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Abstract 

 

The current methods for manufacturing super-abrasive elements result in 

a stochastic geometry of abrasives with random three-dimensional 

abrasive spatial locations. This thesis covers the laser generation of novel 

micro-cutting arrays in ultra-hard super-abrasive composites (e.g. 

polycrystalline diamond, PCD and polycrystalline cubic boron nitride, 

PCBN). Pulsed laser ablation (PLA) has been used to manufacture 

repeatable patterns of micro cutting/abrasive edges onto micro 

structurally different PCD/PCBN composites. The analysis on the influence 

of microstructural factors of the composite materials in the use of laser 

ablation technology has been carried out via a novel technique (Focused 

Ion Beam/High Resolution Transmission Electron Microscopy/Electron 

Energy Loss Spectroscopy) to identify the allotropic changes occurring in 

the composite as a consequence of PLA allowing the laser ablated 

PCD/PCBN surfaces to be characterized and the nanometric changes 

evaluated. The wear/failure characteristics/progression of the ultra-hard 

laser generated micro cutting/abrasive arrays has been studied in wear 

tests of Silicon Dioxide workpiece shafts and the influence of the 

microstructural factors in the wear properties of the super-abrasive micro 

cutting edges has been found. Opposing to these highly-engineered micro 

cutting/abrasive arrays, conventional electroplated abrasive pads 

containing diamond and CBN abrasives respectively have been chosen as 

benchmarks and tested under the same conditions. Contact profiling, 

Optical Microscopy and Environmental Scanning Electron Microscopy 

have been employed for the characterization of the abrasive 

arrays/electroplated tools before/during/after the wear/cutting tests. In 

the PCD abrasive micro-arrays, the type of grain and binder percentage 

proved to affect the wear performances due to the different extents of 

compressive stresses occurring at the grain boundaries. In this respect, the 

micro-arrays made of PCD with mixed diamond grains have shown slower 

wear progression when compared to the electroplated diamond pads 

confirming the combination of the high wear resistance typical of the fine 
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grain and the good shock resistance typical of the coarse grain structures. 

While PCD laser manufactured arrays indicated edge break as typical 

wear mechanism, the abrasive pad confirmed flattening of grits as main 

wear mechanism. Mixed grained PCD arrays performed 25% better than 

fine grained arrays. The improved wear performances of laser 

manufactured arrays when compared to industrial benchmark is proved 

by the different wear failure mechanism in the array and in the 

electroplated pad: in the first one the edges break creating new sharp 

edges during testing, while in the latter grit flattening is the main wear 

mechanism. This increases up to 60% the life of the laser manufactured 

array when compared to the benchmarked pads.  As for the PCBN 

abrasive micro-arrays, two are the main wear mechanisms experienced 

by the arrays: edge flattening for the high CBN content array and edge 

breaking for the medium CBN content array. The wear performance of 

the high content PCBN array is directly comparable to the electroplated 

boron nitride pad, because they both worn out with edge/grit flattening. 

The increase of metallic binder and the presence of metalloids in the 

medium content-CBN specimens have shown to produce higher contact 

pressure with the workpiece when compared to the electroplated 

specimen, causing fracturing as the main wear mechanism; while the 

PCBN micro-array with purely a metallic binder phase has shown better 

wear performances and lower contact pressure in comparison to the 

electroplated CBN specimen. In particular, the laser manufactured array 

proved to perform 50% better than the electroplated ones in terms of 

wear resistance. Among all of the tested arrays, the mixed grained PCD 

and the purely metallic binder phase PCBN micro-arrays have shown 

slower wear when benchmarked to the electroplated pads, giving a 

possible application of their use in the cutting tool industry. 
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Chapter 1 

Introduction 

 

1.1 Research background   

In the last few decades, technology widely increased the use of ultra-hard 

materials for advanced engineering application; Figure 1. 1 depicts a graph 

containing some of the recent trends of ultra-hard material applications: 

stone processing representing the wider part of use for those materials, 

machining and drilling sharing the second place in the scale, and 

construction being another important part of application. Those are also 

recently used in glass and ceramic industries and for medical applications.  

 

Figure 1. 1: Trends of ultra-hard materials application per sector [1]. 

Among the ultra-hard materials are diamond and cubic boron nitride. The 

hardest material known in nature is diamond (a carbon allotrope), though 

the most expensive and valuable among natural materials. Because of its 

high commercial value, the impossibility of employing natural diamond for 

industrial applications lead technology to the necessity of synthesising it 

in the laboratory. The first claim of the conversion of carbon to diamond is 

dated back to 1880, but the first published literature proving the 

reproducibility of the transformation of carbon into diamond is dated to 

1955 [2], opening a new exciting era for synthetic-diamond industries. In 
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the same years researches proposed the synthesis of a new compound 

