may consist of valence forces or 

interlocking forces, or both.” These bonding forces can be van der Waals forces, 

electrostatic forces, or chemical bonding across the coating/substrate interface. 

Adhesion test methods have been categorized into three groups: 

1. Nucleation methods [ 184 ] - based on the measurement of nucleation rate, island density, 

critical condensation, and residence time of the depositing atoms. Such tests require 

detailed electron microscopy, can be difficult to perform or interpret, and are thus not 

amenable to routine testing. 

2. Mechanical methods. Adhesion is determined by the application of a force to the 

coating/substrate system. This force may be normal to the interface as in the pull-off 

test [ 185 ]-[ 189 ] or parallel to it, as in the shearing test [ 189 ]. Alternatively, the forces may 

be introduced into the coating substrate system by some other mechanical stimulus as 

in the indentation test [ 190 ]-[ 193 ] the scratch test [ 194 ]-[ 196 ]. 
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3. Miscellaneous methods. In these tests, the adhesion is inferred from the results of some 

indirect test method such as x-ray diffraction [ 197 ] or thermal cycling  [ 198 ]. 

From the several different mechanical methods available, the indentation method and 

the scratch test will be considered for the present thesis. 

 In the indentation adhesion test, a mechanically stable crack is introduced into the 

coating/substrate interface by the use of conventional indentation procedures; both 

Vickers and Brale indenters have been used  [ 192 ]. The resistance to propagation of the 

crack along the interface is then used as a measure of adhesion, and by analogy with 

the fracture of homogeneous brittle solids [ 192 ], this may be characterized by both a 

fracture resistance parameter, and a strength parameter. The fracture resistance 

parameter relates uniquely to the bonding across the interface, and is a more 

fundamental measure of adhesion, whereas the strength is determined by the combined 

influences of the fracture resistance, the strength controlling defects, and residual 

stresses within the film. The test is based on the rationale that an interface (in the 

vicinity of the plastic zone created during indentation) with a lower toughness than that 

of either the film or the substrate material will be a preferred site for lateral crack 

formation. When fracture cannot be induced at the interface (but occurs in the film or 

substrate) it can be concluded that the interface toughness is at least as large as that of 

the weaker component. 

The indentation adhesion test used by Jindal, et al. [ 192 ] is shown schematically in 

Fig. 2. 3. A series of indentations are made, and the changes in lateral cracking 

monitored as a function of applied load. From the linear portion of the indentation 

load/lateral crack length function a value of interface fracture toughness (KIi) can be 

derived according to equation (2. 4), 

2
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Where A is a constant and EC and υ are the Young’s modulus and the Poisson’s ratio 

of the coating, respectively. 

 

Fig. 2. 3 – Schematic representation of the indentation 
coating adhesion test [ 192 ]. 

An alternative approach has been proposed by Evans and co-workers [ 190 ],[ 191 ] and 

depends on the observation that in the absence of buckling, and for planar interfaces, 

there is no driving force for growth of a delamination which exists at the coating 

substrate interface; this initial delamination may arise due to interfacial contamination, 

or by void formation and coalescence. Consequently, for such interfaces, buckling 

becomes a prerequisite for fracture propagation, and eventual spalling. The critical 

stress for buckling of a circular delamination being given by equation  

(2. 5), 

( ) ( )2
2 /

112
ah

KEC
C 








−

=
υ

σ  
(2. 5) 

where h is the coating thickness, a is the delamination radius, and K ≈ 14.7. Once 

buckling occurs, a crack driving force develops and from such measurement it is 
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possible to define the critical indentation load spallation and a value for the fracture 

toughness of the coating. 

The scratch test has achieved widespread use in assessing the adhesion of hard coating 

substrate systems [ 199 ]. In the test, a stylus (usually a Rockwell C diamond) is drawn 

over the sample surface under a stepwise or a continuously increasing normal force 

until the coating detaches. Failure during the scratch test can be detected in different 

ways: 

i)  Acoustic emission – cracking in brittle materials is associated with the 

generation of high-frequency vibrations in the coating and substrate and 

each failure mode has a characteristic acoustic emission signal. A fairly good 

correlation between the generation of large pulses of acoustic emission and 

failures at the coating-substrate interface has been demonstrated  [ 200 ],[ 201 ]. 

ii)  Friction force measurement – In cases where the adhesion between the stylus 

and the coating and the adhesion between the stylus and the substrate are 

different there will be a change in friction once the substrate is uncovered.  

However, the above mentioned methods meet some problems when measuring the 

adhesion of diamond coatings. In addition to the extrinsic parameters which influence 

the scratch test there are a number of intrinsic parameters, such as indenter tip radius 

and indenter wear or the loading system of the tester, which have an important bearing 

on the critical load determined by the test. Further more, the high hardness of the 

diamond coating leads to cleavage of the scratch tip, with obvious consequences in 

both economics and repeatability. 

A Frank indentation tester was used to evaluate the adhesion of the diamond coatings. 

The load range was 294-1225 N. For each load three indentations were performed 

under identical conditions: 30 s dwell time, ambient temperature and humidity. After 

each indentation the “quality” of the indentation has been evaluated by measuring the 

hardness on a standard block. Under deviations higher than ±50 Vickers hardness, the 

indenter was substituted for a new one. 
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The scratch tests were performed using a CSEM tester with a Rockwell C diamond 

stylus of 200 µm in tip radius. The loading rate was 159 N/min, the speed was 

6 mm/min. The load, friction force and acoustic emission were recorded 

simultaneously by a computer. 

The data obtained by these conventional methods could lead to contradictory results 

among different methods [ 202 ]. To overcome these limitations a new method was 

proposed by Shoji Kamiya [ 203 ]-[ 205 ]. This method could. become a standard test 

method to measure the toughness of brittle thin films prepared on substrates. The 

results of measurements could be used to compare the strength of different types of 

brittle films in terms of toughness, independent of the substrate materials on which the 

films are prepared.  

2.1.6 Surface roughness  

Roughness parameters can be calculated in either two dimensional (2D) or  

three-dimensional (3D) forms. 2D profile analysis has been widely used in science and 

engineering for more than half century. This section present the roughness parameters 

and their calculation methods, considered for the preset study. 

Amplitude parameters are the most important parameters to characterize surface 

topography. They are used to measure the vertical characteristics of the surface 

deviations. The arithmetic average height, Ra, is the most universally used roughness 

parameter for general quality control. It is defined as the average absolute deviation of 

the roughness irregularities from the mean line over on sampling length as shown in 

Fig. 2. 4. This parameter does not give any information about the wavelength and it is 

not sensitive to small changes in profile. The mathematical definition and the digital 

implementation of the arithmetic average height parameter are, respectively, as 

follows [ 206 ]: 
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Fig. 2. 4 – Definition of the arithmetic average height (Ra)  [ 206 ]. 

The root mean square roughness (Rq), represents the standard deviation of the surface 

heights, so it is an important parameter to describe the surface roughness by statistical 

methods. This parameter is mores sensitive than Ra to large deviation from the mean 

line. The mathematical definition and the digital implementation of the arithmetic 

average height parameter are, respectively, as follows [ 206 ]: 
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(2. 7) 

Rp and Rv are defined as the maximum height and the maximum depth of the profile, 

above and below the mean line within the assessment length, respectively [ 206 ]. Rp and 

Rv are schematically represented in Fig. 2. 5. 

Hommeltester T1000 profilometer was used to measure the surface fi nish. 
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Fig. 2. 5 – Definition of the Rp and Rv
 [ 206 ]. 

2.2 Microstructure and properties of cemented carbides 

The typical micrographs of the polished cemented carbides with 6-wt% and 10-wt% 

cobalt in Fig. 2. 6 show that the angular shaped tungsten carbides are randomly 

dispersed in the cobalt binder. From the micrograph the conclusion can be drawn that 

a large number of tungsten carbide grains are actually connected to each other, which 

will influence the mechanical properties.  

Micrographs at various magnifications (3000X, 6000X and 10000X) were used to 

determine the contiguity, equation (1.1), the mean free path, equation (1.4). To 

determine these parameters, Nαα and Nαβ were measured by the line -intercept method; 

by counting the number of tungsten carbide – tungsten carbide interfaces per unit 

length of a test line and by counting the number of intersecting tungsten carbide – 

cobalt interfaces per unit length. 

The hardness of the cemented carbides was measured using a hardness tester (Vickers) 

at a load of 294 N, accordingly to the international standard ISO 3878:1983. The 

density has been determined accordingly to the international standard ISO 3369:1975 

and the transverse rupture strength has been determined accordingly to the 

international standard ISO 3325:1996. The fracture toughness was calculated by the 

Palmqvist test described in section 2 of chapter 1. All the experimentally measured 

properties and parameters of the several WC-Co grades are listed in Table 2. 2. 
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Fig. 2. 6 - Microstructure of various cemented carbides: panel a) grade 1 – micrograin with 
6%Co; panel b) grade 2 – micrograin with 10%Co; panel c) grade 3 – fine size with 6%Co; 
panel d) medium size with 6%Co; panel e) coarse size with 6%Co.  
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Table 2. 2 – Mechanical and microstructure properties of different WC-Co grades used during this study 

 Chemical Composition[-wt%] Mechanical Properties      

Cemented carbide grade WC Co Others ρ 
[g/cm3] 

HV 
[kgf/mm2] 

TRS 
[N/mm2] 

KIC 
[MN.m3/2] 

Grade 1 – micrograin with 6-wt%Co  
                             λ =  0.11±0.03µm 
                            ααC =  0.78±0.08 

93.8 6 ü  14.97 1800 2730 9.05 

Grade 2 – micrograin with 10-wt%Co  
                              λ =  0.26±0.02µm 
                  ααC =  0.48 

89.8 10 ü  14.45 1520 2970 11.6 

Grade 3  – Fine size with 6-wt%Co  
                            λ =  0.18±0.02µm 
                           ααC =  0.73 

93.8 6 ü  14.97 1600 2685 10.4 

Grade 3  – Medium size with 6-wt%Co  
                            λ =  0.31±0.02µm 
                          ααC =  0.73 

93.8 6 ü  14.97 1490 2497 11.2 

Grade 4 – Coarse size with 6-wt%Co 
                            λ =  0.61±0.03µm 
                           ααC =  0.75 

94 6 - 14.97 1380 2320 15.5 
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2.3 Hot filament CVD system and diamond growth conditions 

For this study, a cold wall, home made stainless steel HFCVD was used for growing 

diamond films. The thermal decomposition reactions of the gases (pyrolytic reactions) 

occurs near the heating element, according to equation ( 1.6 ). The hot filament CVD 

system components are shown in the schematic diagram presented in Fig. 2.7. The  

main deposition chamber consisted of a stainless steel cylinder with an inside diameter 

of 160 mm and 250 mm height. Water cooling of the chamber prevents both damage 

to, and chemical reactions on the inside reactor wall. Four view ports were mounted 

opposite each other and aligned with the deposition area. These allowed the deposition 

process to be monitored through 38 mm glass window mounted in Conflat 75 mm 

outside diameter flanges. The base pressure of the reaction was evaluate using a 

Thyracont VSP52MA4 Pirani vacuum gauge (20 - 0.001 mbar), while process pressure 

was monitored by a Thyracont VD95CVP capacitive diaphragm vacuum gauge (1400 -

 0.001 mbar) during deposition experiments. 

A 30 mm diameter molybdenum substrate holder was mounted axially in the reactor 

with a bellows at its base allowing vertical translation of the substrate holder and 

substrate. Such adjustment of the substrate holder was necessary to improve the 

distance from the filaments to the substrates. The required temperature was set on the 

control box. A K-type thermocouple, clamped parallel to the substrate holder, allowed 

a Honeywell UDC3300 control box to monitor substrate holder temperature and 

control it.  

Gas supply was via standard gas cylinders; in all cases stainless steel regulators were 

used to reduce the gas pressure down to 4 bars. Input gas flows were regulated by the 

use of mass flow controllers (MFCs) thus allowing control over the input gas mixture. 

Each gas passed from the cylinder regulator, through a manual shut off valve, MFCs 

and into a manifold where the separated gases were mixed prior to passage through 

another manual shut of valve, solenoid valve into the reaction chamber. MFCs are 

factory calibrated against a test gas. All flow controllers used were of type Bronkhorst 

of the type F -20XDV-FAC-33-V. The MFCs were controlled by software developed in 
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LabView. The gas mixture was introduced into the reaction chamber via a shower 

positioned 60 mm above the Ta filaments.  

 

Fig. 2.7 – Schematic diagram of hot filament CVD, home made system. 
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Tantalum filaments were constructed using a 150 mm length of 0.5 mm diameter wire. 

This wire was wound on a mandrel (3 mm in diameter) to form a helical filament. The 

filament at this point had the appearance of a helical spring (around 40 mm length) 

with 10 turns and straight wire leads (around 10 mm long) at the ends. The filaments 

leads were inserted into holes in molybdenum screws and springs as is represented in 

Fig. 2.7.  

2.3.1  Filaments carburization 

Before utilizing the filament to growth, it was heated in vacuum at around 2200 ºC for 

2 – 3 min to relieve the stress in wire and then carburized in two stages.  

 
Fig. 2. 8 – Flowchart of the procedure 
followed to carburize the filaments. 
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The fully carburized Ta filament was then yellow in colour, indicating that its 

composition was TaCx, with 0.5<x<1 [ 65 ]. This procedure allowed obtaining 

carburized filaments with low deformation (±0.5 mm). 

2.3.2 Process parameters during diamond growth 

A comprehensive parameter space belonging to the hot-filament deposition process 

contains gas flow Q, pressure p, deposition time td, substrate temperature .SubsT , the 

filament/substrate distance D and the volume of the hot-filament reactor VHFCVD.  

Derived parameters such as dtp × , or the mean residence time tr of a gas molecule in 

the reactor may be considered too. The product dtp ×  is proportional to the number 

of molecular impacts on a surface at a constant gas temperature. The mean residence 

time combines three of the most important processing parameters (p, VHFCVD and Q) 

and must be consider for deposition conditions that consider the gas flow modulation.  

The mean residence time of a molecule in the reactor is generally defined as the 

quotient of the particle number in the chamber 
GB

HFCVD

TK
VpN

×
×

=  and the particle 

exchange rate 
0

0

TK
Qp

dt
dN

Br

×
=  due to the gas flow under constant p , mean gas 

temperature ( )0

,
0 pQ
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TVT QVr
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××=  and VHFCVD: (P0=101.325 kPa, 

T0=273.15 K) [ 208 ]. The residence time (in ms) can be calculated accordingly to the 

following expression [ 208 ]-[ 210 ], 

Q
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where kr=0.592 Pa-1. This equation does not take into account the difference of the 

standard temperature and the actual mean gas temperature in the chamber; however 

can be used to estimate the upper limit the residence time of a molecule in the reactor.  

Table 2. 3 – Conditions and parameters for HFCVD deposition of diamond. 

Reactor volume (VHFCVD) 
Total gas flow measured (Q) 
Total pressure (p) 
 
Hot filament 
Filament temperature  
Filament/substrate distance (D) 
Substrate temperature 
 
Gas mixtures  
 
Mean residence time (tr) 

5000 cm3 
200 sccm 
4.0 kPa 
 
Three coils of Tantalum wire 
2100±20 k 
9 mm 
Below 900 C 
 
CH4+H2 modulation during deposition 
 
60 s 

 

2.3.3 Grain growth, concentration of atomic hydrogen and methyl radicals 

The simple measurement of the electrical power consumed by refractory heating 

element at some high temperature, which function it is to produce atomic hydrogen, 

can provide a relative measure of the rate of hydrogen atom production [ 211 ]-  ]. For this 

work, the approach proposed by Schwarz et. al.[ 83 ] will be considered for the 

determination of concentration of atomic hydrogen. To determine the convective 

portion of the energy transfer from the filament, helium was used. The 25% higher 

thermal conductivity of hydrogen compared to helium [ 212 ],  ] was taken into account. 

The powder of the filaments was matched to hold the temperature of the filament at 

2100 ºC at a 4.0 kPa. Subtracting of the power dissipation in helium (in consideration 

of the difference in the thermal conductivity between helium and hydrogen) from the 

power dissipation in the methane/hydrogen mixture, totP , gives the power share for the 

decomposition of the hydrogen molecules on the surface of the filament, HP [ 83 ]. 
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Equation (2. 9) enables estimation of the concentration of atomic hydrogen near the 

filament surface [ 83 ]: 

..

. 32
2

*

filB

H

filH

HFil
H TK

m
AE

Pn
×

×
×

×
×=  

(2. 9) 

Where, 271067.1 −×=Hm  kg (mass of hydrogen atom), .filA correspond to the filament 

surface and 461456
2

<< HE  kJmol-1 [ 214 ] (bonding energy of the hydrogen molecules). 

Equation (2. 10)  gives an estimative of the atomic hydrogen near the filament surface. 

It is assumed that the concentration near the substrate surface S
H

n * is proportional to 

.
*

Fil
H

n , reduced by a factor χ , 

χ

.
*

*

Fil
HS

H

n
n =  

(2. 10) 

To find the correlation between S
H

n * and .
*

Fil
H

n  t has been experimentally determine the 

diamond growth rate under the typical condition considered during this work. The 

value of χ  has been taken by solving equation (1.10), considering the values of 

diamond growth rate taken experimentally. The best correlation has been achieved for 

a strong reduced ( )15.11=χ  concentration of atomic hydrogen near the substrate.  

Fig. 2. 9 shows the correlation between the experimental data and the estimation of 

the growth rate at %5.0
2

4 =H
CH  and %5.2

2

4 =H
CH  for 15.11=χ . The region 

delimitated by the by the substrate temperature and the 
2

4
H

CH ratio determines the 

diamond growth rate for the operation conditions employed during this thesis project. 
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Fig. 2. 9 – Experimental data of diamond growth rate for different 
growth conditions. The symbols in red correspond to growth rate 
achieved at constant gas flow. The symbols in black correspond to 
the growth rate achieved with gas modulation (2.5 minutes at high 
methane – CH4/H2=2.5% followed by 10 minutes at low methane – 
CH4/H2=0.5%) for different substrate temperatures.  

2.4 Turning tests  

In order to check the cutting performance of the diamond coated inserts, dry turning 

tests using a commercial hypoeutectic aluminium alloy (AlZn5Mg3Cu) and ISEM8 

graphite, as machining material were carried out. The commercial WC-Co inserts with 

the nominal geometry TPGN 110304 were supplied by Palbit, Portugal. A tool holder 

CTGPL 2020K11 91º was used to perform the turning tests. The tests were performed 

on a CNC Kinsbury MHP 50 machine. No cutting fluid was used during the test. 

Under standard conditions, the tests were performed twice in order to check the 

reproducibility of the results. A Kistler three-axis force dynamometer was used to 

monitor the cutting. 
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Chapter 3.  

This chapter focuses in the development of a new process, the time modulated CVD (TMCVD) 

method for depositing smoother and nano-sized diamond coatings. In developing the new TMCVD 

two stages were considered in diamond deposition using CVD: (i) the diamond nucleation stage and 

(ii) the crystal growth stage.  It is known that diamond grains nucleate more efficiently at higher CH4 

concentrations. However, depositions at higher CH4 concentrations increase the amount of non-

diamond carbon phases, such as graphite and amorphous carbon, incorporated in the films. The 

TMCVD process modulates the CH4 concentration in order to optimize both stages. The key feature 

of this new process, and the main difference from other conventional CVD processes, is the pulse 

modulation of the CH4 flow throughout the growth process, whereas, in conventional CVD, the CH4 

flow is kept constant during the entire growth process.  

3.1 Introduction 

Three approaches are usually used for the synthesis of nanocrystalline diamond films: i) 

the most common and widely adopted is the deposition of diamond films at 

moderately high methane (CH4) partial pressures and/or low hydrogen concentrations. 

This method was first reported by Michler et al. [ 215 ], who showed that the morphology 

of diamond films changes from faceted microcrystals to ball-shaped clusters of 

nanocrystals (“ballas-like”) with the increase of the CH4 concentration. The diamond 

purity was confirmed by electron diffraction studies in the rather narrow ballas-like 

regime (e.g. 800 ºC substrate temperatures, 9 % CH4 concentration). The nanocrystals 

exhibit a high density of twins and stacking faults, responsible for the corresponding 

diffraction pattern. The transition from micro to nanocrystalline diamond (NCD) 

comes from the two-dimensional nucleation on {111} facets, which leads to a twinned 

and faulted microstructure with domain sizes between 30 and 50 nm. 