which could reproduce diamond properties (e.g. high hardness, good 

thermal and chemical stability, and good thermal conductivity) called 

cubic boron nitride. Cubic boron nitride (a boron nitride allotrope) is a 

chemical compound created in 1956 when researchers in General Electric 

transformed a mixture of Boron and Nitrogen in a cubic crystalline lattice 

by high pressure and high temperature in capsule process [3]. The 

similarity between boron nitride and carbon resides not only in the 

thermal/mechanical properties but also in the similar electronic structure 

and their comparable allotropic structures: the hexagonal boron nitride is 

similar to graphite, and the allotrope cubic boron nitride is comparable to 

diamond. Nowadays, because of the growing innovation on new synthesis 

technologies, a wide range of diamond and boron nitride is available for 

industrial application: mono-crystalline chemical vapour deposition 

diamond (CVD), polycrystalline high pressure high temperature (HPHT) 

diamond, polycrystalline cubic boron nitride (PCBN) with ceramic or 

metallic binder. Each synthesis process produces a material with specific 

properties, crystal structure, binder percentage, grain size; it is nowadays 

possible to synthesise micro structurally different ultra-hard structures 

with thermo/mechanical properties for cutting edges applications.  

The increased use of those materials can be found in literature: chemical 

vapour deposition diamond (CVD) has been widely employed for 

advanced engineering applications (automotive, aerospace, biomedicine 

where there is a demand for high accurate profiling and high production 

rates) because of its perfectly oriented crystal structure; a wide range of 

potential applications have been recently proposed for polycrystalline 

diamond and polycrystalline cubic boron nitride especially because of the 

implication that the binder materials give on the mechanical and thermal 

properties of these composites.  

Due to their exceptional mechanical and thermal properties (e.g. hardness, 

electrical conductivity, thermal stability) diamond and boron nitrides find 

suitable fields of application in precision manufacturing and cutting tool 

industries. For this reason, the use of ultra-hard materials for cutting tool 
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applications has been widened in the recent years (Figure 1.2), leading to 

increased scientific research on the manufacture of ultra-hard tools for 

cutting edge applications.  

 

Figure 1. 2: Cutting tools and market trends (courtesy to MAKINO). 

It is important to note that the extreme hardness of those composites 

make them classified among the very difficult to shape materials: most 

conventional materials will have a premature tool failure when used for 

cutting or machining diamond and boron nitride. The recent trends in 

manufacturing ultra-hard and super-abrasive grinding wheels/tools via 

conventional techniques involve mixing random diamond/CBN crystals 

with a bond material and then this mixture is moulded into a desired 
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profile. This gives the matrix a strong anisotropic behaviour, and the 

process giving as a result a time-dependent, stochastic geometry of 

abrasives, and random three-dimensional abrasive spatial location.  

A recent study on single crystal diamond (CVD) has proposed an 

unconventional technique for shaping a solid diamond surface via material 

removal with a laser beam, proving that pulsed laser ablation represent a 

successful technique for shaping single crystal diamond [4]. In fact, the 

research on CVD diamond proposed laser ablation not only for shaping 

diamond but also to achieve staggered micro-features showing the 

validation of the use of laser for the manufacture of high performance 

micro-grinding wheels in single crystal diamond [5]. These studies open 

the possibility for the use of laser technology for processing of more 

complex ultra-hard composites, such as polycrystalline diamond and 

polycrystalline cubic boron nitride. Up-to date literature has shown that 

the most common cutting tools in diamond and cubic boron nitride result 

either in a single cutting point tool (with a single cutting edge in macro 

dimensions) or in a electroplated tool with random three-dimensional 

spatial located abrasives. Much research has been done on the 

performances of electroplated diamond tools for cutting applications [6] 

on ceramic materials and well known is the use of electroplated boron 

nitride wheel for grinding of steel [7].  

1.2 Problem definition  

In material removal via laser ablation, depending on the thermal 

properties (e.g. thermal expansion coefficient, thermal conductivity) it is 

very difficult to predict the response of the PCD/PCBN composites to the 

laser parameters (e.g. energy density, feed speed, and pulse duration) 

especially because of the variables involved in the process and the 

influence of those is not evident macroscopically.  Although pulsed laser 

ablation (PLA) has been successfully used for manufacture of single crystal 

diamond (CVD) tools, no research has been focused on studying the 

thermal response of PCD/PCBN to laser ablation for manufacture of micro 

abrasive/cutting arrays/tools. In particular no attention has been given to 
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the influence of microstructural factors (e.g. binder phase, binder bulk 

volume percentage, diamond/CBN grain size, binder to grain ratio) in the 

post ablation workpiece surface integrity; little attention has been given to 

the allotropic transformations occurring as a consequence of laser ablation 

because of the thermal excitation at the interface grain/binder. The 

control of allotropic transformation can possibly enhance the wear 

performances in ultra-hard cutting tools in specific sites of the edge.  

Regarding the use of PCD/PCBN as a cutting tool, considerable research 

has been conducted on the manufacture of single cutting feature (macro-

size, e.g. insert of the order of a few millimeters) and on the cutting 

performances of electroplated tools; no research has been reported on the 

manufacture of micro edges in PCD/PCBN materials for enhancing the 

wear-resistant properties in grinding/cutting machining. In particular, the 

thermal response of the PCD/PCBN to laser ablation has never been 

studied in relation to the microstructural composite characteristics (grain 

size, binder bulk volume percentage, binder type), thus the control of the 

cutting geometry (including the radius of the micro-edges) via ablation 

parameters control has not yet been achieved; an experimental approach 

to enable the control of micro-edge geometry as a function of the binder 

type, grain size and binder bulk volume percentage has never been 

proposed.  