(ii) The second method takes advantage of the changes in gas phase chemistry that 

occur with the substitution of hydrogen by a noble gas (e.g. Ar), while maintaining a 

constant carbon content (e.g. 1 % CH4 or C60). Zhou et al. [ 216 ] showed that the 
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morphology of diamond films changes gradually from faceted microcrystals to 

equiaxed nanocrystals by changing the gas ratio from 1 % CH4/99 % H2 to 1 % 

CH4/99 % Ar in a microwave discharge reactor. The randomly oriented nanocrystals 

size follows a narrow distribution between 3 and 5 nm. Gruen [ 217 ] reported that the 

diamond films synthesized by this method have unusual tribological, electrochemical 

and field emission properties, due to the fact that approximately 10% of the carbon is 

located at the grain boundaries. Because of the higher ratio of grain boundaries in the 

CH4/Ar synthesized films, when compared to the ballas-like films, the former are 

referred to as ultra-nanocrystalline diamond (UCND) films, to distinguish them from 

the latter.  

Substrate pre-treatment (ultrasonic or mechanical seeding using diamond or other 

abrasive powders) is essential for the growth of nanocrystalline diamond with the 

previously described methods. However, a third method, usually called (iii) bias-

enhanced nucleation (BEN), promotes the self nucleation of diamond by positively 

biasing the substrate, accelerating the negatively charged methyl radical towards it. 

With this approach, no substrate treatment prior to deposition is needed. The growth 

of nanocrystalline diamond films by BEN process was first reported by  

Sharda et al. [ 218 ]-[ 220 ]. In their study, the initial nucleation stage was bias-enhanced and 

the deposition proceeded with conventional CVD process until the full growth of the 

diamond film. The entire process was carried out in a microwave plasma CVD system. 

3.2 Promoting secondary nucleation of diamond with TMCVD 

In TMCVD, it is expected that secondary nucleation processes occur during the stages 

of higher CH4 concentration pulses. This can effectively result in the formation of a 

diamond film involving nucleation stage, diamond growth, secondary nucleation and 

the cycle is repeated. The secondary nucleation phase can inhibit further growth of 

diamond crystallites. The nuclei grow to a critical level and then are inhibited when 

secondary nuclei form on top of the growing crystals and thus fill up any surface 

irregularities. The key feature of the new process that differentiates it from other 
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conventional CVD processes is that it pulses CH4, at different concentrations, 

throughout the growth process, whereas, in conventional HFCVD, the CH4 

concentration is kept constant, for the full growth process.  

In demonstrating the TMCVD process, typically employed conventional diamond 

CVD and TMCVD processes. Figure 3. 1, shows SEM images of diamond crystals 

nucleation on WC-Co substrates after 30 min of deposition at 2 % (Fig. 3. 1 panel a 

and b), 4 % (Fig. 3. 1 panel c and d) and modulated between 2% and 4% (Fig. 3. 1 

panel e and f). At 2 %CH4 the nucleation density is low and the facet diamond crystals 

nucleated at the top of the WC grains but with low nucleation density. In the case of 

TMCVD, a cauliflower-type structure was observed as a result of the formation of 

clusters of nanodiamond crystals. Primarily, diamond nucleation occurs first in both 

the TMCVD and conventional CVD processes. However, in TMCVD, diamond 

nucleates more rapidly as a result of the high CH4 pulse at the beginning. The high 

CH4 pulse effectively ensures the diamond grains to nucleate quicker to form the first 

diamond layer.  The second stage, where CH4 content is reduced to a lower 

concentration, the diamond crystallites are allowed to grow for a relatively longer 

period.  This step enables the crystals to grow with columnar growth characteristics.  

The surface profile of the depositing film becomes rough, as expected. The third stage 

involves increasing the CH4 flow back to the higher pulse. This enables further 

secondary nucleation of diamond to occur in between the existing diamond crystals, 

where the surface energy is lower. As a comparison, much less secondary nucleation 

occurs when the CH4 flow is kept constant throughout the growth process. The 

distinctive feature of the TMCVD process is that it promotes secondary diamond-

particle nucleation to occur on top of the existing grains in order to fill up any surface 

irregularities. 

Preparation of diamond films in CH4 rich atmospheres is a common method of 

producing NCD [ 222 ]. However, the quality of the deposited films, with respect to 

diamond-carbon phase purity, deteriorates with higher CH4 flow [ 223 ]. Interestingly, on 

modulation CH4 at 4 and 2% (Fig. 3. 1 panel i), a homogeneous layer of 
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nanocrystalline diamond crystals, with very few voids is produced (Fig. 3. 1 panel f). 

The TMCVD process promotes the radial growth of polycrystalline, unfaceted 

diamond having the “ballas-type morphology” [ 223 ]. The TMCVD process appears to 

give significant enhancement in the nucleation density of diamond crystallites on WC-

Co substrates. This process can be useful in improving the mechanical interlocking 

between the diamond and the WC-Co and thus enhancing the coating adhesion.  

  
 

  
 

  
 

Fig. 3. 1 – Scanning electron images showing diamond deposition on WC-6% Co after 
30 min growth with different CH4 concentrations.  

Figure 3.4 shows the cross-section SEM images of diamond films grown with 

TMCVD (panel a) and conventional HFCVD (panel b) processes. The conventional 

diamond film has a columnar structure, whereas the structure of the time modulated 

film reveals a somewhat different growth regime. Instead of the typical columnar 

growth, the cross-section shows many coarse and closely packed diamond grains. The 
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growth mechanisms of the TMCVD and conventional HFCVD processes are 

compared in Fig. 3. 2, panel c and d. Diamond nucleation occurs at an early stage in 

both TMCVD and HFCVD processes. However, with TMCVD the nucleation density 

is higher as a result of the high CH4 pulse at the beginning, which ensures that the 

diamond grains nucleate more rapidly to form the first diamond layer. In the second 

stage, where the CH4 content is reduced to 2%, the diamond crystals are allowed to 

grow with the typical columnar morphology for 10 min. This step enables to grow high 

phase purity crystals with columnar morphology. 

The third stage, the CH4 concentration increases back to 4%. This enables further 

secondary nucleation to occur between the existing diamond crystals, where the surface 

energy is probably lower. When the CH4 flow is kept constant throughout the growth 

process, secondary nucleation occurs at a much lower extent. The distinctive feature of 

TMCVD is the promotion of secondary nucleation on the existing grains. During the 

final stage of the TMCVD process, the lower 2% CH4 concentration promotes again 

the columnar growth. Figure 3.5 shows the secondary nucleation on sub-micron 

crystals that occurs during a 4% CH4 pulse. This observation supports the proposed 

TMCVD mechanism in Fig. 3. 2 c). 
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Fig. 3. 2 –  SEM images showing growth modes of diamond films grown by TMCVD, panel 
a, and conventional HFCVD, panel b, process. Schematic proposed mechanisms are shown 
in panel c and d, respectively. 

 
Fig. 3. 3 – SEM image showing secondary nucleation of 
diamond crystallites occurring after a 4% CH4 pulse. 

3.3 Theoretical approach of the TMCVD process 

Chemical-vapour diamond deposition is a complex process involving many different 

phenomena. Even tough no complete description of the chemical and thermal events 

that take place in the gas phase has been presented so far, some authors describe 
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diamond deposition as taking place mostly via surface processes of addition and 

abstraction of radicals from the gas-phase [ 224 ]. Diamond grown under non-optimum 

conditions, such as lower hydrogen concentration or higher carbon activity in the gas 

phase, has a smaller grain size. One suggestion for a possible mechanism to produce 

renucleation on the surface is if the number of open sites (dangling bonds) becomes 

too high. If two open sites were formed adjacent to each other, there might be the 

possibility of cross linking or surface reconstruction, which would break the symmetry 

of the lattice, working as an ideal site for renucleation. If this second layer were to start 

growing before the first layer were complete, we would end up with pyramids or 

islands, which might ultimately lead to nanocrystallites [ 225 ]-[ 227 ]. Paul May and co-

workers [ 225 ] proposed that that the renucleation process and the UNCD grows a 

mechanism similar to that for micro-crystalline diamond (MCD) based on hydrogen 

abstraction followed by the addition of a C1 species. For the MCD growth with gas 

mixtures containing high concentrations of H2 and/or high substrate temperatures, the 

C1 species is predominantly *
3CH  [ 225 ], [ 228 ]-[ 230 ]. But for lower substrate temperatures 

or lower hydrogen concentrations, growth occurs via the addition of all C1 species, 
*
3CH , CH2, CH, and atomic C, which contribute in varying amounts depending on 

growth conditions. The addition of any of these C1 species would create a highly 

reactive surface site having two or three dangling bonds on the same site. This high 

energy site can involves the following two processes [ 230 ]: 

1. the two precursors are adsorbed on the growing surface and bonded with the 

surface carbon atoms (adsorption); 

2. the hydrogen atoms of methyl radicals are subtracted and the carbon atom of 

the methyl radicals forms other three bonds with the surface carbon atoms 

(incorporation).  

The reverse processes are simultaneously involved: 

1. the bonded carbon atoms are etched by atomic hydrogen in the gas phase 

(etching); 
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2. the hydrogen and methyl atoms are desorbed from the growing surface 

(desorption). The activation energy of the etching should be greater than that 

of the adsorption due to very low diamond etching rate. 

Considering the growth surface as a monolayer structure, the dangling bonds of the 

superficial carbon atoms may be: 

1. terminated by hydrogen atoms; 

2. terminated by *
3CH ; 

3. free, not terminated by any radicals. 

The addition of any of these other C1 species would create a highly reactive surface site 

having two or three dangling bonds on the same site. This high energy site can either i) 

add hydrogen reterminating the diamond surface as normal or ii) reorganize the surface 

forming nondiamond structures, or iii) react with any nearby gas phase species 

including C2, CH2, …, forming a surface defect. Both ii) and iii) would provide suitable 

renucleation sites necessary to explain the nanocrystal growth. Since concentration of 

hydrogen is much greater than the concentration of other hydrocarbon radical species, 

process i) will dominate, and so growth from any of these C1 species would be almost 

identical to, and indistinguishable from, growth by methyl addition. The crucial 

differences is that there is now the small possibility that the processes ii) and iii) 

produce a surface defect. This seems to be consistent with the observed features of the 

TMCVD growth, namely, the formation of nanosized crystals as a result of relatively 

rare renucleation events. If this mechanism is true, then the majority of the carbon in 

the nanocrystals would originate from a combination of *
3CH  and other C1 species. For 

this proposed mechanism, the ratio of occurrence of each dangling bonds termination 

may be expressed by HΩ  (hydrogen termination), CΩ  ( *
3CH  termination) and ( )Ω−1  

(free dangling bonds). The total ratio coverage of the diamond surface of the precursor 

is CH Ω+Ω=Ω . The relation between HΩ , CΩ  and the substrate temperature can be 

obtained from equations (3. 1) - (3. 3) [ 230 ], where the subscript i represents H* or 
*
3CH , aiE  and diE are the adsorption and desorption activation energy, respectively. 
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molkJE
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=  are H*  and *
3CH  desorption activation 

energies, respectively [ 230 ]; aij and dij  are the fluxes of the precursor adsorption and 

desorption and ij is the flux of the precursors impinging on the growing surface. No 

represents the number of lattice sites per unit surface area and Γ  represents the 

diamond lattice vibration period. 
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At a certain .SubsT , the adsorption and desorption for the respective precursors could be 

considered to be approximately reach a dynamic equilibrium on the growth surface: 

dHaH jj ≈  (3. 4) 

dCaC jj ≈  (3. 5) 

As the value of Eai is much lower than Edi and the reactive H* and *
3CH  can almost 

freely bond with the atoms of the growth surface under HFCVD conditions, 0≅aiE  

may be assumed. 

The coverage of H* and *
3CH  are calculated as functions of the substrate temperature. 

The data *H
n  and *

3CH
n  were obtained experimentally, as discussed in chapter 2 of this 

thesis. It is apparent from Fig. 3. 4 that the atomic hydrogen coverage decreases with 

the increase of TSubs., and is markedly clear over the critical temperature, TC. Below this 
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temperature the average value is close to 1. TC depends directly on *
Hn  and thus also on 

the CH4/H2 ratio. For the diamond growth conditions considered in this thesis 

CH4/H2 is taken as 2.5% and 0.5%, which corresponds to a TC of approximately 

700ºC and 540ºC, respectively. The maximum substrate temperature is determined by 

the fact that the adsorbed hydrogen atoms can efficiently avoid surface bonds 

reconstruction [ 231 ]. This makes stable single crystal CVD diamond growth under low 

methane content and very high substrate temperature possible [ 232 ]. In a physical 

system the number of atoms in the critical nuclei, nRC, is highly dependent on a super-

saturation factor ? [ 232 ]-[ 234 ]. Equations (3. 6) and (3. 7) show the relationship between 

?, RCn , the adsorbed species Rads and desorbed species Rdes. 

( )3ln
1

~
ξB

RC K
n  

(3. 6) 
 

des

ads

R
R

=ξ  
(3. 7) 

 

From the gas theory, the adsorption rate can be estimated from the ratio of growth 

radicals near the sample surface, the substrate temperature and *
3CH

m  the radical mass:  

[ ]
*
3

3
.*

3
CH

SubsB
ads m

TKCHR =  
(3. 8) 
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Fig. 3. 4 – Atomic hydrogen coverage as a function of 
the substrate temperature for different CH4/H2 ratios at 
4.0 kPa and Tfil.=2100 ºC. 

The desorption rate can be calculated by the expression proposed by Sun et al. [ 230 ] 

equation  (3. 9): 









−
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(3. 9) 

At lower substrate temperatures, CΩ  gradually increases as the substrate temperature 

increases (Fig. 3. 5). It reaches a maximum value at a temperature around TSubs.≈780ºC 

and then decreases. The decrease of the CΩ  at temperatures higher than ~780 ºC 

suggests that less *
3CH  can be effectively incorporated into the diamond lattice, with 

the corresponding fall in the growth rate. 

As the methane concentration increases, adsR  increases accordingly. At high methane 

concentrations and moderated temperatures the RCn  in the critical cluster is low and 

nearly all are able to grow. New islands are formed on the top of existing crystals; the 
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rate at which new clusters are formed is higher than the rate at which existing ones 

grow. Under these circumstances secondary nucleation is typically observed, as shown 

in Fig. 3. 6.  

 
Fig. 3. 5 – Methyl radical coverage as a function of the 
substrate temperature for different CH4/H2 ratios. 

 
Fig. 3. 6 – Diamond film grown on a silicon 
substrate with CH4/H2=1.0%, for 5 hours and 
with CH4/H2=4% for 6 min (pressure=4.0 kPa, 
TS~800 C, gas flow=200 sccm). 

Hydrogen plays a very important role in diamond CVD processes. It is widely accepted 

that the termination of the carbon dangling bonds with hydrogen atoms keeps the sp3 

configuration, preventing surface carbon atoms from reconstructing into graphite sp2 

(or carbonic sp) structures. So, a super-equilibrium state of hydrogen atoms in the 
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deposition atmosphere is necessary to saturate the dangling bonds and allow the 

surface growth of diamond. Under steady state stable conditions, there is a dynamic 

equilibrium between the concentration of the dangling bonds at the surface and the 

density of the active hydrogen atoms in the deposition atmosphere. The diamond 

growth process may be generally  expressed as [ 226 ]:  

2
*

1 HCDHC dBmn +→+  
(3. 10) 

where CnHm represents a hydrocarbon fragment near the surface, 1BD  is a dangling 

bond cluster with size n=1 and *
dC  is the carbon atom attached to the surface with sp3 

configuration through the reaction. Graphite growth process may also be expressed as: 

2
* HCCHC grmn +→+  

(3. 11) 

where *
gC  is a carbon atom, bonded with sp2 configuration to a previous dangling 

bond  and Cr represents a reconstructed surface bond site, i.e., 

Cn>1 rC→  

(3. 12) 

where Cn>1 is a bond site in the dangling bond cluster with size n>1. Since the graphite 

can be significantly etched away by atomic hydrogen in the gas phase, the graphite 

growth rate should be expressed as  

][]C[][ *
31n21 HkkHCkG ggmngg −≅ >  

(3. 13) 
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where kg1 and kg2 are the reaction rates of Eqs. (3. 11) and (3. 12), respectively and kg3 is 

the etching rate of graphite. From eqs. (3. 11) and (3. 13) it becomes apparent that 

graphite growth may be restrained by increasing the ratio between hydrogen atoms and 

active hydrocarbon fragments. Therefore, the diamond growth rate is proportional to 

the probability of each dangling bond to be bonded with isolated single dangling 

bonds: 

)()(][ 11 HSB PhklND Ω∝  
(3. 14) 

][ 1BD  is the concentration of the dangling bond clusters with size n=1 and NS(hkl) is 

the number of bond sites in a unit (hkl) surface area. )(1 HP Ω  is the probability of a 

surface bond site appearing in a dangling bond cluster with one connected dangling 

bond. Diamond grows at the fastest rate when )(1 HP Ω  is maximum. The optimum HΩ  

of the conventional HFCVD system installed in our laboratory, with a total gas flow of 

200 sccm, a filament temperature of ~2100 ºC, a total pressure of 4.0 kPa, and a 

filament/substrate working distance of 9 mm is ~0.80, corresponding to a substrate 

temperature of ~930 ºC and ~950 C for a CH4/H2 ratio of 2.5% and 0.5%, 

respectively (Fig. 3. 7).  
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Fig. 3. 7 – The diamond growth rate and Hθ  
dependence on the substrate temperature for a ratio of 
CH4/H2 of 2.5% (blue line) and 0.5% (black line).  

The CH4 gas modulation during the growth regime (Fig. 3. 8 panel a) is accomplished 

by a variation of the substrate temperature (Fig. 3. 8 panel b), of the values of HΩ , the 

values of  CΩ  and finally of the growth rate. As the energy release in the 

2
*2 HH → reaction is the main heating source of the substrate, the decrease of 

HΩ , for high CH4/H2 ratios, reflects a reduction of *H
n  near the substrate surface. 

Simultaneously, the higher ratio of CH4, combined with lower substrate temperatures, 

favours the increase of the number of atoms in the critical nuclei (Fig. 3. 8 panel c) and 

the number of surface dangling bonds in the diamond crystals. Thus the secondary 

nucleation is enhanced for a controlled period of time.  

The reconstruction bonds, including π -chain and dimmer bonds, which deviate far 

from the diamond structure, should be the non-diamond or graphite structures at the 

growth surface [ 237 ], [ 238 ]. When a dangling bond is entirely surrounded by hydrogen 

terminated bonds (C-H), no bond reconstruction could occur. However, if there are 

one or more dangling bonds isolated, the partial energy will increase at this micro-area 

and n-chain or dimmer bonds can form via the bond-reconstruction between the 
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dangling bonds. Therefore, the isolated single dangling bonds should be considered as 

the main template for diamond growth by the surface. 

After this cycle, the drastic increase of H* near the surface etches out the undesired 

non-diamond phase and, favours, the growth of the secondly-nucleated diamond 

crystals. This step proceeds during a controlled amount of time. The quality of the 

diamond coating depends on the optimisation of the direct parameters that govern the 

TMCVD diamond growth process: the CH4 content in each modulation, the time 

duration of each step, the total pressure and the substrate temperature. 

The importance of the surface dangling bonds in diamond CVD processes was studied 

by Vakil et al. [ 235 ]. They noted that the production of the dangling bonds is an 

important factor to limit the diamond growth rate. Therefore, the demand of high 

coverage by hydrogen atoms and that of high coverage by hydrogen atoms with high 

density of dangling bonds at the surface are incompatible for CVD diamond growth 

conditions. Moreover, Raman analysis showed that the increase of the methane 

concentration leads to in an increase in the compressive stress of diamond film. 

Windishmann et al. [ 236 ] related the induced compressive stress with the presence of 

graphite impurities. They observed that graphite, which has a large specific volume (1.5 

times higher than diamond), preferentially nucleates at the grain boundaries of 

diamond crystallites. At high methane concentrations, the corresponding sub-

micrometer grain structure results in diamond films with a high internal surface area 

and consequently in compressive stress. In the process of diamond growth, atomic 

hydrogen etches the sp2 graphite phase and prevents the dangling bonds from 

reconstructing on the growth surface.  
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Fig. 3. 8 - Relation between the CH4 modulation (panel a), the substrate temperature 
(panel b) and nRC (panel c). 

3.4 Summary 

In summary, this chapter was devoted to the diamond growth with TMCVD process. 

It has been observed that the modulation of CH4 during the diamond 

nucleation/growth greatly affects the nucleation density and the crystal grain size. For 

the homemade HFCVD system used in the present study it has been observed that for 

CH4/H2 ratio higher than 2 vol% the morphology of diamond crystals change from 

facet microcrystals to ball shaped clusters of nanocrystals. Based on this well known 

principle, it has been proposed an alternative process to growth diamond films with 

the purpose of controlling the crystal grain size by promoting the secondary diamond 

nucleation. The feature of this process, named time modulated CVD (TMCVD) is to 

based the secondary nucleation on the hydrogen deficient gas-phase. This can be easily 

obtained with the modulation of CH4 during diamond growth.  
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Based on models of diamond growth and nucleation, already proposed by different 

authors, it has been proposed a theoretical explanation for the mechanism involved on 

the diamond growth by TMCVD process. Both the quality and the growth rate of the 

diamond films are easy to be understood in the light of the explanation presented. The 

growth surface and growth process can be describe as following: 

1. The growth surface is mainly covered by chemical adsorbed hydrogen 

and *
3CH . 

2. The growth rate and the film quality are greatly effected by the coverage 

of atomic hydrogen and *
3CH , which depend on the substrate temperature 

and filament temperature. With the increase of the substrate temperature 

the *
3CH  coverage first increases due to the decrease of hydrogen coverage 

and the growth rate of film increases according to Arrhenius law. With the 

further increase of the substrate temperature the growth rate decreases as 

a result of the decrease of *
3CH  coverage and more non-diamond phase is 

formed because of the lack of atomic hydrogen to sustain the sp3 dangling 

bonds. 
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Chapter 4.  

The studies concerning the issues related with diamond nucleation and growth on WC-Co substrates 

will be presented on this chapter. Section 4.1 is dedicated to the diamond nucleation and nucleation 

enhancement on different cemented carbide grades as its microstructure correlation with the nucleation. 

The combination of these treatments allows achieving a uniform and dense seeding and high nucleation 

density on WC-Co substrate. Following, it will be discussed the growth of diamond on cemented 

carbides for micrograin grade with 10 Co-wt% (section 4.2). The adhesion of the coating has been 

characterized by Raman spectroscopy and indentation tests Section 4.3 is dedicated to diamond growth 

on cemented carbides with 6 Co-wt%. Three different coatings with same thickness but different crystal 

sizes were prepared using TMCVD process. The diamond growth using SiC and CrN interlayer has 

also been studied.  

4.1 Diamond nucleation on WC-Co  

The nucleation density of diamond particles plays a prominent role in defining the 

adhesive properties of the resulting films [ 239 ],[ 240 ]. The high carbon solubility and 

diffusivity in cobalt retard the diamond nucleation. This induces nucleation from 

graphite instead of tungsten carbide and results in a poor adherence. Thus, the success 

in obtaining a good adherence and diamond nucleation with the carbide surface 

depends on the ability to suppress carbon-cobalt interaction. A number of surface 

treatments can be used to overcome these interactions including chemical etching, ion 

implantation, interface coating and bias treatment. Among these the widely used 

method is chemical etching  [ 240 ]-[ 242 ]. Complementary to that is commonly to use pre-

treatments to enhance nucleation in non-diamond substrates such as the damaging of 

the surface either by mechanical or ultrasound abrasion with diamond or other hard 

powders, dispersed in ultrasonic bath [ 243 ]-[ 245 ]. Ihara et al. [ 246 ] have reported a direct 

correlation between the nucleation density and the amount of diamond dust (seed) left 

on the substrate surface after prolonged ultrasonification in a diamond powder 

suspension. They have noticed the changes in nucleation density (106 to 1010 nuclei by 
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cm-2) on mirror polished silicon substrates treated in various suspensions of different 

size diamond powder. 

4.1.1  Standard etching pre-treatments of WC-Co  

In the process of grinding cemented carbide a great deal of damage to the surface is 

produced  [ 247 ]. While not wishing to be limited to any one theory, it is understood that 

the damage metal carbide grains which in the top several microns of the ground 

surface need to be removed to expose well defined metal carbide grains which allow 

one to achieve mechanically anchored, and hence adherent diamond films. The desired 

removal of surface grains of tungsten carbide and the subsequent deposition of an 

adherent film can be achieved through a multi-step process. Generally, first the surface 

onto which the deposition of an adherent film is desired is treated with a first chemical 

system which selectively removes the WC to a depth larger than the damage layer 

induced by the grinding process. The work reported by Hegeman et al.. [ 247 ],[ 248 ] 

identify a damage layer with a thickness between 1.0 and 2.0 µm.  

One of the common chemicals used for etching tungsten carbide is a solution of 

potassium ferricyanide and potassium hydroxide in water (10 g  K3[Fe(CN)6] + 10 g 

KOH + 100 mol H2O) known as Murakami’s reagent  [ 105 ]. The cemented carbide is 

first treated with Murakami’s reagent followed by a treatment in a solution of nitric acid 

in hydrogen peroxide (3 ml HNO3 +88 ml 40% mv-1 H2O2), to remove the surface 

cobalt. Fig. 4. 1 a) shows a typical SEM micrograph of WC-Co coarse grain surface 

after diamond polished down to 0.25 µm and treated with Murakami’s reagent for 

6 min, and Fig. 4. 1 b) shows the surface aspect after the surface cobalt removal by 

nitric acid for 10 s. 

To study the WC etching rate by Murakami’s reagent it was made a number of 

experiments with several WC-Co grades with tungsten grain Fisher Sub Sieve Size 

(FSSS) of 0.8 µm, 1.2 µm, 3.0 µm and 6 µm. The value of the thickness of WC 

removed layer was estimated by weighing each sample after the first etching step and 

by using equation (4. 1) [ 103 ], 
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(4. 1) 

where, g∆ is the weight loss, S  is the substrate area and WCυ  is the volume fraction of 

tungsten carbide in the WC-Co sintered. Figure 4. 2 show that WC etching rate is 

about 0.28 µm/min, at 25 C, and is independent from the WC average grain size 

cemented carbide grade. This value is in agreement with the 0.27 µm/min reported in 

Ref.  [ 103 ]. 

  

Fig. 4. 1 – SEM micrographs o coarse grained WC-Co 6 wt.% substrates. Panel (a) shows the 
morphology of the polished surface with diamond paste down to 0.25 µm and then 
submitted to 6 min etching with Murakami’s reagent; panel (b) show the surface treated as 
panel (a) and subject to further 10 s etching with H2O2+HNO3.  
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Fig. 4. 2 – WC etching rate by Murakami’s reagent in 
ultrasound bath. 

To study the cobalt etching rate by the nitric acid several samples with triangular 

geometry (TPGN 11 03 04) were etched with different etching times. Subsequently, 

cross sections were prepared and the cobalt etching depth was characterized by multi-

scan EDS technique. Prior to acid etching all the samples were ultrasonically etched for 

6 min with Murakami’s reagent. The etching time for each one was 10, 20, 30, 40 and 

60 seconds, respectively. The limit of the cobalt depletion was obtained by direct 

measurement with the following procedure: by comparison the panels a), d) and g) 

(cobalt EDS detection) with panels b), e) and h) (WC-Co images) of Fig. 4. 3. A depth 

of ~3 µm has been achieved after 10 s of etching. By increasing the etching time up to 

60 s the Co depletion has kept approximately constant for the micrograin and fine size 

cemented carbide grades. However for the coarse grain and medium grain size, the 

depth increased for ~7.8 µm and 3.8 µm, as shown respectively in Fig. 4. 4. The 

difference in this behaviour can be attributed to the microstructure characteristics of 

the different  cemented carbide grades. 

From Table 2.2 it can be seen that the contiguity of the micrograin ( 78.0=ααC ; 

03.011.0 ±=λ µm) and the fine size ( 73.0=ααC ; 02.018.0 ±=λ µm) grades are very 

similar, as well as the mean free path. The higher number of WC-WC interface and the 
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lower values of the mean free path can act as obstacles for the cobalt leaching on the 

bulk material. For the coarse size grade the mean free path is about half of the 

micrograin and the λ contiguity is about the same (Table 2. 2). Thus for the smaller 

WC grain size cemented carbide grades its necessary etching times should be larger 

than 60 s to get deeper cobalt leaching toward the bulk material. 
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Fig. 4. 3 – SEM and EDS multi-scan analysis of cross section on different WC-Co grades after 6 min of Murakami’s followed 
by 10 s etching in HNO3. Panel a), d) and g) refers to the EDS multi-scan of the cobalt phase; panel c), f) and i) refers to the 
EDS multi-scan of the WC phase; panel b), e) and h) refers to SEM microstructures of WC-Co grades. 
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Fig. 4. 4 – SEM and EDS multi-scan analysis of cross section on different WC-Co grades after 6 min of Murakami’s followed 
by 40 s etching in HNO3. Panel a), d) and g) refers to the EDS multi-scan of the cobalt phase; panel c), f) and i) refers to the 
EDS multi-scan of the WC phase; panel b), e) and h) refers to SEM microstructures of WC-Co grades. 
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X-ray diffraction with a glancing angle technique has been employed to identify the 

cobalt surface. This XRD pattern of cemented carbides presents a complex overlap 

between peaks from hexagonal-WC and hexagonal-Co. The 100% intensity peak 

corresponding to WC is at ψ2 =48.3988º while cobalt is at 44.0375º. Hence, XRD 

pattern was taken at 33º< ψ2 <52º. Figure 4. 5 confirm that after 10 s of nitric acid 

etching the surface cobalt is not detected by XRD. However it must be stress that the 

Co peak intensity is low because Co has a strong absorption coefficient for CuKα 

radiation. 

The Co/W ratio, on the cross section has been semi-quantitative estimated by the EDS 

intensity of the corresponding peaks. Figure 4. 6 illustrate the procedure followed to 

determine the Co/W ratio in each sample. The results referring to samples submitted 

to 6 min of Murakami’s reagent followed by 10 s of etching with nitric acid is resumed 

in Table 4. 1. On the transition zone the Co/W ratio reduced to approximately 2±1%. 

Removal of the binder phase to depth results in the formation of an embritlled layer at 

the surface of the WC-Co. In the presence of an applied stress, such as residual stresses 

imposed on the diamond film following deposition or those encountered during use of 

the tool, failure of the interface by loss of WC grain cohesion or by crack extension in 

this embritlled area can result in delamination. On the other hand, removal of the 

binder phase to a depth which is less than the general size dimension of the free 

surface WC grains can result in interaction between diamond and binder phase unless a 

physical barrier to diffusion across the interface is created. 
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Fig. 4. 5 – Typical XRD pattern (grazing incident, 
ω=3o) after 6 min of Murakami’s reagent followed by 
10 s of acid.
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Table 4. 1 Co/W ratio detected by SEM on different cross section 
positions after 10 s of etching. 

 Top Transition zone Bulk 
Micrograin - 1.9±0.8 % 35.0±6.3 % 
Fine size - 2.6±0.9 % 32.1±8.0 % 
Medium size - 2.3±0.8 % 33.2±5.8  % 
Coarse size - 2.5±1.2 % 33.9±5.2 % 

 

Fig. 4. 6 – Semi-quantitative determination of Co/W by EDS on the cross section after 6 min of 
Murakami’s reagent followed by 10 s of acid. 
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4.1.2 Ultrasound diamond seeding combined with TMCVD process 

Ultrasonic micro-scratching involves an additional treatment consisting of dispersing 

diamond powder in a solvent solution in the ultrasonic bath and immersing the 

substrate in the suspension for 20 min. This is expected to enhance the nucleation. The 

study present in this section has two purposes: (i) to investigate the correlation 

between diamond powder grit sizes used in the ultrasound seeding, and the nucleation; 

(ii) to investigate the effect of high amount of CH4 content during the first minutes of 

nucleation, for short period of time. As a comparison a conventional HFCVD cycle 

was performed for the same ultrasound seeding.  

Prior to diamond deposition, the WC-6-wt.% Co samples, with WC FSSS of 6 µm, 

were diamond polished down to 0.2 µm ultrasonically followed by 6 min treatment in 

Murakami’s reagent and then 10 s in acid solution, on ultrasound bath. Further, the 

samples were treated for 20 min in diamond suspension, on ultrasound bath. The 

suspensions were prepared using three different grit sizes, of commercial diamond; (i) 

< 0.25 µm, (ii) 3-5 µm and (iii) 30-50 µm. In all cases, 0.2 g of diamond powder was 

mixed with 20 ml of pure methanol. Table 4. 2 gives details of the substrate, surface 

pre-treatment, and the CVD process employed to produce the diamond deposits. For 

the conventional HFCVD process, temperature was set at 700 ± 8 ºC while for 

TMCVD process, the temperature was in the range of 680± 5 ºC to 700± 8 ºC. The 

CH4/H2 volume ratio was fixed at 1% as estimated using equation (4.2), where t, n and 

B represents the time of the modulation, the number of modulation in deposition cycle 

and the total amount of CH4 in each modulation, respectively.  

2211

222111
4
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BntBnt

CH
+
+
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The indexes 1 and 2 refer to the high and low volume of CH4 in the cycle in 

accordance with the graphic representation shown in Fig. 4. 7. In both cases, the 

deposition time was set to 32 min. For each condition, the tests were performed twice 

in order to check the reproducibility of the results.  

Table 4. 2 - Samples label. 

Sample Murakami’s 
reagent 

Acid  
Etching  

Diamond 
Seeding 

CVD 
Process 

Sample  
Geometry 

TMCVD <0.25 6 min 10 s <0.25 µm TMCVD  φ6x0.5 mm 
TMCVD 3-5 6 min 10 s 3-5 µm TMCVD  φ6x0.5 mm 
TMCVD 30-50 6 min 10 s 30-50 µm TMCVD  φ6x0.5 mm 
HFCVD <0.25 6 min 10 s <0.25 µm HFCVD  φ6x0.5 mm 
HFCVD 3-5 6 min 10 s 3-5 µm HFCVD  φ6x0.5 mm 
HFCVD 30-50 6 min 10 s 30-50 µm HFCVD  φ6x0.5 mm 

 

 
Fig. 4. 7 – Parameters used by conventional HFCVD 
and by TMCVD process. 

From the high resolution SEM analysis, shown in Fig. 4. 8, it is apparent that after the 

ultrasound seeding small diamond particles are uniformly dispersed of the WC grain 

surfaces, for the case of treatments with diamond powders grit sizes less than 0.25 µm 

(< 0.25 µm). This seeding was rarely observed for the cases with 3-5 µm diamond 
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powders and inexistent for 30-50 µm powder grit sizes. In Fig. 4. 8 b) it is shown a 

larger diamond particle left after the seeding treatment with 3-5 µm diamond powder 

grit sizes. 

  

Fig. 4. 8 – Seeding of diamond in ultrasound for 20 min; panel (a) shows the WC-Co surface 
after seeding with diamond grit lower than 0.25 µm. The diamond seeds have a grain size 
between 10 – 30 nm; panel (b) shows the WC-Co surface after seeding with diamond grit 
between 3 and 5 µm.  

The co-relation between diamond nucleation density and diamond grit size used during 

the ultrasonification is shown in Fig. 4. 9. Under our standard experimental 

conditions, the diamond nucleation density for <0.25 µm was higher than two orders 

of magnitude in comparison with 30-50 µm size diamond powder. This indicates that 

the grain size of diamond powder used during the seeding treatment is one of the key 

factors for the enhancement of the diamond nucleation density. Using diamond size 

<0.25 µm powder as the standard grit sizes for ultrasound seeding, the work was 

extended in order to combine the seeding with the TMCVD process during the first 

30 min of diamond growth. A further increase in nucleation density from 4x109 to 

1.5x1010 was observed. The comparison of nucleation density attained by two 

processes is shown in Fig. 4. 10 a) and Fig. 4. 10 b). The grain size distribution of the 

diamond nuclei is more homogeneous in the TMCVD process.  



 

 94 

 
Fig. 4. 9 – Nucleation density dependence with the diamond 
powder grit sizes used during ultrasound seeding. 

  

Fig. 4. 10 – Diamond nucleation after 30 minutes growth. Panel (a) refers to conventional 
HFCVD process after 32 min of growth; panel (b) refers to TMCVD process after 32 min of 
growth. 

AFM micrographs, Fig. 4. 11 a) and Fig. 4. 11 b), shows the formation of diamond 

stable nuclei of size ranges from 50 to 110 nm. The histogram of grain size 

distributions shows a Gaussian distribution with an average crystal size of 82.5 nm 

(Fig. 4. 12). Similar distribution was found for the conventional HFCVD with an 

average crystals size of 110.5 nm. It also strongly suggests that for pre-treatments with 

0.25 µm size powder, the seeds are the preferred growth centers  of diamond. 
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Fig. 4. 11– Surface profile obtained by atomic form microscope for TMVCVD <0.25 
coatings. Panel (a) shows two dimensional representation at high magnification and panel (b) 
shows three dimensional representation at lower magnification.  

 
Fig. 4. 12 – Particle size distribution for samples 
TMCVD <0.25 after 32 min of deposition. 

It is known that atomic hydrogen etches both diamond and graphite; however, under 

typical CVD diamond deposition conditions, the rate of diamond growth exceeds the 

etch rate whilst for other forms of carbon, such as graphite the case is reverse [ 48 ]. The 

findings presented in this section can be explained by giving two hypotheses. Primarily, 

during the high timed methane modulations in TMCVD, the relative mono hydrogen 
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concentration in the reactor (HFCVD) is relatively lower, therefore, less hydrogen 

etching of the diamond seeds can be expected. For the present case it is proposed that 

as the hydrogen etches the seeds, thus reducing the surface density of diamond growth 

centres. It is hypothesise that less of the seeds will be etched out during TMCVD 

compared to HFCVD of diamond deposits. In HFCVD process, the hydrogen 

concentration in the reactor is constant and the overall H-concentration is higher than 

in the TMCVD process. Therefore, more of the seeds are expectedly etched out 

leaving behind inactive sites for any possible diamond growth by CVD. The SEM 

results showed that after the HFCVD and TMCVD processes, the density of the 

diamond seeds on the WC grains, as was clearly observed after ultrasonic seeding and 

prior to diamond deposition (see Fig. 4. 9), had decreased significantly. It is attributed 

the disappearance of these seeds to the hydrogen etching effect during diamond CVD. 

Similar results had been reported by Ihara et al. [ 246 ] during the microwave PACVD 

studies. They have noticed the changes in nucleation density (106 to 1010 nuclei by cm-

2) on mirror polished silicon substrates treated in various suspensions of different size 

diamond powder and attribute this difference to the diamond seeds etching by the 

atomic hydrogen. 

Secondly, it can also be expected some heterogeneous nucleation taking place in 

correspondence of surface defects or sites produced by the impacts of diamond 

particles during the seeding treatment. The larger CH4 concentration pulse would 

favour a more abundant heterogeneous nucleation process. Therefore, the 

heterogeneous nucleation rate is higher in TMCVD than in the HFCVD process, 

mainly due to the utilisation of high/low timed methane gas flow cycles during 

deposition. 

4.1.2.1  Raman and XRD analysis 

Figure 4. 13 shows the micro-Raman spectra of the samples seeded with diamond 

powder lower than 0.25 µm using TMCVD (a) and conventional HFCVD (b) process. 

Besides the diamond peak (1332.5 cm-1), five other main components contributed 



Chapter IV         Pre-treatments, diamond nucleation/growth and characterization  
 
 
 

 97 

from the carbonaceous Raman background were noticed. A band around 1140 cm-1 

assigned to transpolyacetylene lying in grain boundaries [ 169 ],[ 170 ], a band  around 

1490 m-1 from diamond precursors [ 251 ], the band around 1250 cm-1 generally accepted  

as arising from scattering in diamond, due to relaxation of the wave vector selection 

rule [ 171 ] and two broad bands at 1350 and 1580 cm-1, attributed to D- and G- bands of 

graphite [ 172 ]. Besides the average amount of methane to be the same both to TMCVD 

and to conventional HFCVD, the modulation of CH4 reflects higher amount of other 

forms of carbon besides the diamond. The quality factor for HFCVD growth 

(fq=78.1 %) is about 10 % higher than for the TMCVD growth (fq=67.5 %). The full 

width at half maximum (FWHM) of the diamond Raman line was 8.0 for both 

coatings. The variation in the FWHM values reflects the amount of disorder and defect 

densities [ 253 ]. The constant FWHM shows the uniformity in crystalline quality of 

deposited using TMCVD and conventional HFCVD.  

The samples were characterized by X-Ray diffraction. The XRD were acquired in the 

2? range of 20-90o, using a grazing incident with ω=3o to reduce the signal from the 

substrate and to enhance the signal from the coatings. Figure 4. 14 shows the patterns 

of the WC-Co substrates submitted to the TMCVD nucleation step (Fig. 4. 7), after 

the treatment with acid etching and diamond suspension. The diffraction patterns 

showed WC peaks and diamond peaks. 
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Fig. 4. 13– Raman spectra of the diamond nuclei on TMCVD <0.25 and HFCVD <0.25. 

 

Fig. 4. 14 - Typical XRD pattern (grazing incident, 
ω=3o) after 30 min of diamond growth by TMCVD 
process with the parameters showed in Fig. 4.7. 
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4.1.3 Diamond nucleation versus WC-Co microstructure  

4.1.3.1  Effect of mean free path on diamond seeding  

To study the efficiency of the combined pre-treatment presented in Section 4.1.2, 

different WC-Co grades were prepared with two samples of each grade and the 

diamond growth has been conducted using the TMCVD cycle shown in Fig. 4. 7. The 

substrates had a triangular geometry (TPGN 11 03 04). The samples were submitted to 

the same pre-treatment procedure presented in the last section of this thesis. 

The SEM micrographs presented in Fig. 4. 15 show a very uniform dispersion of 

diamond crystals on the WC surface. For all WC-Co grades the nucleation density is 

higher than 109. However detailed SEM analysis revealed that only the medium size 

cemented carbide grades had high nucleation density on the WC grain surfaces of the 

gap leaved by the cobalt etching, as exemplify by the arrows in Fig. 4. 15 d). The 

difference in the results can be explained by considering the microstructure 

characteristics of the WC-Co and the grain size distribution of the diamond powder 

used during the ultrasound seeding pre-treatment. The gaps dimensions on the WC-Co 

surface after the acid etching should be about the same size as the mean free path of 

the grade. Based on the data presented in Table 2. 2 ( mMicrograin µλ 11.0≅ ; 

mSizeFine µλ 18.0_ ≅ ; mSizeMedium µλ 31.0_ ≅ ; mSizeCoarse µλ 61.0_ ≅ ) and on the SEM studies, 

it is concluded that the best efficiency is attained on WC-Co grades with ?>0.18 µm. 

According to the diamond powder supplier, the value of the average particle size of the 

diamond powder used for ultrasonic seeding is 0.2 µm [ 254 ]. Thus, only the smaller 

particles are able to reach inside the microstructure gaps and provide the seeding.  
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Fig. 4. 15 – SEM micrographs showing the different nucleation density obtain for the 
micrograin (panel a), fine size (panel b), medium size (panel c) and coarse size (panel d)  
WC-Co grades, after 6 min in Murakami’s reagent+10 s HNO3+H2O2+TMCVD cycle. 

4.1.3.2 Correlation between WC grain boundaries and diamond nucleation  

The investigation has been conducted with two different WC-6%Co grades: i) 

micrograin (grade 1) and coarse grain size (grade 4). All the samples were pre-treated as 

describe in section 4.1.1 to 4.1.2. In order to enhance the nucleation process the 

system represented in Fig. 2.6 was modified by the introduction of a d.c. parallel plate, 

as schematically represented in Fig. 4. 16. By the use of the Matlab software the electric 

field produced by the parallel plate configuration was simulated in order to have an 

indication about its direction. The schematic diagram shown in Fig. 4. 17 indicate the 

direction of the lines forces, resulting from the application of 400 V d.c., towards the 

WC-Co surface. The electric field generated has enough energy to generate a plasma 

with the gas mixture that is present during the diamond growth. It is expected that 

these lines forces accelerates the ions resulting from the gas dissociation near the 

tantalum filaments causing an ion bombarding effect, similar to a classical bias effect 
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well reported in the literature. The conditions employed during these experiments are 

shown in Table 4. 3. 

 

Fig. 4. 16 - Schematic diagram showing the CVD system used to 
deposit diamond. The CVD set up consists of parallel plates of Mo, 
which enabled a d.c. parallel plasma assisted HFCVD. 
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Fig. 4. 17 - Schematic of the electric field resulting from 
the application of a d.c. voltage between the parallel 
plates. 

Table 4. 3 - Parameters used during the bias 
process of diamond deposits.  

Methane flow [ sccm ] 5 

Hydrogen flow [ sccm ] 150 

Argon flow [ sccm ] 11,7 

Pressure [ kPa ] 4.0 

Substrate Temperature [ ºC ] 800-900 

Substrate distance [ mm ] 4 

Time [ min ] 15, 20, 25 and 30 

Emission current [ mA ] 20 

Voltage of plates [ V ] 400 
 

Figure 4. 18 displays the SEM micrographs showing the densities of diamond particles 

deposited on coarse grain (a, b, c, and d) and micro-grain (e, f, g and h) WC-Co 

substrates after 15, 20, 25 and 30 minutes of bias time. It is clear that the density of 

diamond particles deposited on both grades increased with bias time and began to 

coalesce to form a continuous film. The results showed that the minimum time 
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required to form the first continuous homogeneous diamond film layer on the 

micrograin grade was within the range of 25 to 30 min. However, using the coarse 

grain size grade the continuous diamond film did not form even after 30 min.  

Figure 4. 19 displays the SEM micrograph showing the film morphology of the as-

deposited diamond film grown on the micrograin grade after 30 min. The average 

diamond crystallite size of the film shown in Fig. 4. 19 was ~10 nm. It was noted that 

in both cases the diamond clusters were formed on the substrate surfaces and each 

cluster consisted of nano-sized crystallites. Typically this type of structure is generated 

when diamond is deposited under a higher concentration of methane in the vacuum 

reactor, which results in the formation of a ballas-like morphological structure 

consisting of nano-sized diamond grains [ 255 ].  
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Fig. 4. 18 - SEM images showing the diamond deposits produced after bias time of 15, 
20, 25 and 30 min. The deposits on coarse grain substrates are shown in panels (a) to (d); 
whereas, the deposits on micro grain substrates are shown in panels (e) to (h). 
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Fig. 4. 19 – As-deposited nanocrystalline diamond 
coating deposited after 30 min on micrograin WC-Co 
grade. The average grain size is ~10 nm. 

Detailed SEM analysis showed that diamond clusters nucleation preferentially initiate 

at the boundaries of the WC grains and from then onwards the diamond particles grew 

to form clusters consisting of many nano -diamond grains. Fig. 4. 20 illustrates the 

diamond crystals nucleation at WC grain boundary on the coarse grain grade. 

Complementary to SEM, AFM was also performed. Figure 4. 21 a) show the WC 

grains of the coarse grain grade after the Murakami’s reagent and acid etching.  

Figure 4. 21 b), shows the AFM analysis after 15 min of bias treatment. 

 

Fig. 4. 20 – SEM micrograph showing diamond 
nucleation occurring at the WC/WC grain boundaries 
after 15 min of BEG on coarse grain substrate. 
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The diamond growth/nucleation that occurs at the grain boundaries, in between and 

under the WC grains, and the production of nano-sized diamond grains are 

advantageous in producing adherent coatings on WC-Co tools, because it contributes 

for the improvement of the mechanical interlock. It is obvious that there is a greater 

network of grain boundaries present in the micrograin WC-Co substrate than in the 

coarse grain substrate. These sites (grain boundaries) provide suitable centers for the 

adsorption of gaseous precursors and the formation of sp3-C clusters. Therefore, with 

micrograin substrates the density of the diamond cluster formation is expected to be 

higher than in coarse grain substrates.  

Another possible explanation can be addressed to the effect of grain edges rather than 

the effect of grain boundaries. The edges of the WC grain are expected to very sharp. 

With the local modification of the electric field, during the bias treatment, the current 

density is quite higher, compare with the current density. This effect may contribute to 

a more efficient/abundant ion bombardment and thus nucleation enhancement. This 

hypothesis is in agreement with the higher nucleation density observed for the 

micrograin grade, as shown in Fig. 4. 22.  

  

Fig. 4. 21 – AFM image showing the WC-Co surface, of coarse grain grade, after the 
Murakami’s and acid etching, panel (a), followed by 15 min of bias treatment. 
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Fig. 4. 22 – Variation of diamond nucleation density 
with bias time. 

In explaining the findings, it should be noted that the differences in the diamond 

deposits produced on micrograin and coarse grain substrates at different bias times are 

due to the “substrate effects”. The fact that identical bias conditions were used during 

deposition on micrograin and coarse grain substrates, ruled out the influence of any 

contributions from the growth process results of this study. The four main influential 

factors contributing to the substrate effects are: (1) substrate grain size; (2) Co 

diffusion from the bulk material to the substrate surface during bias treatment; (3) 

substrate roughness; and (4) substrate residual stresses. Factors 1 and 2 will be 

discussed in section 4.4.3. The substrates used in this study were prepared to keep the 

surface roughness in the range of 02.09.0 ±=aR  µm in both cases prior to loading the 

substrates in the CVD chamber by using different grades of polishing abrasives. 

Concerning the substrate residual stress, Hegeman et al. [ 248 ] reported that the substrate 

residual stress increased after the grinding operation with diamond. In this work the 

grinding residual stress was characterized by X-ray measurements, and their findings 

indicates the existence of a deformed surface layer with a thickness of 1.5 µm. More 

recently Polini et al. [ 103 ] showed that the concentration gradient defects induced by the 

grinding process acts as suitable nucleation sites for diamond deposition. However, 
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when a layer of 5 µm was removed from the substrate surface by Murakami’s reagent, 

this influence became very small or even nonexistent. Therefore, in this case, because 

the investigation focused on a comparative study, it has been necessary to eliminate the 

grinding residual stress in both substrates to similar values. During the sample 

preparation, 3 µm of the layer were removed from the surface of the substrates using 

diamond paste polishing followed by the removal of a further 3 µm of WC by 

Murakami’s reagent. The residual stress was quantified by X-ray measurements 

(LIBAD technique). The data displayed in Fig. 4. 23 clearly indicates that the grinding 

operation induces slightly higher compressive stress values on the micrograin grade, 

however after the sample preparation the residual stress values were comparable in 

both WC-Co grades. 

 

Fig. 4. 23 – Residual stress of WC-Co substrates 
measured by X-ray, on as-grounded samples and after 
polishing and Murakami’s reagent. 

4.1.3.2.1  Cobalt diffusion 

During sample characterization using SEM, it has been observed the presence of drops 

on the substrate surfaces, identified by EDS analysis as cobalt. The images in  

Fig. 4. 24 represent the micrograin (panel a) and coarse grain (panel b) substrates after 
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15 min of bias time. This observation has been frequently reported by other 

workers [ 103 ],[ 241 ]. Despite the same Co content in both types of substrates, the coarse 

grain substrate showed greater density of such drops. Because the CVD temperature of 

the coatings is below the liquid phase formation during the cemented carbide sintering, 

it is expected that the drop formation is related to Co out diffusion from the bulk 

material. This behaviour can be attributed to two causes. Firstly, the presence of a 

higher number of Co droplets observed on the WC surfaces can be responsible for 

suppressing the diamond nucleation on such sites and for favouring the catalyzed 

formation of sp 2-C. Figure 4. 24 indicate that Co out diffusion is more evident in the 

coarse grain substrate compared with micrograin substrate under the same CVD 

processing conditions.  

  

Fig. 4. 24 -  SEM micrograph showing the surface of the micrograin (panel a) and coarse grain 
(panel b) substrate after 15 min of bias treatment. 

From a thermodynamic and kinetic point of view, it is expected that Co diffusion in 

WC-Co, CoD , has a temperature dependent Arrhenius expression [ 274 ] 
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where actQ  represent the activation energy. Since there is the presence of dispersed 

phases of WC in the cobalt matrix, the diffusion paths are partially blocked. This affect 

can be overcome by considering the effective diffusivities by introducing a term called 

labyrinth factor, ξ, which leads to different values of diffusivity for the different  

WC-Co grades (equation 4.4). The labyrinth is a function of the tungsten carbide 

grains, and it is expected to increase with the grain size of the carbide phase (equation 

4.5). 

Co
WC

effCo DD ×= ξ_ , (4. 4) 

WCd∝ξ  (4. 5) 

The microstructure of metal matrix materials is often described in terms of (i) average 

grain size of the hard particles, WCd , (ii) the mean free path, and (iii) the fraction 

volume of the binder phase. These parameters can be related to the Co volume 

fraction according to equation (1.3). From equations (1. 3), (4. 4) and (4. 5) we arrive 

at equation (4. 6) which indicates that the effective diffusivity of Co increases the mean 

free path, λ. The flux of Co diffusing through a cross section of the material can be 

expressed by the multicomponent extension of the Flick’s law multiplied by the 

volume fraction of the binder, as shown in equation (4. 7). 
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In our case, it is highly likely that the flow of cobalt through the WC-Co substrate is 

higher for substrate grades with higher volume fraction of binder phase and/or higher 

λ (bigger tungsten carbide grains).  
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4.1.3.2.2 Raman spectroscopy 

Raman detailed studies have been carried out in the range 1000-1600 cm-1.   

Figure 4. 25 shows the micro-Raman spectra obtained for the different bias 

treatments. In addition to ~1332.5 cm-1 diamond peak, the spectra have six extra 

features around 1140, 1200, 1300, 1355, 1460 and 1500 cm-1. The appearance on the 

~1140 cm-1 and ~1450 cm-1 peak is assigned to transpolyacetylene lying in grain 

boundaries [ 169 ],[ 170 ]. The π and empty π* states form bands that touch at the 

Briollouin zone K ~1200 cm-1 while the peak ~1280 cm-1 is generally accepted as 

arising from scattering in diamond, due to relaxation of the wave vector selection 

rule [ 171 ]. The 1355 cm-1 is assigned to the microcrystalline graphite (D- band) and the 

peak around 1500 cm-1 is attributable to amorphous carbon. 

Figure 4. 26 show the quality factor, estimated by eq. (2. 2), variation with the bias 

time for diamond growth both on micrograin and coarse grain WC-Co grades. 

Quantitatively it is not observed a trend of fq with the bias time. The scattering of the 

data is related to the position were the Raman data acquisition it has been done. The 

SEM analysis revealed higher amount of cobalt droplets for the coarse grain grade, 

however it is not possible to establish a direct relation between the amount of non 

diamond carbon phases and the surface out diffusion of cobalt. However, qualitatively 

it was observed a higher scattering of the fq for the coarse grain grade.  

As shown in Fig. 4. 27, the 1332.5 cm-1 peak is shift to higher values when the bias 

time increases, reflecting an increase of diamond coating compressive stress. As well 

known, chemical vapour deposition usually results in a residual stress consisting of 

thermal stress and intrinsic stress that can lead to reliability problems. The increase of 

the tensile stress is mainly related with the increase of the intrinsic stress due to the 

formation of diamond crystals and/or diamond clusters boundaries, arising from the 

coalescence mechanisms that leads to the diamond film formation [ 258 ]-[ 260 ].  
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Fig. 4. 25 – Raman spectra representing samples prepared on coarse and micro 
grain substrates after 15, 20, 25 and 30 min of bias time. 
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Fig. 4. 26 – Quality factor variation with the bias time 
for both micrograin and coarse grain WC-Co grade. 

 
Fig. 4. 27 – Variation of diamond peak position with 
bias time for the micrograin and coarse grain WC-Co 
grades. 

4.2 Diamond growth on micrograin WC-Co with high cobalt content  

Cemented carbides containing WC grains in the sub -micron (0.5-0.8 µm) to ultra-fine 

(0.2-0.5 µm) range and also containing 8 to 16 weight % of cobalt generally find use in 

micro-machining applications, dental burs, surgical tools, microdrills, punches used in 

pharmaceutical industry, etc [ 261 ]. Although, such grades of cemented carbides display 



 

 114 

impressive properties, such as toughness, their performance, during service, and 

lifetime is not ideal for many of the applications. However, improvements in such 

areas can be achieved by the application of an ultra-hard coating onto the component.  

Diamond films display an extraordinary combination of properties, which enable them 

to be employed in many different applications [ 262 ]-[ 266 ]. However, the task of direct 

diamond deposition onto WC-Co grades, consisting of sub -micron or ultra-fine grains 

of WC and/or high content of Co (> 8 wt %) becomes an even more difficult 

endeavour.  

4.2.1  Direct growth of diamond film onto WC-10%Co micrograin  

The WC-Co cemented carbides (10 mm x 10 mm x 3 mm) with 10% cobalt and the 

average of 0.8 µm was used as substrate. After being freshly cut to size, the substrates 

were ground using a diamond wheel and subsequently polished using 3 µm-diamond 

paste for a time duration until the average substrate surface roughness was in the range 

0.9 µm<Ra<1.1 µm. The substrates were then pre-treated accordingly to the procedure 

described in section 4.2. Subsequently, the diamond seeding was performed in an 

ultrasound bath, as described in section 4.3. In this study, seven samples, labelled 1-7 

were prepared by coating substrates. The first four samples (1-4) were prepared to 

study the effect of CH4 flow rate during film growth, and the density of diamond 

crystallites nucleating on WC-Co substrates. It should be noted that the CH4/H2 ratio 

during sample 1 and 2 preparation was kept constant at 2% and 3%, respectively. 

However, in preparing samples 3 and 4, the CH4/H2 ratio was modulated between 3% 

(10 min) and 2% (8 min), for sample 3, and 4% (10 min) and 2% (8 min), for sample 4. 

Samples 5-7 were prepared whilst conducting the film deposition process for 126 

minutes. The average film thickness of samples 5, 6 and 7 was 1±0.15 µm. These 

samples were prepared in order to assess the effectiveness of CH4 modulations during 

film growth on the production of improved diamond coatings onto WC-Co substrates, 

in terms of coating adhesion. Samples 5 and 6 were prepared at constant CH4/H2 ratio 

of 2% and 3%, respectively. However, sample 7 was prepared whilst the CH4 gas was 
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modulated between CH4/H2=3% (for 10 min) and CH4/H2=2% (for 8 min).  

Table 4. 4 shows the complete growth conditions employed during the preparation of 

samples 1-7. 

The coating adhesion was assessed using an indentation method employing a Brinell 

indenter. An indentation load of 294 and 490 N has been imposed on samples 5 to 7 

to characterize their coating adhesion. Raman spectroscopy was used as a 

complementary technique with the indentation tests to determine the coating adhesion.  

Table 4. 4 – Conditions employed during the diamond growth of the samples 1-7. 

Samples 

Parameters  

1 2 3 4 5 6 7 

Pressure [kPa] 4.0 4.0 4.0 4.0 4.0 4.0 4.0 
Ts [oC] ~850 ~850 ~850 ~850 ~850 ~850 ~850 
Hydrogen Flow 
[sccm] 

150 150 150 150 150 150 150 

CH4/H2 [%] 2 3 3 and 2 4 and 2 2 3 3 and 2 
Nucleation time 
[min] 

36 36 36 36 - - - 

Deposition time 
[min] 

- - - - 126 126 126 

CH4 modulation 
time [min] 

- - 10;8 10;8 - - 10;8 

4.2.2 Diamond nucleation and growth 

Figure 4. 28 displays the SEM images showing the density of diamond crystallites in 

samples 1, 2, 3 and 4.  It is evident that diamond crystallites nucleated in all of the four 

cases investigated. In sample 1, the diamond crystals nucleate onto WC grains and are 

isolated from one another. The WC grains are also clearly visible with the diamond 

grains on the SEM micrograph. In sample 2, the average diamond crystallite size 

decreased considerably to nano-scale, as expected. Furthermore, it has been observed a 

cauliflower-type structure forming as a result of the nano-diamond crystals depositing 

on top of one another and producing clusters. By time modulating CH4/H2 ratio 

between 3% and 2% and 4% and 2% for samples 3 and 4, respectively. Homogeneous 
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diamond films were produced and no voids were observed in the as-grown nano-sized 

diamond films (samples 3 and 4).  

  

  

Fig. 4. 28 – SEM images showing the density of diamond crystallites in samples 1 (36 min at 
CH4/H2=4%), 2 (36 min at CH4/H2=3.0%), 3 (36 min TMCVD 2%<CH4/H2<3%) and 4 
(36 min TMCVD 2%<CH4/H2<4%). 

It was impossible to calculate the nucleation densities for samples 3 and 4 after 36 

minutes of deposition time, since the diamond crystallites were not isolated, but instead 

the grains coalesced and formed continuous diamond film layers. The TMCVD 

process enabled significant enhancement in the nucleation density of diamond 

crystallites on WC-Co substrates and TMCVD justified its usefulness in uniformly 

producing nano-crystalline diamond films. Although nano-sized diamond grains are 

formed in sample 4, the cauliflower type structure/clusters were more evident than in 

sample 3. The cauliflower-type structure of sample 4 appeared possibly due to the 
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increased CH4 flow during 36-minutes of deposition. It is apparent and expected that 

the degree of secondary nucleation occurring in sample 4 was greater than in sample 3.  

4.2.3 Evaluation of coatings adhesion by Brinell indentation tests 

The coating adhesion was assessed using an indentation method employing a Brinell 

indenter with a tip radius of 200 µm. The following indentation loads were employed 

in this investigation: 294 N; (ii) 490 N; and (iii) 612.5 N. After each indentation the 

accuracy on the indenter has been tested by doing hardness tests on a HRA standard 

block. Whenever the deviation has been higher than ±0.5HRA the indenter was 

substitute by a new one. 

Figure 4. 29 shows the SEM images of samples 5, 6 and 7 after the 294 N load 

indentation. It is clear that the indentation imposed on the diamond coatings in 

samples 5, 6 and 7 inflicted noticeable and significant damage only to samples 5 and 6.  

Each of the SEM image for samples 5 and 6 displays a structure of the indentation 

zone that resembles a “shining sun”. It is clear that some lateral cracking has occurred, 

in both samples 5 and 6, after the indentations, which corresponds to the “rays” of the 

sun on the SEM micrograph images. The average lateral crack lengths in samples 5 and 

6 were found to be 102 and 41 µm, respectively. A section of the lateral crack on 

sample 5 was closely examined under a SEM microscope and a magnified image is 

shown. In addition, in sample 5, a lighter region appeared at the circumference of the 

indentation mark. A magnified SEM image of a specific area in this region, shows that 

the polycrystalline diamond film has undergone some film cracking. However, the 

cracking of the diamond film in this region was found to be much localised. 
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Fig. 4. 29 – SEM images of sample 5 (CH4/H2=2 %), 6 
(CH4/H2=3 %) and 7 (TMCVD CH4/H2=2 %-3 %) 
after 294 N load indentation. 

It was observed with all three indented samples (samples 5, 6 and 7) that (i) the 

coatings remained attached to their respective substrates, even after taking into 

consideration the localized film cracking in sample 5 and the lateral cracking in samples 

5 and 6, and (ii) the coating samples deformed to the shape of the Brinell indenter tip. 

The deformation of the coating samples to the shape of the indenter tip could be 
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expected since plastic deformation in WC-Co substrates occurs during indentation 

loading. The lateral cracking in samples 5 and 6 could possibly be due to two reasons. 

First, the external stresses imposed onto the coated-sample during indentation loading 

may well force the film to crack in order to dissipate stress and/or energy. Secondly, 

the underlying substrate could fail first and subsequently cause film cracking during 

plastic deformation at the substrate. In order to know the response of the bare 

uncoated substrate to the indentation, an identical indentation at 294 N and 490 N 

loads has been performed (Fig. 4. 30). It can be seen in Fig. 4. 30 a) that, although 

some deformation was observed on the substrate surface, no radial cracks formed at 

any region on or around the substrate deformation zone. Therefore, it can be deduced 

that the lateral cracks appearing in sample 5 and 6 after the 294 N indentation are due 

to the limitations of strength at the film/substrate interface. It was found that in 

sample 7 no radial cracks appeared on the substrate surface. The above indentation test 

suggests that the coating adhesion of sample 7 is better than the adhesion toughness in 

samples 5 and 6.  Since, in sample 5, (i) some localised film cracking occurred and (ii) 

the average radial coating crack length was larger than in sample 6, it can be stated that 

the coating adhesion in sample 6 is better than in sample 5. It is highly likely that the 

coating adhesion in sample 7 is better due to the increase in the mechanical interlock 

between the film and the substrate.  

  

Fig. 4. 30 – SEM image of the bare, uncoated WC-Co substrate after the indentation at 294 N 
(panel a) and 490 N (panel b). 
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Since secondary nucleation processes are predominant in sample 7 preparation, using 

the TMCVD process, and the initial/secondary nucleation rate is much higher, it is 

expected that the nano-sized diamond crystallites forming, strongly interlock with the 

WC-grains of the underlying substrate material. As the nucleation rate is comparatively 

higher during sample 6 preparation than sample 5, the density of diamond crystallites 

in sample 6 is expected to be higher than in sample 5, thus, the degree of mechanical 

interlock between the film and the substrate in sample 6 is better than in sample 5 and 

consequently the coating adhesion improves. 

Figure 4. 31 shows SEM micrographs of coating samples 5-7 where a 490 N 

indentation load was imposed. At (i) with all three samples 1–3, lateral cracks appeared 

from the indentations; (ii) sample 6 coating delaminated around the deformed zone on 

the WC–Co substrate. This suggests that the 490 N load indentation was sufficient to 

debond the film coating from its substrate; (iii) in sample 5, SEM analysis showed that 

the 490 N load indentation had lifted the film coating off from the substrate at points 

where the apparent radial crack lines ended. However, the film coating remained 

attached to the substrate from the inner side of the radial cracks. A magnified SEM 

micrograph, as shown in Fig. 4. 31, of one region where the radial crack line ended 

shows the film being lifted off the substrate. In addition, it is also possible to see the 

lateral crack line appearing on the bare substrate surface. In this region and such other 

regions in sample 5, the film coating has no contact with the substrate; therefore, no 

adhesion exists. Fourth, in sample 7, the 490 N indentation load resulted in the 

following two effects on the indented surface: (i) the formation of lateral cracks and (ii) 

partial delamination of the film coating in between and across/around some of the 

lateral cracks. It is possible that in the region on the sample 7 surface where the coating 

had delaminated from the substrate the mechanical stress imposed by the indenter 

during indentation loading was too great for the adhesion strength, which kept the 

coating bonded to the substrate. The uncoated substrate bare has been submitted to 

the indentation with an identical load of 490 N. The SEM analysis proved that at this 

load the lateral cracks appear on the bare WC–Co material after a 490 N load 

impression. 



Chapter IV         Pre-treatments, diamond nucleation/growth and characterization  
 
 
 

 121 

In order to assess further the adhesion strength of the coating adhesion in sample 7, 

another indentation at 612.5 N load was carried out on the sample. Figure 4. 32 shows 

a SEM micrograph of sample 7, which had been indented at 612.5 N load. The damage 

inflicted on the sample by the impression is apparent from the SEM image. At this 

indentation load, the coating adhesion failed. Therefore, it can be stated that the critical 

load, i.e. the precise load required to delaminate the film coating from the substrate, 

lies within the range 490–612.5 N. 
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Fig. 4. 31 – SEM images of the indented samples 5-7 
after the application of a 490 N load impression. 
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Fig. 4. 32 – SEM image showing the response of sample 
7 to a 612.5 N load indentation. 

4.2.4 Raman spectroscopy analysis 

Micro-Raman spectroscopy was employed as a complementary technique to 

characterize the coating adhesion by assessing the stress levels in the deposited films. It 

is known that the degree of Raman diamond peak shift and the splitting of the peaks is 

proportional to the magnitude of the biaxial stress in the film [ 267 ]. The model 

developed by Ager and Drory [ 268 ], investigates and characterizes the residual biaxial 

stresses in diamond films by employing Raman spectroscopy, was used to assess the 

stress levels in the as-grown films. The model describes quantitatively the relations 

between singlet or doublet phonon scattering and the biaxial stress σ, measured in 

GPa, as follows: 

)(08.1 oS υυσ −−=  For single phonon (4. 8) 

)(384.0 od υυσ −−=  For doublet phonon (4. 9) 

where 1332=oυ  cm-1, Sυ  is the observed maximum of the singlet in the spectrum and 

dυ  the maximum of the doublet. In the case when the splitting of the Raman line is 

not so obvious, the observed peak position mυ  is assumed to be located at the centre 
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between the singlet Sυ  and the doublet dυ , i.e., ( )dSm υυυ += 2
1  [ 269 ]. From equations 

(4. 8) and (4. 9) we obtain, 

)(567.0 om υυσ −−=   (4. 10) 

In this study, equation (4. 10) was used to calculate the film stresses and also determine 

the nature of the stress, either compressive or tensile. The points marked A–I and  

1–13 on the SEM images in Fig. 4. 29 and Fig. 4. 31 on samples 5–7 will be 

characterized for stress using micro-Raman spectroscopy. It should be noted that 

positions A–I are points of characterization on samples that were indented using 

290 N load, whereas points 1–13 (Fig. 4. 31) appear on coatings that were indented at 

490 N load. 

Figure 4. 33 shows the Raman spectroscopy results for characterization points A–D 

(a), E–G (b) and H–I (c) on samples 5–7, respectively. For sample 5, the Raman 

diamond peak positions for points A–D were 1333.5 ± 1  cm-1, 1335.8 ± 1  cm-1,  

1339.5 ± 1  cm-1 and 1334.8 ± 1  cm-1, respectively. For sample 6, the Raman peak 

positions representing points E–G were 1333.5± 1 cm-1, 1337.2± 1 cm-1 and 

1339.1± 1  cm-1, respectively. Finally, the Raman positions for points H and I on 

sample 3 were 1335.0± 1 cm-1 and 1340.0± 1 cm-1, respectively. It is evident from Fig. 

4. 33 that two of the Raman peaks, B and F, underwent line splitting. 
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Fig. 4. 33 – Raman spectra for samples 
(a) 5, (b) 6 and (c) 7 (indentation load 
of 294 N) were each Raman line 
represents positions A-I (as shown in 
Fig. 4. 29). 

 
Fig. 4. 34 – Raman spectra for samples (a) 5, 
(b) 6 and (c) 7 (Indentation Load of 490 N) 
were each Raman line represents positions A-
I (as shown in Fig. 4. 31). 

The first point to note is that the minus ( - )sign in front of the stress values indicates 

that the stress is compressive in nature. Compressive stresses are incorporated in films 

as a result of the differences in the thermal expansion coefficient values between the 

substrate and the coating material. Second, the Raman spectra for positions C, G and I 
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in samples 5-7, respectively, represents regions of the coatings that are in the as-grown 

state. It was found that the as-deposited films in samples 5-7 were under compressive 

stress and the calculated values were -4.26, -4.0 and -4.52 GPa, respectively. The 

magnitudes of stress in the three samples are almost the same, which can be expected, 

since the three films were of equal thickness ( ~1 µm) and were deposited on the same 

substrate materials. At positions A, E and H on samples 5-7, the biaxial stresses were 

calculated to be -0.87, -0.87 and -1.69 GPa, respectively. At these points, the stress in 

the coatings is at the minimum level with respect to each coating sample. Therefore, at 

these points, the coatings are behaving more like stress-free, freestanding diamond 

films, which display the diamond-characteristic 1332± 1 cm-1 peak on the Raman 

spectrum. The imposition of mechanical load on the samples at positions A, E and H 

weakens the coating adhesion by detaching the films from the substrates and thus 

releasing some degree of stress from the films at these points. However, it should be 

noted that at point H (sample 7) the stress is higher with respect to the stress levels at 

points A and E in samples 5 and 6, respectively. 

Table 4. 5 – Biaxial stress values of samples 5-7 at positions A-I. The stress values were 
obtained using equation (4. 10) and the Raman peak positions. 

Sample Indentation 
 load [N] 

Position  
on sample 

Raman  
peak type 

Raman peak 
position [cm-1] 

Biaxial stress 
 [-GPa] 

 

5 

 

294 

A 

B 

C 

D 

Singlet 

Split 

Singlet 

Singlet 

1333.5 

1335.8 

1339.5 

1334.8 

0.87 

2.18 

4.26 

1.61 

 

6 

 

294 

E 

F 

G 

Singlet 

Split 

Singlet 

1333.4 

13337.2 

1339.1 

0.87 

2.96 

4.0 

7 294 H 

I 

Singlet 

Singlet 

1335.0 

1340.0 

1.69 

4.52 
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The higher stress value at position H than at points A and E could be held responsible 

for the increased adhesion strength in sample 7. The stress in between the radial cracks 

at positions B, D (sample 5) and F (sample 6) was calculated to be -2.18, -1.61 and  

-2.96 GPa, respectively, which have significantly reduced values as compared to the 

stress in the as-deposited state of the film coatings. This signals the weakening of the 

adhesion strength in between the radial crack lines. Fig. 4. 34 shows the Raman 

spectra for coating positions 1–4 (a), 5–9 (b) and 10–13 (c) on samples 5-7, 

respectively. Table 4. 6 shows the calculated biaxial stress values for positions 1–13 on 

samples 5-7.  

Table 4. 6 – Biaxial stress values of samples 5-7 at positions 1-13. Raman peak 
positioning at points 1-13 is given together with the type of peak. The stress values were 
obtained using equation (4. 10). 

Sample Indentation 
 load [N] 

Position  
on sample 

Raman  
peak type 

Raman peak 
 position [cm-1] 

Biaxial stress 
 [-GPa] 

 

5 

 

490 

1 

2 

3 

4. 

Singlet 

Singlet 

Split 

Singlet 

1333.5 

1339.1 

1334.9 

1334.0 

0.87 

4.0 

1.7 

1.1 

 

6 

 

490 

5 

6 

7 

8 

9 

Singlet 

Singlet/Spl
it 

Singlet 

Singlet 

Split 

1334.0 

1336.3 

1339.5 

1334.5 

1338.1 

1.1 

2.4 

4.3 

1.4 

3.5 

7 490 10 

11 

12 

13 

Singlet 

Split 

Singlet 

Singlet 

1335.0 

1337.2 

1334.5 

1340.0 

1.7 

3.0 

1.4 

4.5 
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As mentioned before points 2, 7 and 13 represent the coated samples in the as-

deposited state. It further confirms that aft er the 490 N load indentations, that the 

biaxial stress at the centre of the indention mark, at point 10, on sample 7 was higher 

than at points 1 and 5 on samples 5 and 6, respectively. The splitting and partial slitting 

of the Raman diamond peaks observed at positions 6 and 9 suggests that the stress 

levels in this region and its vicinity are high. It is most likely that the mechanical stress 

imposed on the coating during indentation loading exceeds the adhesion strength limit, 

and thus the coating fails and breaks off along and across the radial crack lines. A 

similar reasoning can be valid to explain the peak splitting in sample 5 at position 3. 

The indentation tests showed that sample 7 presented a different response to the 

indentations imposed on its surface at both 294 and 490 N loads. The Raman spectra 

in Fig. 4. 34 c) shows that the peak representing point 11 splits. This is consistent with 

our findings so far in relation to the monitoring of stress levels in or around the 

deformed zone. The Raman peak position at point 12 on sample 7 was 1334.5± 1 cm-1,  

which suggests that, in comparison, the adhesion strength at this point within the 

deformed zone is better than in samples 5 and 6. 

As a summary, the Raman spectroscopy results suggest that in and around the 

impression mark, where deformation occurs by indentation loading, the increase in 

biaxial stresses resulted in the improvement of adhesion strength. This significant 

finding seems to be in contradiction with the common assumption that a higher 

residual stress leads to poor coating adhesion. However, these results are in agreement 

with earlier results of our laboratory on assessing the adhesion strength of diamond 

coatings deposited using the conventional CVD growth mode on copper [ 270 ],  

chromium and titanium substrates [ 271 ].  

It should be noted that the diamond Raman shift also depends on the film thickness 

and the substrate material used to deposit the diamond coatings [ 272 ],[ 273 ]. The film 

thickness of each of the film coatings in samples 5-7 was equal (1±0.15 µm). 

Furthermore, intrinsic stresses can play a critical role in governing the Raman shift. 

Intrinsic stresses can change during diamond CVD growth, which can contribute to 

Raman peak shifting. Therefore, comparing the coating adhesion using the principle of 
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Raman peak shifting should ideally be performed with the same kind of substrates and 

similar films. 

4.2.5 Diamond film grown to evaluate the microdrill performance 

In the present thesis the performance of CVD diamond coatings on WC-Co substrates 

will be focus on turning tests of dry machining of graphite. However it has been 

decided to perform some preliminary tests using microdrills due to the fact that this 

kind of tools is available in the market only on cemented carbides grades with cobalt 

content higher than 8% with an average WC grain size that varies from 0.4 to 0.8 µm. 

This work can be regarded as an eventual line of investigation of diamond coatings for 

micromachining, which is of high scientific and technological interest.  

In this section, the coating characterization of the microdrills will be presented. Details 

of the performance tests will be discussed in the chapter 5 of this thesis.  

The solid carbide twist drill used in this study has a point angle of 120º and a clearance 

angle of 30º, as indicated in Fig. 4. 35 and has been supplied by Ham-Tools. The 

microdrills have been submitted to the pre-treatments described in section 4.2 and 4.3 

of this chapter and then were coated accordingly to the deposition cycle shown in  

Fig. 4. 36.  

 

Fig. 4. 35 – Microdrill geometry supplied by Ham-Tools that have been 
used to evaluate the diamond coating performance on dry machining of 
graphite. Data acquisition was conducted at locations “1” and “2”. 

1 

2 
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Fig. 4. 36 – Diamond growth conditions used to coating 
microdrills. 

In Fig. 4. 37 is shown the cutting edge of the microdrill as received, panel a, after 

Murakami’s reagent, panel b and after diamond coating, panel c-d. It is visible that after 

grinding, the cutting edge of the flute has a small damage region width 3 µm induced 

by the loss of integrity of the material during the grinding operation. The chemical 

treatment induces a small roundness of the cutting edge. Other important aspect that 

contributes to this loss of sharper cutting edges is the effect of the growth of grain in 

the edges induces a cutting edge with radius geometry. The uniformity was observed by 

SEM in all the geometry of the microdrill. 

The stress of the coating has been evaluated by micro-Raman spectroscopy, as shown 

in Fig. 4. 38. The data acquisition has been done in position 1 and 2, indicated in  

Fig. 4. 35. The diamond peak 1 shift position reflects a compressive stress of 

2.27 GPa. 
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Fig. 4. 37 - Cutting edge detail on microdrill as received, 
panel a, after Murakami’s reagent, panel b and after 
diamond coating, panel c-d. 

 

Fig. 4. 38 – Raman spectroscopy of microdrill done in position 
1 and 2 indicated in Fig. 4. 35. 
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4.3 Diamond growth on fine size grade with 6% of binder content  

The evaluation of the cutting performance of CVD diamond films was done by 

turning operations on graphite material. To study the correlation between the cutting 

parameters and the diamond coatings characteristics (such as crystal grain size) 

different diamond coatings were prepared. Chapter 5 will focus on the cutting 

performance of such coatings.  

The following sections of this chapter will be dedicated to present and discuss the 

several CVD diamond coatings grown by TMCVD process. A special section regarding 

the use of interlayer to prevent the out-diffusion of cobalt will be also presented. 

All the diamond coatings have been done on cutting inserts with triangular geometry, 

having a cobalt content of 6% and 5.1≅WCd  µm. To simplify the reading all the 

coatings will be labelled as TMCVDX, where the X is referring to the number of the 

coating. 

4.3.1  TPGN 11 03 04 inserts coated with diamond by TMCVD process  

The inserts with triangular geometry are commercially referenced as TPGN 11 03 04. 

Fig. 4. 39 show the geometrical details of the insert. The as-ground inserts were rinsed 

with acetone in an ultrasonic bath and then submitted to pre-treatments described in 

section 4.2 to 4.3, before diamond deposition. Following nucleation under TMCVD 

process conditions, WC-Co inserts were submitted to diamond film growth. Three 

different process parameters were considered for the growth. Fig. 4. 40 show a 

schematic representation of the process parameters employed. In TMCVD1  

(Fig. 4. 40-panel a) cycle the methane is modulated along the full deposition time. The 

CH4 pulse duration is 6 min following by a step of 30 min with lower CH4/H2 ratio.  
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Fig. 4. 39 – Geometry of TPGN 11 03 04 inserts.  

Different approach was followed for TMCVD2 (Fig. 4. 40-panel b), where the 

methane modulation has been employed for the final 330 min. The CH4 pulse duration 

is 2 min following by a step of 20 min with lower CH4/H2 ratio.  

In TMCVD3 (Fig. 4. 40-panel c) a sequence of methane modulation with a duration 

of 120 min was included just after the first period of conventional growth regime. The 

pulse modulations duration and the temperatures involved in the process have the 

same values as in the TMCVD2. 
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Fig. 4. 40 – Growth parameters TMCVD1 (panel a), 
TMCVD2 (panel b) and TMCVD3 (panel c) diamond 
coatings. 
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The SEM analysis of the cross section showed a uniform coating thickness on the 

triangular geometry. The thickness measurements showed a variation of ±6.2 % along 

the cross section, with average values of 3.8 µm for TMCVD1 and 6 µm for TMCVD2 

and TMCVD3.  Fig. 4. 41 exemplify the cross sections analysed by SEM; in panel a) it 

can be seen the excellent mechanical interlock between the diamond crystals grew in-

between the WC grains. 

Figure 4. 42 a) to c) shows the diamond coated tip and the <100>{111} texture of 

the diamond coating. From the several cases, TMCVD2 (Fig. 4. 42 panel b) produces 

the coating with larger crystal size. This was expected since the promotion of the 

secondary nucleation has taken effect only during the final period of the diamond 

growth regime. However, despite the large difference on the coating thickness, the 

average crystal size of TMCVD1 (Fig. 4. 42 panel a) is very similar to TMCVD3  

(Fig. 4. 42 panel c) coating. The introduction of methane modulation in-between 

conventional growth regime conditions allows the optimization/control of the crystal 

grain size on thicker coatings. 

  

Fig. 4. 41 – Cross section of the TPGN 11 03 04; panel a) refers to the TMCVD1; panel b) 
refers to TMCVD3.  
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Fig. 4. 42 – SEM image showing the diamond 
morphology of TMCVD1 (panel a), TMCVD2 (panel b) 
and TMCVD3 (panel c) diamond coatings. 

The samples were characterized by X-Ray diffraction. The XRD were acquired in the 

2? range of 20-90o, using a grazing incident with, ω=3o to reduce the signal from the 

substrate and to enhance the signal from the coatings. Figure 4. 43 show the patterns 

of the WC-Co substrates after the nucleation step and after the diamond growth. The 

diffraction patterns showed WC peaks and diamond peaks and no traces of cobalt 

were detected.  
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Fig. 4. 43 – XRD of WC-Co inserts submitted to 
TMCVD nucleation step and to subsequent deposition 
of 6 µm TMCVD 3 diamond film.  

4.3.1.1  Raman spectroscopy  

In order to assess the quality of the diamond deposits, micro-Raman spectroscopy was 

employed. Detailed studies were carried out in the Raman range 1000-1600 cm-1. The 

Raman spectra with the fitting curves for the diamond deposits are reported in  

Fig. 4. 44. The first-order Raman band of diamond was present as 1337.6 cm-1, for 

TMCVD1, and 1338.4 cm-1, for TMCVD2 and TMCVD3. By using equation (4. 10) 

the residual stress has been estimated to be -2.9 GPa, for TMCVD1, and -3.3 GPa for 

TMCVD2 and TMCVD3.  

In addition to the characteristic first-order diamond Raman band, the spectra displayed 

extra features centred at around 1140, 1200, 1300, 1350, 1470 and 1580 cm -1. The 

presence of peaks centered at ~1140 cm-1 and ~1450 cm -1 are widely accepted as a 

signature of nanocrystalline diamond  [ 275 ]-[ 277 ], although Ferrari and Robertson [ 278 ] 

argued that such bands have to be assigned to ν1 (1140 cm -1) and ν3 (1450 cm -1) modes 

of trans-polyacetylene. However, FTIR studies by Popov et al [ 250 ] showed no evidence 

of sp2 bonded CHx groups, which are typical of trans-polyacetylene, and therefore 

assigned these bands to nanocrystalline diamond. The π and empty π* states give rise 



 

 138 

to bands that touch the Briollouin zone at K ~ 1200 cm-1, while the peak centred at 

~1280 cm-1 is generally accepted as arising from scattering in diamond, due to 

relaxation of the wave vector selection rule [ 279 ]. The disordered graphite displayed two 

fairly sharp modes in the Raman spectrum: the G-band centred at around 1580 cm -1 

and the D-band centred at ~1350 cm -1, which is usually assigned to zone centre of 

phonons of E2g symmetry and K-point phonons of A1g symmetry, respectively [ 172 ].  

The existence of the peak centred at ~1350 cm-1 has been reported in reference [ 280 ] 

and arises from finite crystallite size of graphitic regions. 
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Fig. 4. 44 – Raman spectroscopy of TMCVD1 (panel a), 
TMCVD2 (panel b) and TMCVD3 (panel c) diamond 
coatings. 

4.3.1.2 Coating adhesion  

Indentation tests were performed using Rockwell hardness tester with a conic diamond 

indenter (cone angle of 120 º and a tip radius of 200 µm). Each sample was tested by 
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applying loads of 30, 50, 62.5 and 125 kgf at the diamond indenter. The lateral crack 

radius by Scanning Electron Microscopy (SEM) and the reciprocal of the slope 

obtained from the crack length-indentation load plot was used as a measure of the 

adhesion [ 281 ]. Figure 4. 45 shows the indentation data obtained for the TMCD 2 and 

TMCVD 3 coatings, respectively. The crack radius measured after the application of a 

given load, P, is expected to be influenced by the coating thickness. Due to the limited 

thickness of diamond films, the size of plastic deformation zone is similar for 

TMCVD 2 and TMCVD 3. The results plotted in Fig. 4. 45 suggest similar behaviour 

for the diamond coatings.  

 

Fig. 4. 45 – Delamination diameter measured by SEM 
after the indentation tests onTMCVD2 and TMCVD3 
diamond coatings. 

In order to obtain a quantitative adhesion data, it has been performed scratch test 

analysis. Table 4. 7 and shows a summary of the scratch testing results. The coefficient 

of frictions TMCVD2 and TMCVD3 coatings are 0.46 and 0.58, respectively. This is 

higher than the coefficient of friction of natural diamond (about 0.1 in air but 

dependent on the orientation [ 291 ], but consistent with the average diamond crystal size 

difference between TMCVD2 and TMCVD3 (see Fig. 4. 42). A higher surface 

roughness tends to lead to higher coefficients of friction.  
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The scratches were just visible by a damage path which the tips of diamond grains 

broke off and wear debris was generated. With the progressive load increasing some 

grain pull out was observed (Fig. 4. 46 panel a). The coating failure give rises to surface 

damage shown in Fig. 4. 46 panel b. The values achieved for the critical load suggest 

that there is no significant difference between the adhesion of TMCV2 (41.4 N) and 

TMCVD3 (42.0 N) diamond coatings.  

It must be stressed that in the adhesion quantification of diamond films by scratch test 

induces high abrasive wear on the indenter. For the operation condition shown in  

Table 4. 7 it was necessary to substitute the indenter after each run. Otherwise, the 

values were never reproducible, as shown in Fig. 4. 47. 

Table 4. 7 – Summary of scratch testing results.  

Scratch parameters  

Instrument: RST S/N 270477 -  CSM Instruments 

Linear Scratch: type progressive 

Begin load (N): 0.5 

Loading rate (N/min): 159 

Speed (mm/min): 6 

Indenter: Rockwell type with 200 µm of radius tip 

Diamond 
Coating 

Average coefficient 
of friction  

Critical 
Load [N] 

TMCVD2 

TMCVD3 

0.58 

0.46 

41.4 

42.0 
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Fig. 4. 46 – Optical microscope images after scratch tests on TMCVD3: panel a)- damage 
observed at critical load of 42.0 N at  ~1.5 mm; panel b)- damage observed at the end of the 
scratch test after ~3.0 mm.  

  

Fig. 4. 47 – Data obtained after the first run, panel a), and after the second run, panel b), of 
scratch test on TMCVD2. It can be seen that the critical load increased after the second run. 
This effect is attribute to the indenter damage induced during the first run.  

4.3.2 Adherent diamond coating onto WC-Co using an interlayer  

In last section it was demonstrated that adherent diamond coatings directly deposited 

WC-Co substrates can be obtained by using pre-treatments to minimize the negative 

effect of cobalt. Although, above the bulk substrate material there is a region where the 

cobalt has been somewhat depleted and its concentration is lower than the nominal 

level in the bulk substrate (see Fig. 4. 6). Presumably, this section is not as tough as 

the original bulk material. Next, there will be the a “transition” zone where both 

diamond and WC are present together and most likely the adhesion is due to the 

a) b) 

a) b) 
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mechanical interlocking between the diamond and the WC grains. The application of 

interlayers of various materials was shown to be an effective way of improving the 

adhesion of CVD diamond to carbide tools [ 282 ]-[ 290 ]. The deposition of suitable 

materials prior to CVD diamond CVD by either PVD or CVD onto WC-Co should 

cause an improvement in adhesion due to the suppression of binder interactions with 

both the gas phase and the deposited diamond. Many research publications have 

reported improvements in adhesion using various interlayers (Cu, Mo, Nb, Pt, Ti, Ta, 

SiC, Si3N4, TiC, TiN, CrN and WC). 

Obtaining high adhesion at the interlayer-diamond interface can presumably be 

achieved only as a result of chemical interaction between diamond and the interlayer 

during the diamond deposition. The substrate near-surface layer composed a carbide-

forming metal is found to strongly interact with diamond films resulting in its partial 

carburization during deposition. An important issue related to this interaction is the 

necessity of retaining fine-grained diamond seeds usually deposited prior to the 

diamond HFCVD process to promote diamond nucleation. One needs to maintain the 

structure of these seeds during heating the substrate up to the deposition temperature 

and prevent their dissolution as a result of the interaction with the substrate. Thus, the 

possibility of depositing barrier interlayer having a high adhesion and being well 

compatible with cemented carbides is a problem of current interest. The aim of the 

following sections of the thesis is to present results on the composition, structure and 

properties of diamond coatings deposited onto cemented carbides via barrier 

interlayers of CrN and SiC seeded with diamond particles.  

4.3.2.1  WC-Co inserts with CrN interlayer as barrier diffusion  

The CrN interlayer was deposited using two processes: i) PVD-arc deposition, done by 

Palbit-Portugal and ii) sputtering deposition, done by Fraunhofer Institut-Germany 

(IST). The coated TPGN 11 03 04 inserts were rinsed with acetone in an ultrasonic 

bath and then submitted to pre-treatments described in section 4.2 to 4.3, before 

diamond deposition. The SEM pictures of the CrN interlayer deposited by sputtering 
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and by PVD-arc are reported in Fig. 4. 48 and Fig. 4. 49, respectively. Fig. 4. 48 a) 

shows that the CrN film was not much dense/compact. However the pictures showed 

a rather smooth and compact PVD film, with few droplets which have been produced 

during arc evaporation of the Cr target (Fig. 4. 49 panel a). Panel b of Fig. 4. 48 and 

Fig. 4. 49, clearly shows some residuals, probably due to diamond fragments left at the 

substrate surface after the ultrasonic treatment. 

 

 
Fig. 4. 48 – SEM images showing the surface 
morphology of the CrN interlayers by 
sputtering. 

 
Fig. 4. 49 – SEM images showing the surface 
morphology of the CrN interlayers by PVD-
arc. 

The seeded samples were submitted to nucleation treatment as illustrated in Fig. 4. 50.  

shows the resulting diamond nuclei at the interlayer surface. Differently from the 

etched WC-Co substrate (see Fig. 4. 15) the nucleation density of diamond on the 

sputtering CrN surface was lower (Fig. 4. 51 panel a). However, for the PVD-arc 

interlayer (Fig. 4. 51 panel b) a thin and continuous diamond film was formed on the 

CrN interlayer. The grain size of diamond was few hundreds of nanometer.  
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Detailed SEM analysis done after the TMCVD nucleation step detected the existence 

of cracks on the CrN surface, prepared by sputtering (Fig. 4. 52), which is mostly 

related with the low deposition temperature during the CrN deposition (~200ºC). 

Therefore, the CrN interlayer, deposited by sputtering, is considered to be inadequate 

to be used as an interlayer for diamond coatings on WC-Co substrates. 

 

Fig. 4. 50 – TMCVD cycle to enhance nucleation. 

  

Fig. 4. 51 – Nucleation density observed after the TMCVD treatment: panel a - sputtering 
coating; panel b – PVD-arc coating. 
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Fig. 4. 52 – Diamond nuclei formed after the nucleation 
step on seeded CrN interlayer deposited by sputtering. 

By comparing Fig. 4. 52 with Fig. 4. 48 b), it is noticed a surface morphology change. 

This recrystallization has also been observed for the CrN interlayer deposited by PVD-

arc process. Fig. 4. 53 shows the XRD of CrN interlayers aft er seeding and after the 

TMCVD nucleation step. After CVD, besides sharper CrN diffraction peaks, also 

Cr2N and Cr3C2 peaks were visible. This occurrence confirms the partial carburization 

of the CrN interlayer and that the as-deposited CrN interlayer was probably sub-

schtoichiometric (CrN1-x). In this case thermal annealing of CrN1-x occurred during 

CVD implies the formation of Cr2N and CrN.  

 

Fig. 4. 53 – XRD patterns (grazing incident, ω=3o) of CrN (deposited 
by PVD-arc) after seeding and after TMCVD nucleation step. In the 
pattern of the TMCVD sample, all peaks labelled with º are 
attributable to Cr3C2. 
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4.3.2.1.1  Diamond film on CrN interlayer deposited by PVD-arc  

The inserts with CrN interlayer were coated with a continuous diamond film with 

different film thickness, using the TMCVD operation conditions shown in  

Fig. 4. 40 c). It has been noted that diamond coating with thickness higher than 6 µm 

underwent delaminating during the cooling stage. Figure 4. 54 a) shows the 

morphology of the diamond film in those areas that remained attached to the 

substrate. Fig. 4. 54 b) shows the morphology of the interlayer after film deposition 

and delamination. By comparison with Fig. 4. 48 a) is evident the change of 

morphology that we attributed to carburization of the outermost layer of CrN.  

Figure 4. 55 shows XRD patterns of the CrN interlayer after the nucleation step and 

after the deposition of a continuous diamond film. The presence of ß-Cr2N and Cr3C2 

phases was observed after the deposition of the 6 µm thick diamond film as well. The 

diamond Raman band was at 1337 cm-1, thus indicating that the stress state of the 

diamond coating was practically independent of the presence of CrN.  

Besides the possibility continuous and homogeneous growth of diamond film on CrN 

surfaces, the results discussed in this section clearly indicate that the adhesion of the 

diamond coatings is too poor to consider the CrN interlayers here employed suitable 

interlayer for diamond coatings for tooling applications. 

  

Fig. 4. 54 – Panel a: diamond morphology grown on CrN surface; panel b:  shows the 
morphology of the interlayer after film deposition. 
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Fig. 4. 55 – XRD patterns (grazing incident, ω=3o) of 
6 µm interlayer after seeding, after TMCVD nucleation 
step and after diamond film deposition.  

4.3.2.2 WC-Co inserts with SiC interlayer as barrier diffusion  

The SiC interlayer was supplied by Fraunhofer Institut-Germany. The deposition has 

been carried out on TPGN 11 03 04 WC-Co inserts on their HFCVD system. The 

coated inserts were rinsed with acetone in an ultrasonic bath and then submitted to 

pre-treatments described in section 4.1.1 and 4.1.2, before diamond deposition.  

Figure 4. 56 a) shows the SEM image of the diamond on a seeded SiC interlayer after 

the TMCVD nucleation step (see Fig. 4. 50). An abundant nucleation occurred, 

however, a rather abundant aggregate has been observed on the surface. In order to 

understand the nature of these aggregates, it was analysed using spot EDS 

microanalysis. Figure 4. 56 b) shows a high resolution image of Co-containing clusters 

whose size was about 0.5 µm and Fig. 4. 57 shows the EDS spectrum of the largest 

particle (labelled “A” in the inset). It is worth noting the presence of an intense Si peak 

in the EDS spectrum.  

2ψ 
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Fig. 4. 56 – Diamond film formed after the TMCVD nucleation step on the seeded SiC 
interlayer deposited onto fine grain WC-Co inserts: panel a) shows the nucleation density 
observed; panel b) shows the aggregates in-between the surface grains. 

 

Fig. 4. 57 – EDS spot analysis (20kV) of a Co-
containing particle (“A”). 

It could be hypothesized that the Si signal would come from the SiC interlayer. 

Therefore, it has been also performed spot EDS analyses using lower energies of the 

electron beam. Figure 4. 58 shows the EDS spectra acquired at 5, 10 and 15 keV. The 

fact that Si could be detected also using a low energy of the primary electron beam 

suggests that the Si signal came from the Co-containing particle and not from the SiC 

interlayer underneath. In fact, according to Kanaya and Okayama [ 292 ], the penetration 

depth of 5 keV electrons in Co should be lower than 0.2 µm.  
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The XRD pattern of samples with SiC interlayer after the seeding and TMCVD 

nucleation step is shown in Fig. 4. 59. Due to the limited thickness of the SiC 

interlayer (~0.5 µm), WC peaks were quite intense despite of the grazing incident 

(ω=3o). The presence of a peak at 2?=40.6º was indicative of CoSi presence. This fact 

suggests that the Co-containing particles detected by SEM/EDS could be CoSi 

particles. 

 
Fig. 4. 58 – EDS spot analyses of Co particles using 
different beam energies. 

 

Fig. 4. 59 – XRD pattern (grazing incident, ω=3o )of SiC interlayered 
WC-Co after seeding and TMCVD nucleation step.  

2Ψ  
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4.3.2.2.1 Growth of diamond film on SiC interlayer  

The inserts with SiC interlayer were coated with a continuous diamond film of 6 µm 

thick, using the TMCVD operation conditions shown in Fig. 4. 40 c) (TMCVD3). 

The film morphology was very similar to those of the other diamond coatings.  

Fig. 4. 60 shows the morphology and the Raman spectra of the 6 µm diamond film. 

The first-order diamond Raman band was present as 1338 cm-1, thus indicating that 

the stress state of the diamond coating was practically independent of the presence of 

the thin SiC interlayer. 

Figure 4. 61 shows the XRD patterns of SiC interlayered after the nucleation step and 

after the film deposit. After diamond CVD, two peaks at 2?=45.6º and 2?=50.3º were 

clearly detectable. The position and the relative intensities of these peaks allowed to 

attribute them unambiguously to (210) and (211) CoSi diffraction peaks. It is worth 

nothing the larger intensities of CoSi peaks after diamond CVD with respect to the 

nucleation step. This occurrence confirms that larger amounts of CoSi phase were 

formed during diamond CVD.  

 

Fig. 4. 60 – Raman spectra of diamond film grown on 
the SiC interlayer. 
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Fig. 4. 61 – XRD patterns (grazing incident, ω=3o) of 
SiC interlayer and SiC interlayered diamond deposit. 

4.4 Summary  

This chapter was devoted to the nucleation, growth and characterization of diamond 

films onto cemented carbide substrates. A combined sequence of pre-treatments with a 

proper TMCVD nucleation cycle that promotes the nucleation density has been 

presented. The combination of these treatments allows achieving a uniform and dense 

seeding and high nucleation density onto WC-Co substrate. A direct co-relation 

between diamond grit size and nucleation density under standard cobalt etching 

condition is observed. Proper choice of diamond powder grit sizes was the main 

parameter, followed by, a suitable TMCVD growth. 

SEM analysis shows a higher out-diffusion of cobalt for the WC-Co grades with higher 

values of mean free path. A theoretical model has been proposed to correlate the 

experimental observation with the microstructure properties of the bulk material. 

Furthermore the findings were applied to growth diamond films onto WC-10 Co-wt% 

micrograin grade, either onto flat surfaces and micro drills with the same composition. 

The coatings were characterized accordingly to the morphology, and adhesion. The 

promising results obtained allowed to prepare a number to study the performance 

during the drilling of graphite, which will be discussed on chapter 5. 

2Ψ  
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The diamond films grown onto the standards WC-6 Co-wt% were also subject of 

study. For that, three different diamond coatings were prepared by TMCVD process. 

The obtained coatings have thickness is 6 µm, however with different crystal sizes. The 

morphology of these coatings was characterized by different techniques and the 

adhesion has been evaluated by indentation and scratch tests. Finally, it has been study 

the potential application of PVD-arc CrN and HFCVD SiC as an interlayer to prevent 

the negative effect of the cobalt out-diffusion. The results achieved in both cases show 

promising perspectives regarding to nucleation density and the efficiency of the buffer 

effect between the diamond coating and the WC-Co substrate. However, the CrN 

interlayer gowned by PVD-arc doesn’t accommodate the thermal stress resulting from 

the HFCVD deposition temperature and thus micro-cracks appeared during the 

cooling. A systematic study is necessary in order to find PVD growth condition that 

could accommodate the thermal stress from the CVD coatings. Further more, the 

chemistry involved on the Cr3C2 and Cr2N transformation during the diamond 

nucleation must be study as well as the influence of such carbide and nitrite on the 

diamond adhesion.  

The SiC interlayer deposited by HFCVD (in-situ) showed good compatibility between 

the bulk material and the diamond coating. The Raman spectra indicated that the stress 

state of diamond was independent of the presence of SiC. SEM and XRD analysis 

detected the presence of CoSi formed during diamond CVD. The interesting results 

obtained give rise to high expectative regarding to the application of SiC as an effective 

interlayer for tooling applications of diamond coatings. However, a number of open 

questions still remains to be answer and should be considered as a further line of 

investigation, such as i) the study of the minimum thickness of SiC interlayer that 

enables an efficient cobalt out-diffusion barrier during diamond growth without 

compromise the sharpness of the cutting edge; ii) identify the origin of the Co source 

that give rise to the SiCo compound and iii) characterize the mechanical properties of 

the buffered diamond and its efficiency during cutting operations.  
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Chapter 5.  

This chapter will focus on the cutting performance of TMCVD diamond coatings during dry 

machining of graphite and aluminium alloys. For the sake of comparison, machining tests were carried 

out under identical conditions using commercial PCD insert. The wear mechanism and the influence of 

the diamond grain size on cutting are discussed in section 5.2. The results obtained with the SiC 

interlayer, presented in section 5.3, revealed that the SiC can be an interesting approach to increase the 

adhesion of diamond onto WC-Co. In section 5.4 the adhesion of diamond coatings on high cobalt 

content  microdrills of WC-Co grade is discussed. We show that even for much Co content an 

increasing in performance is detected with respect to uncoated micro drill. 

Finally, in section 5.5 the results concerning the machining, and the surface finishing, of diamond 

coatings onto the 7XXX aluminium alloy are presented. This alloy is quite often used in mould 

industry to produce hybrid moulds.  

5.1 Cutting performance of TMCVD diamond coatings during dry 

machining of graphite 

Diamond films were deposited onto fine-grained hard metal (WC-6%Co) tool inserts 

(TPGN 11 03 04). The cutting properties of the inserts were investigated by 

performing dry turning tests on commercial graphite, ISEM8. The properties of 

ISEM8 graphite are presented in Table 5. 1 [ 293 ]. The inserts were mounted onto a 

CTGPL 1616K11 tool holder. The feed rate, f=0.05 mm/rev, the depth of the cut, 

DOC=0.3 mm (lower then the tip radius of the insert) and the cutting velocity, 

VC=400 m/min. The tests were performed on a total length of 330 mm on a CNC 

Kinsbury MHP 50 machine. A piezoelectric dynamometer with an acquisition data 

system was used to measure the cutting forces (DynoWare software). Tests were 

conducted with a length of 330 mm and terminated. The cutting tool wear was 

measured with an optical microscope Mitutoyo TM-500 using 30X magnification. 

Scanning Electron Microscopy (SEM) and Energy Disperse X-Ray Spectroscopy 



Chapter V                                                      Cutting performance of diamond tools  
 

 
 

 155 

(EDS) were employed as complementary techniques to optical microscopy, whenever 

we observed crater formation or film delamination. For each condition, the tests were 

performed twice in order to check the reproducibility of the results. When severe nose 

wear, VBC, became apparent and the tests were interrupted. For the sake of 

comparison, machining tests were carried out under identical conditions using 

uncoated inserts and commercial PCD inserts (TPUN 11 03 04 CD10). To check the 

reproducibility, each test was repeated twice for each machining condition.  

Table 5. 1 – Technical data of ISEM8 graphite. 

Particle Size (µm) 8 
Density (g/cm3) 1.78 
Electrical Resistivity (µWcm) 1340 
Hardness (Shore) 63 
Flexural (MPa) 52 
Compressive  (MPa) 106 

The results shown in Fig. 5. 1 indicate that the wear rate of uncoated WC-Co inserts is 

higher than the wear rate of the other inserts tested. The PCD insert present a 

performance in-between the TMCVD diamond coatings and the uncoated WC-Co. 

During the first stages of cutting the performance of PCD inserts was similar to that of 

TMCVD coatings, but, after about 12 min of the cutting length wear rate increased. 

The wear occurs mainly at two locations during the machining operation: a) at the top 

rake face and b) at the tip/nose. Accordingly, three main types of wear mode could be 

distinguished by combined use of optical microscopy and SEM/EDS: i) crater wear; ii) 

nose wear; and iii) notching wear, as shown in Fig. 5. 2. The crater wear consists of a 

concave section on the rake face of the tool formed by the action of the graphite 

powder coming into contact and sliding against the tool surface during machining. The 

wear leads not only to the formation of a crater but also to lateral “channels”/notch 

which work as alternative paths for the flow of graphite powder from the cutting 

edges. 
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By comparing panel a and b of Fig. 5. 2, is quite evident the protective wear effect of 

the diamond coating. The sever wear stage observed on the diamond coatings was 

reached 10 min later than the commercial PCD tool. The wear of the uncoated WC-Co 

inserts is quite high (see Fig. 5. 2 panel c).  

 
Fig. 5. 1 – Graphical representation of the nose wear 
versus the cutting time. The WC-Co inserts suffered 
large wear rate. The wear rate of the TMCVD 1 was 
systematically lower than the others inserts tested. 

Due to the brittleness of the graphite material discontinuous chips (powder) were 

produced during the cut. SEM analyses identified the existence of graphite adhesion 

between the diamond crystals. As the number of cutting edges reduced with the 

increase of graphite powder adherence between the diamond crystals, the cutting force 

of the tool reflected a higher value of the thrust feed force, Ft and the cutting force, Fc, 

as shown in Fig. 5. 3 a). However, the same trend was not observed for the cutting 

force, Fc, for further cutting times. It was observed an inflection of the Fc trend with 

the cutting time, similar to that shown in Fig. 5. 3, panel b and c. Detailed SEM 

studies combined with the cutting force data allowed to conclude that the inflection 

point in the cutting forces data correspond to the notching formation. The changing of 

the signal measuring Fc is interpreted as the change in the force direction due to the 

flow of powder towards the back end of the tool insert tip. For the diamond coatings 

this represents the point when the diamond coating fails on the top of the insert, 
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followed by the crater and notching formation. The localized coating failure can be 

attributed to the high blasting velocity of the insert rake face by the graphite powder. 

This effect combined with the residual stress in the diamond film, resulted in coating 

failure during service, thus leading to abrasive wear of the WC-Co bulk material. 

 

 

 

Fig. 5. 2 – Tool wear of TMCVD diamond coating 
(panel a) after 43 min; PCD insert (panel b) after 
33 min; uncoated WC-Co insert (panel c) after 
15 min. 
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The adhesion of graphite changes the cutting surface regarding to the roughness and 

the number of cutting edges available to contribute to the cutting effort. Thus, the 

cutting operations must be carefully defined in order to promote higher chip flow and 

minimize the graphite adhesion, with particular attention to the cutting velocity.  

 

 

 
Fig. 5. 3 – Cutting forces of diamond coated insert, panel a; 
PCD insert, panel b, and WC-Co uncoated insert, panel c, 
after the first minutes of machining.  
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5.2 Influence of crystal grain size on the cutting performance of dry 

turning of graphite 

To study the influence of the diamond crystal grain size on the performance of dry 

machining of graphite the TMCVD2 and TMCVD3 diamond coatings have been 

selected (see section 6 of chapter 4). The operating conditions employed were as 

follows: f=0.06 mm/rev, DOC=0.6 mm and 1.2 mm, and cutting speed was kept 

constant at 1200 m/min. Tests were periodically interrupted to measure the cutting 

tool wear with an optical microscope Mitutoyo TM-500 using 30X magnification and 

1 µm resolution. The tool lifetime was evaluated with the following parameters: the 

flank wear, film delamination, geometrical dimension of the piece and the surface 

defects/roughness of the piece machine. Whenever one of the values of these 

parameters reaches to the limit, the test was considered to be terminated. For the sake 

of comparison, machining tests were carried out under identical conditions using 

commercial PCD inserts (TPUN 11 03 04 CD10) at VC=1200 m/min, f=0.06 mm/rev 

and DOC=1.2 mm. 

5.2.1  Wear mechanisms 

As the point of the cutting tool contacts the graphite compression occurs. The graphite 

compresses until reaches a point where rupture occurs and the chip separates from the 

unmachined portion. During machining, the wear occurs gradually on tools at two 

principal locations: rake face and flank. Accordingly, three main types of wear: (i) 

notching wear; (ii) crater wear; and (iii) flank wear were observed. 

5.2.1.1  Crater and notching wear 

Notching wear formation of different tool inserts was evaluated using SEM analysis. 

The notching wear generally appeared on the relief face and on the tip of the rake face 

of the insert. SEM evaluation showed that during the first minutes of cutting time the 

formation of a depth-of-cut notch on the relief face of the insert occurs. The 
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dependence of the notch wear with the cutting time is shown in Table 5. 2. The 

localized notching formation is noticed at two specific points; the tool work piece 

contact area is very restricted and the concentrated load applied to a small area induces 

high contact stresses. For the diamond coated inserts, the developed stress exceeds the 

maximum permitted critical value for the diamond/WC-Co adhesion causing a 

localized coating failure. The dimensions of this notching increased in depth with the 

cutting time. However the experimental data showed that this effect on the quality of 

the machining is reflected in an increasing cutting time.  

The gradual wear of the tool leads not only to the formation of a crater but also to the 

lateral “channels” which work as alternative paths for the graphite powder flow from 

the cutting edge. By comparing panel a) and b) of Fig. 5. 4, it can be seen that after 

15 min of cutting time both coatings shown a localized failure. In the case of 

TMCVD2 the coating failure is localized onto the cutting edge, while for TMCVD3 it 

was at the nose tip. Both cases represent a sever damage in a working area of the insert, 

during the cutting operation. 

Table 5. 2 - Notching formation against the cutting time; cutting 
operations: VC=1200 m/min, DOC=1.2 mm and f=0.06 mm/rev. 

 TMCVD2 TMCVD3 PCD 

Relief face notching 1 min 2 min 1 min 

Tip notching 4 min 6 min 2 min 
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Fig. 5. 4 - Wear of tools tested at VC=1200 m/min, 
DOC=1.2 mm and f=0.06 mm/rev: panel a) - 
TMCVD2 coating after 15 min of cutting time); panel 
b) - TMCVD3 after 15 min of cutting time; and panel c) 
- PCD inserts after 12 min of cutting time. 
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The wear mechanism of PCD tools is different from the CVD diamond coated tools, 

since PCD is a material made with a mix of diamond particles bonded by metallic 

cobalt. The wear abrasion therefore occurs in binder phase, instead being due to the 

graphite adhesion. On contrary, CVD diamond coatings have the advantage of 

presence of a single hard phase of diamond and its subsequent intrinsic properties, 

such as hardness and wear resistance. In this case, the crater formation has the 

beginning point located on the notching.  

The combined effect of the graphite powder/chip flow towards the rake face and the 

abrasion wear of the WC-Co substrate located on the notching area is illustrated in  

Fig. 5. 5 a). The growth of the crater wear from one notching toward the direction of 

the other notching, by the localized peeling of the coating is apparent. At the same 

time, the crater depth increases, resulting from the abrasive wear of WC-Co substrate, 

Fig. 5. 5 b). 

  
Fig. 5. 5 – Sequence of crater formation during dry machining of graphite. 

5.2.1.1.1  Tool stress distribution and its relation to the localized film failure 

The distributed load which acts near the cutting edge of a tool during machining causes 

a non-uniform distribution in the tool. The cutting force causes a compression of the 

tool material in contact with the chip but, as it induces a bending moment in the tool, 

causes tension over a remainder of the rake face. This has been studied theoretically by 

Betaneli [ 147 ]. Fig. 5. 6 shows typical contour of constant maximum shear stress and 
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the relative sizes of the compressive and tensile regions observed on the tool. The 

magnitudes of the maximum shear stresses are expressed in isochromatic fringe orders 

and it is seen that, as might be expected from geometrical reasoning, much larger shear 

stresses exist in the compressive region close to the cutting edge than in the tensile 

region. The region of greatest maximum shear stress in the tool, occurring close to the 

area of application of the cutting force, is sensitive to the distribution of the cutting 

force over the contact area. The area of the greatest tensile stress, which occurs outside 

the contact area for metal cutting, is more dependent on the resultant of the cutting 

force and its line of action than on its distribution [ 147 ]. As the graphite does not have 

plastic deformation the contact length can be considered as DOCL ≈ . Therefore, 

taken in account the compressive stress of diamond coatings on WC-Co substrates, the 

shear stress generated on that position can lead to localized coating failure.  

 
Fig. 5. 6 – Typical contours of maximum shear 
stress accordingly Ref.  [ 147 ]. 

5.2.1.2 Flank wear 

While crater wear is important because it causes changes to the nominal cutting 

geometry, flank wear, VB, is the more common method to quantifying the life of a 

cutting tool. The motion of the tool’s flank face against the sur face of the work piece 

causes flank wear.  
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The wear mechanisms during graphite machining are the result of the high abrasive 

character of the graphite dust/powder resulting from the cutting. The flank wear of the 

inserts are shown in Fig. 5. 7. The well-defined band shown in Fig. 5. 7 b) is mainly 

related to (i) graphite powder adhesion between the diamond crystals and (ii) groves on 

the coating and subsequent localized coating damages, identified as “A” . These groves 

are originated by the motion of hard particles/grains, with micron sizes, at the interface 

of the graphite/tool during the turning. From that interaction a few grains of diamond 

are detached from the drag toward the flank face of the insert, causing even more 

damages on the coating.  

By comparing panel b) with panel a) from Fig. 5. 7 the higher amount of graphite 

adherence on the flank wear area is notorious. The different behaviour is attributed to 

the higher surface roughness of TMCVD2 (larger diamond crystal size). Due to the 

inexistence of plastic deformation by the graphite, the formation of a built up edge is 

not visible as appeared during the machining of ductile metals.  

The relationship of flank wear with the cutting time is shown in Fig. 5. 8 a), for 

VC=1200 m/min, f=0.06 mm/rev and DOC=1.2 mm. The flank wear for TMCVD2 

and TMCVD 3 exhibits lower values than PCD. After 12 min of cutting time, the tests 

with PCD were completed since the machined surface began to show traces, 

compromising the surface finishing. This type of surface defects were not present in 

the diamond coated inserts up to 15 min of cutting time.  

For the CVD diamond coatings, two regions were identified in the wear growth curves. 

The first region occurs after the first few minutes of cutting. The break-in period is 

followed by wear that occurs at a fairly uniform rate (steady state region). As the 

TMCVD 2 coating presents higher surface roughness it is expected a higher amount of 

graphite adhered on the surface than on TMCVD3, due to the difficulty of the 

powder/chip flow. The adhesion of graphite changes the cutting surface with respect 

to the roughness and the number of cutting edges available to contribute to the cutting 

effort. Therefore, during the first minutes of cutting, the flank wear rate is higher for 

coatings with rougher surfaces. 
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Fig. 5. 7 – Flank wear of tools tested at VC=1200 m/min, DOC=1.2 mm and 
f=0.06 mm/rev: panel a) - TMCVD2 coating after 15 min of cutting time); panel b) - 
TMCVD3 after 15 min of cutting time; and panel c)- PCD after 12 min of cutting 
time. 

After reaching the steady state region, the wear rate is about 0.62 µm/min and 

0.27 µm/min for TMCVD2 and TMCVD3, respectively.  
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When the depth of the cut was reduced to 0.6 mm, the existence of a third region of 

fast wear regime (Fig. 5. 8 panel b) appeared before the 15 min of cutting time. This 

marks the beginning of the failure region, in which the wear rate begins to accelerate. 

Further work is necessary to investigate the influence of different cutting parameters 

on tool life during graphite turning. 

Fig. 5. 8 - Flank wear of tools tested at VC=1200 m/min, DOC=1.2 mm, f=0.06 mm/rev 
(panel a) and VC=1200 m/min, DOC=0.6 mm and f=0.06 mm/rev (panel b). 

5.3 Turning tests with TMCVD diamond films grown on SiC interlayer 

To evaluate the performance of the diamond coatings grown on SiC interlayer it has 

been employed the same practical procedure considered in section 5.2. However, in 

this case the cutting velocity was increased to 1500 m/min and the DOC has been kept 

constant at 1.2 mm. Considering the wear mechanism proposed in the earliest section 

of this thesis, the time necessary to the depth-of-cut notching formation has been used 

as a comparative criterion to evaluate the localized coating failure. The data shown in 

Fig. 5. 2. Table 5. 3 indicate that the SiC interlayer delays the formation of the 

notching, comparatively with the diamond coatings onto WC-Co. These data indicate 

that the SiC interlayer has a positive effect in delaying the wear rate of the tool. 

However further work in materials science field is necessary to study in detail the effect 

of the roundness of the cutting edge, is adhesion with the substrate and with the 
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diamond, is chemical interaction with the substrate during the early stages of diamond 

nucleation and finally is potential for improving the too life. 

The cutting forces measured during the operation revealed that before the formation 

of the depth-of-cut line, the cutting force of the tool reflected a higher value for the 

thrust force, Ft, than for the cutting force, Fc. After the notching formation, it has been 

observed the same behaviour as discussed in section 5.3.1.1. In the orthogonal cutting, 

the rake angle is zero, thus the 
C

t
F

F ratio gives an indication of the cutting effort 

during machining. Accordingly as the results shown in Fig. 5. 9, the 
C

t
F

F ratio for 

PCD is comparable with the values obtained for TMCV3 coatings onto WC-Co.  The 

comparison between panel a) and panel c) on Fig. 5. 10 emphasys the roundness of 

the cutting edge for the SiC interlayer coating. The lower sharpness is reflected on 

higher values of the 
C

t
F

F ratio. 

Table 5. 3 - Notching formation against the cutting time; cutting 
operations: VC=1500 m/min, DOC=1.2 mm and f=0.06 mm/rev 

 PCD TMCVD3 SiC+TMCVD3 

Relief face notching 3.3 min 4.9 min 7.5min 

Tip notching 1.6 min 6.3 min 8.6 min 
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Fig. 5. 9 – Variation of Ft/Fc ratio with cutting time for different tools tested. 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. 10 – Wear of the tool tested at VC=1500 m/min, DOC=1.2 mm and f=0.06 mm/rev: 
panel a) – PCD insert after 7 min of cutting time; panel b) – TMCVD3 onto WC-Co after 
10 min of cutting time; panel c) – TMCVD3 onto SiC interlayer after 10 min of cutting time. 

 

 

 
 

 

 

a) 

b) 

c) 
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The SEM micrographs in Fig. 5. 10 when the cutting velocity is increased from 

1200 m/min to 1500 m/min, the damage observed for the PCD inserts are still higher 

than those from the CVD diamond coatings. Is important to stress that the image in 

panel a) was obtained after 7 min of cutting time, while panel b) and panel c) refers to 

10 min of cutting time.  

5.4 Micrograin WC-10%Co diamond coated for drilling graphite 

The aim of this work is to test the CVD diamond coated WC-10%Co drill with an 

uncoated tool by machining a block of graphite. The deposition and characterization of 

the diamond coatings has been discussed in chapter 4. 

To evaluate the performance, the drills were used to machining commercial graphite 

ISEM 8. A block of graphite was prepared with 50x50x40 mm size, for each drill. On 

the block of graphite a 1000 holes with a total depth of 15 mm were made using CNC-

Micron milling machine. The following operation conditions were employed: cutting 

velocity, VC=33 m/min, and feed rate, 3500 mm/min.  

The tool wear has been evaluated by SEM after each 100 holes. The diameter of the 

holes were consider as a control parameter and were optically measured by a LEICA  

3-D (three dimensional) coordinates machine of C.A.C.I.A. (Companhia Aveirence de 

Componentes para a Indústria Automóvel, S.A. – Portugal). To measure the hole 

diameter, the block of graphite has been reduce by 3 mm in height by grinding 

operation with a D45C75 retinoid diamond wheel.  

To determine the flank wear each drill has been mount on a proper SEM substrate 

holder that ensures the same angle and position of the drills. Then, SEM images were 

taken and transfer to an AUTOCAD software to determine the wear area accordingly 

to the following expression: 
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100% ×=
New

Wear

A
AWear  (5. 1) 

where Awear and Anew is refereed to the area of wear in the flank region of the drill and 

to the area in the flank region before the drill to work, respectively.  

5.4.1  Drilling performance and wear 

Fig. 5. 11 shows the variation of the hole diameter measured along the drilling tests.  

The data showed that the accuracy of the diameter hole made by the CVD diamond 

coated drill is higher. Further more, the lower accuracy of the WC-Co drill start to 

gradually follow a trend of lower values of the hole diameter after the first 300 runs. 

This behaviour is attributed to the combine effect of higher wear rate of the corner of 

the drill and the existence of some vibration during the cutting, resulting from the 

degradation of the cutting edge. 

The SEM images showing the flank wear of the uncoated and coated drill are shown in 

Fig. 5. 12 and Fig. 5. 13. After the first 400 holes is already visible a sever wear on the 

uncoated drill, but after 1000 runs the flank wear was visible on the entire flank flute. 

 
Fig. 5. 11 – Variation of the hole diameter measured along the drilling test performance. 

Number of holes 
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Fig. 5. 12 – Flank wear of uncoated drill after 
400 holes (panel a) and after 1000 holes 
(panel b). 

Fig. 5. 13 – Flank wear of coated drill after 
400 holes (panel a) and after 1000 holes 
(panel b). 

The measurements taken for the flank wear after 400, 800 and 1000 holes are 

graphically presented in Fig. 5. 14. It has been realise that a factor of ~10 marks the 

difference of the flank wear between the uncoated and the coated drills. 

 

 

Uncoated 

 
400 holes 

40% 
 

800 holes 
77% 

 
1000 holes 

100% 
 

 

Coated  

 
400 holes 

4% 
 

800 holes 
8% 

 
1000 holes 

11% 
 

 

Fig. 5. 14 – Flank wear on the coated and uncoated drill after 400, 800 and 1000 holes. 
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Besides the flank wear two other wear types were also observed: i) The margin wear 

and ii) the crater wear. The margin wear of the drill is responsible for the dimensional 

accuracy of the drilled hole. Fig. 5. 15 a) shows the coating failure on the margin 

region. A total length of 1.3 mm WC-Co substrate has been exposed after 1000 holes. 

The coating failure was observed after 700 holes and most probably, it is also related to 

the coating failure in the adjacent area which leads to the formation of crater wear as 

shown in Fig. 5. 15 b). 

Quite interesting was the inexistence of the relevant wear of the tip of the drill tip. 

However, we may see in Fig. 5. 16 that the diamond grains were abraded by the 

graphite powder. In fact, the abrasive effect is shown in detail on the SEM picture 

taken in the adjacent region of the margin wear, Fig. 5. 17 b). Further more, the 

graphite powder/chips are adhered between the diamond grains. In some critical areas 

of the drill flute is surprising the amount of graphite adhered (see the Fig. 5. 17 panel 

b). This behaviour strongly suggests that the cutting velocity during the operation 

should be increased in order to promote the flow of the graphite powder/chips. 

Furthermore, the surface roughness of the diamond coatings can also play an 

important role to minimize the adhesion. 

  
Fig. 5. 15 – SEM images showing the margin, panel a, and the crater wear, after 1000 holes. 

 
 

b) 
 

 

a) 
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Fig. 5. 16 – Tip of the drill after 1000 holes. 

Fig. 5. 17 – SEM pictures showing the graphite adhesion between the diamond grains and the 
abrasive effect of the graphite on the crystals (after 1000 holes).  

5.5 Dry turning of 7XXX aluminium alloy 

The objective of the experimental investigation was to determine the effect of different 

process parameters during dry turning. In order to check the cutting performance of 

the diamond coated inserts, dry turning tests using a commercial hypoeutectic 

aluminium alloy (AlZn5Mg3Cu) as machining material were carried out. The 

aluminium alloy has been chosen because of its wide range of applications in the 

automotive and mould industries. The mechanical and thermal properties of the 

aluminium alloy material are described in Table 5. 4. The work pieces were in the 

form of cylinders with a diameter of 250 mm and a length of 300 mm. The commercial 

WC-Co inserts with the nominal geometry TPGN 11 03 04 were coated with 

a) b) 

Diamond crystal abrade 
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TMCVD2 and TMCVD3. For the sake of comparison, machining tests were carried 

out under identical conditions using commercial PCD (TPUN 11 03 04 CD10) and 

DLC coated inserts. The inserts with DLC coatings were supplied by TEandM-

Portugal. The experimental conditions on dry turning aluminium alloy (AlZn5Mg3Cu) 

are shown in Table 5. 5.  

Table 5. 4 - Properties of hypoeutectic aluminium alloy (AlZn5Mg3Cu) [ 297 ]. 

Properties Units Value 

Density g/cm3 2,76 

Elastic Modulus GPa 72 

Tensile Strength MPa 555 

Yield Strength MPa 495 

Shear Strength MPa 150 

Hardness HBW 170 

Thermal Conductivity W/mK 120-150 

Linear Thermal Expansion 
Coefficient 

10-6 K-1 23,6 

Specific Heat Capacity J/Kg.K 862 

Table 5. 5 – Experimental conditions used on dry turning 
aluminium alloy (AlZn5Mg3Cu). 

Cutting Velocity               
[m/min] 

Feed rate              
[mm/rev] 

Depth of cut               
[mm] 

800 

1000 

1200 

 
0.06 

 

 
2 

5.5.1  DLC characterization 

The Raman spectrum of DLC coatings is shown in Fig. 5. 18. The peaks at 1368 cm-1 

and 1600 cm-1 can be assigned to the D and G bands of graphite. The high broad D 
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band is an indication of the existence of bond disorder clustering of nanocrystalline 

graphite [ 298 ] - [ 299 ] - . The inexistence of three-dimensional ordering is indicated by the 

inexistence of the doublet in the D peak and its second order peaks [ 298 ] - [ 301 ]. 

 

Fig. 5. 18 - Raman spectra of DLC coatings. 

5.5.1.1  Turning aluminium alloy  

5.5.1.1.1  Cutting forces  

The value of cutting forces, namely main cutting force, Fc, and feed force, Ff, were 

obtained by averaging the cutting force signals after three tests for each cutting 

condition. It was found that the main cutting force and the feed force were less for the 

PCD insert compared to diamond TMCVD2, TMCVD3 and DLC coated inserts, 

under the different conditions. The feed force is closely related to the friction force on 

the tool face for a zero rake angle tool, and hence to get lower feed forces the insert 

tool should have sharp and accuracy cutting edges and lower surface roughness, to 

maintain the friction force. On the other hand, changes in friction force with cutting 

conditions leads to changes in the feed force. The cutting resistance of AlZn5Mg3Cu 
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alloy machining was determined by the ratio between feed force and cutting force as 

shown in Fig. 5. 19. It is shown that cutting resistance, (Ff/Fc), for PCD inserts was 

less than diamond (TMCVD) and DLC coated inserts in all cutting tests. This is related 

to the sharpest cutting edge radius and polished surface of PCD insert. It is well 

known that the edge radius of the cutting tool greatly influences the cutting process, 

namely cutting forces and chip formation. On the other hand, if the size of diamond 

crystal grains grown by CVD is not so fine, it will results in high surface roughness of 

diamond coating and increases the cutting resistance [ 302 ]-[ 305 ]. However, an increase of 

the feed rate shows that diamond and DLC coated inserts presents similar cutting 

resistance compared to PCD insert. Due to its graphitic characteristic, the friction 

coefficient and anti-adhering property of DLC coatings is expected to be very low [ 306 ],  

leading to a weak adhesion of aluminium alloy on the cutting edge. Consequently the 

cutting resistance shall be lower than of that the diamond films. However, such 

characteristics compromise significantly the tool wear resistance, as shown in Fig. 5. 

20. After a 1 min the DLC inserts already presents sever flank wear, in contrast with 

diamond coating and the PCD. A balance between the DLC hardness and the amount 

of sp2 phase is needed to achieve proper wear resistance and low friction properties to 

machining of the 7XXX aluminium alloy family. 

 
Fig. 5. 19 - Cutting resistance (Ff/Fc) as function of cutting 
velocity for diamond and DLC coated inserts with a feed rate of 
0.06 mm/rev and a depth of cut of 2 mm. 
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Fig. 5. 20 - – Flank wear of DLC coating after 310 m of cutting length. 

5.5.1.1.2 Surface roughness of work piece  

The main factors affecting the surface roughness of a work piece in a turning operation 

are feed rate, tool geometry, material properties and relative vibration between the tool 

and work piece [ 307 ]. For an ideal roughness profile, it is assumed that the cutting tool 

is ideally positioned relative to the work piece. However, in practice, the tool positions 

vary relatively to the work piece because of vibration between the tool and the work 

piece which is due to error motions of the spindle and the machine vibration. This 

leads to the formation of surface waviness and hence a modification of the surface 

roughness profile, that results in a non-perfect surface generation in the work 

piece [ 307 ]. In the case of machining aluminium alloys the required roughness of 

finished surface is normally less than 1 µm. The surface roughness (Ra) obtained in the 

hypoeutectic aluminium alloy (AlZn5Mg3Cu) is shown in Fig. 5. 21. The surface 

roughness (Ra) increases for lower values of the cutting velocity and the values 

decreased to about one half for the PCD insert, leading to a shiny surface compared 

with the diamond coated inserts. Similarly, the cutting resistance and surface roughness 

of the DLC coated insert were also slightly higher compared to PCD insert, which may 

be due to the honed edge of DLC inserts. 
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Fig. 5. 21 - Surface roughness (Ra) provided by diamond and 
DLC coated inserts tools relative to polycrystalline diamond 
(PCD) in turning hypoeutectic aluminium alloy with a feed 
rate of 0.06 mm/rev and a depth of cut of 2 mm. 

5.6 Summary 

The adherence of graphite powder between the diamond grains was one of the 

notorious problem observed during dry machining (turning and drilling) of graphite. 

Due to the inexistence of plastic deformation by the graphite, the formation of a built 

up edge was not visible as appeared during the machining of ductile metals. The 

control of diamond crystal sizes by TMCVD process enabled coatings with lower 

surface roughness and thus the minimization of the amount of chips/powder adhered 

onto the surface.  

Three main types of wear: i) notching wear; ii) crater wear; and iii) flank wear were 

observed during turning operation of graphite. Under high speed turning operation, 

the small grains produced by TMCVD process promoted the delay in notching 

formation and in the crater formation. Compared with commercial CD10 PCD, the 

TMCVD diamond coatings showed better performance during the dry turning of 

graphite.  
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The diamond coating performance has also been evaluated during drilling operation 

onto graphite. The experimental data showed that the diamond coated drill enabled the 

achievement of higher accuracy on the diameter drilled. The reduction on the flank 

wear has also been notice.  

Under severe cutting operations the SiC interlayer delays the notching formation, 

compared to the diamond coated onto the WC-Co substrate. However the SiC 

interlayer promotes the roundness of the cutting edge, which is responsible by the 

increase of the cutting forces measured during the operation. These experimental data 

encourages the continuity of the work with the development of SiC interlayer for 

tooling applications.  

Finally, experimental studies have been conducted towards better understanding of the 

performance of diamond coated inserts in dry turning hypoeutectic aluminium alloy 

(AlZn5Mg3Cu). The results show that diamond coating deposited on a WC-Co insert 

can be a viable solution for machining a softer material, containing smaller amounts of 

silicon. With CVD diamond coatings, it is possible to reduce the cutting resistance of 

material and get surface finishes less than 1 µm. Despite of different deposition cycles 

used on TMCVD coatings which led to a different surface roughness of film, it was 

noticed a similar performance between TMCVD coatings. In conclusion, PCD inserts 

presented higher performance compared to diamond (TMCVD) and DLC coated 

inserts in terms of cutting resistance and improving work piece surface finish. Sharp 

edge cutting radius and polished surfaces are crucial where part surface finish is an 

important quality criterion. However further optimisation of TMCVD process is 

required to obtain smaller grains, smooth surface and to improve the performance of 

the insert. 
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6.1 General conclusions 

It is well known that a few materials employed in mould industry (aluminium alloys) or 

in the EDM (electrical discharge machines) electrodes are of difficult machining with 

high accuracy; therefore, the tool life is general very short. Consequently WC-Co tools 

coated with polycrystalline diamond tools are quite often employed for this application, 

besides being quite expensive. However, to obtain such coatings with high quality 

represents an enormous challenge, due to the lack of adhesion between the diamond 

film and the substrate. Previous studies have shown that the proper control of the early 

nucleation stage of diamond crystallites is detrimental for the crystal grain size control.  

The main objective of the present work is to develop new technological solutions for 

the deposition of diamond films with high nucleation density, following by the 

deposition of a thicker diamond coating with a controlled crystal sizes, onto WC-Co 

cutting tools. The main application would be the tooling of EDM graphite electrodes 

and/or aluminium alloys for the mould industry. As a result, the main conclusions of 

this thesis may be summarized as follows: 

1. substrate pre-treatments and depositions conditions strongly influence 

the nucleation behaviour of diamond deposited on seeded WC-Co cemented 

carbides. The diamond powder grit size proved to be a major factor for the 

enhancement of seeding and the diamond nucleation density; 

2. it has been proposed a novel method, combined seeding treatments with 

a in situ CH4 time modulated treatments in order to achieve maximum 

nucleation density. By using this technique, a further enhancement of 

nucleation density of one order of magnitude was attained; 

3. the feature of TMCVD process is based on the promotion of secondary 

nucleation on the hydrogen deficient gas-phase. The growth surface and 

growth process presented on TMCVD can be describe as: i) the growth 

surface is mainly covered by chemically adsorbed hydrogen and *
3CH ; ii) the 
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growth rate and the film quality are greatly affected by the coverage of 

atomic hydrogen and *
3CH , which depend on the substrate temperature and 

filament temperature. With the increase of the substrate temperature, the 
*
3CH  coverage first increases due to the decrease of hydrogen coverage and 

the growth rate of film increases according to Arrhenius law.  With the 

further increase of the substrate temperature, the growth rate decreases as a 

result of the decrease of *
3CH  coverage and more non-diamond phase is 

formed because of the lack of atomic hydrogen to sustain the sp3 dangling 

bonds; 

4. Diamond deposition was performed onto WC-Co grades with different 

WC grain sizes (micrograin, fine size, medium size and coarse grain) and 

different cobalt content (6-wt% and 10-wt%), using different flows of CH4 

gas. The CH4 timed modulations during film growth promotes the secondary 

nucleation rates and produce nano-sized diamond grains. A proper TMCVD 

deposition cycle enables not only the enhancement of nucleation density but 

also the control of crystal size of the coating; 

5. The crystallinity of diamond crystals obtained by TMCVD process was 

confirmed by Raman analysis and was comparable to the conventional 

HFCVD diamond coatings; 

6. The influence of CH4 pulse duty cycles on the mechanical interlock at 

the film/substrate interface and further improving the coating adhesion is 

being considered. 

7. The cutting performance of tool inserts coated with TMCVD diamond 

coatings was carried out by dry turning tests on ISO88 graphite. It have been 

found that TMCVD diamond coated inserts displayed superior wear 

resistance to commercial PCD inserts. Time-modulated coated inserts 

consisted of smaller sized diamond grains and displayed better strength at he 

coating/insert interface. The different types of wear mechanism during 



General conclusions and future work 
 
 
 

 183 

machining were identified, discussed and the findings were explained 

accordingly. The combination of finer diamond grain size, lower surface 

roughness leads to better performance of TMCVD coatings compared to 

PCD. 

8. Preliminary work indicates that CrN and SiC have high potential as an 

interlayer for efficient cobalt out-diffusion barrier during diamond growth. 

However, a number of open questions still remains to be answered and 

should be considered as a topic for further research.  

9. Under severe cutting operations the SiC interlayer delays the notching 

formation as compared to the diamond coated onto the WC-Co substrate. 

However the SiC interlayer promotes the roundness of the cutting edge, 

which is responsible for the increase of the cutting forces measured during 

the operation. 

10. Studies were conducted toward understanding of the performance of 

diamond coated inserts in dry turning hypoeutectic 7XXX aluminium alloys. 

The commercial PCD inserts present higher performance as compared to 

CVD diamond and DLC in terms of cutting resistance and surface finishing. 

6.1 Future work 

The results obtained in this study emerged from the TMCVD process to growth 

diamond films with controlled crystal size onto WC-Co substrates. However, further 

studies regarding the coating properties and the TMCVD process required to answer 

some questions left open in this work. Accordingly, future work should be focused on 

the following issues: 

Ø Cutting operation parameters – a systematic study is needed to correlate all the 

cutting operation parameters with the tool life. As the number of combination 

of the values for the different parameters are quite numerous, it is suggested an 
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approach that contemplates the use of numerical simulation tools along with 

appropriately planed experimental tests and incorporating statistical Tagushi 

quality control tool, for data validation. This information would be useful to 

develop algorithms for implementation in CAD/Cam or CAE/CAM 

machining simulation and definition of machining strategies for CNC 

equipments. 

Ø Optimisation of TMCVD process – the parameters that enable the control of the 

TMCVD process (such as the pressure and the filament temperature) must be 

optimised in order to achieve higher growth rates and thus reducing the 

production costs. Proper design of experiments combined with Tagushi 

statistical tools can be a suitable approach for experimental tests. 

Ø Crack propagation and accommodation of thermal stress – although the multilayer 

diamond coatings with different grain sizes are well known as a solution to 

prevent the crack propagation from the coating surface toward the interface, 

more work is needed to identify the suitable grain size variation that can 

enhance the fracture toughness mechanism and if possible accommodate higher 

thermal stress. Analyses using the finite element methods would be an 

interesting approach to obtain approximate solutions. 

Ø In situ silicon based interlayer and cutting edge roundness – in applications were the 

cutting forces generated during operation are quite high compared with the 

machining of graphite, the diamond adhesion must be improved. The silicon 

based interlayers (Si, SiC, Si3N4…) grown in situ during diamond growth can be 

a suitable solution. The development of silicon based smoother interlayer with 

minimal effect on the cutting edge roundness should be considered as a viable 

solution to the development of new diamond coatings. 
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