Well-known is the expected wear behaviour of PCD/PCBN materials as a 

function of the binder type and diamond grain size, but the influence of 

microstructural factors (e.g. binder phase, grain size, binder bulk volume) 

associated to the micro-edge geometry on the wear/cutting performances 

of PCD/PCBN micro-cutting arrays has never been explored. Proposing a 

characterisation procedure for understanding the thermal response of the 

composite is a crucial requirement when it is necessary to enhance the 

wear-resistant properties of composite materials for a wide range of 

applications. This could improve the use of laser ablation for manufacture 

PCD/PCBN and other composite materials which have complex thermal 

response to an energy beam due to their combination of chemicals.  
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1.3 Objectives of this study 

Based on the understanding of the response of composite ultra-hard 

materials to laser beam, this research work aims at developing novel 

abrasive/cutting micro-arrays with enhanced wear performances. In 

particular, the main objectives of the present work are: 

i. Understand the interaction between the laser beam and composite 

ultra-hard materials (PCD & PCBN): study the material removal 

mechanisms of ultra-hard structures by PLA, inducing short 

(40fs<pulse duration<50µs) and localized (1µm <spot size <50µm, 

depth <30µm) thermal transformations including heat flux 

(controlled by pulse energy), pulse frequency and beam traverse 

speed as factors. Understand the response surface of the critical 

characteristics of the beam footprint (depth, width) to enable the 

identification of the optimal parameters of the PLA process and 

allow the generation of quality controlled (e.g. roughness, surface 

integrity) ultra-hard surfaces.  

ii. Understand the causes and quantify the extent of the residual 

damage to the ultra-hard   structures when using PLA. Study the 

repetitive mechanism of formation & removal of allotropic 

(graphitic carbon/hexagonal boron nitride) layers during PLA of 

PCD/PCBN structures. Study the influence of microstructural 

factors (e.g. percentage of binder phase, crystal intergrowth, 

texture) of the PCD/PCBN structures upon the material removal 

mechanism during PLA. Fundamental are the analysis of the 

microstructural damage and the evaluation of the extent of 

allotropic change (nanometric layer of graphitic carbon/hexagonal 

boron nitride). Set up procedures for the examination of the 

allotropic transformation occurring at atomic level in PCD/PCBN as 

a consequence of the entity of fluence in a laser pulse.   

iii. Optimise operating parameters (e.g. pulse duration/frequency, 

power density) and laser paths (e.g. rastering, pocketing) to allow 

ablation of 3D features with controlled surface quality (roughness, 

damage level). Identify specific micro-cutting edge arrays to enable 
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high wear-resistant properties and cutting/grinding performances; 

understand the effect of change of laser CAM path parameters (e.g. 

border cut, direction of ablation, tilt angle, CAD design) onto 

PCD/PCBN ultra-hard structures. Design (by using CAD package) 

and optimise specific micro-edges to enable a high control of the 

edge geometry (i.e. rake and clearance faces, cutting edge radius).  

iv. Understand the wear characteristics and wear progression of 

abrasive/cutting micro-edges arrays to enable efficient super-

abrasive tools; in particular study the different types of wear 

characteristics (chipping, abrasion, fracture, flattening) of 

PCD/PCBN structure as a function of the microstructural factors 

(i.e. binder type, binder bulk volume percentage, grain size) 

variation and the thermal reaction occurring at the interphase 

grain/binder.  

v. Validate the use of ultra-hard micro-edges arrays in cutting/ 

grinding machining applications. In particular, identify the type of 

failure for diamond and cubic boron nitride electroplated materials 

and analyse the wear performances of those against the 

manufactured arrays.   

1.4 Outline of this thesis  

The structure of this research is described in this paragraph, where each 

chapter and its content are briefly outlined and the correlation between 

each chapter analysed. The plan of this thesis is as follows: 

i. The current chapter, Chapter 1 serves as a general introduction to 

the background of study; in particular this aims at briefly 

understanding the research which was already done in the field of 

study, and evaluating the research gaps which would be beneficial 

to exploit in order to achieve the aims and objectives of this 

research.  

ii. Chapter 2 covers a detailed literature review related to the field of 

study by including the unconventional techniques to manufacture 

ultra-hard materials, microscopically different type of ultra-hard 
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structures and their application to tooling industries; PCD and 

PCBN cutting and wear performances when machining specific set 

of soft/brittle materials. In particular this chapter aims at giving to 

the reader an overview of the technical field of study and a 

panorama of the most important researches in the field of advanced 

manufacture of ultra-hard abrasive tools.   

iii. Chapter 3 includes the methodology, equipment and techniques 

used throughout the research in order to conduct experiments, 

design and analysis necessary for the research aims achievements.  

iv. Chapter 4 contains a detailed study on the effects of variation of 

laser parameters on the surface integrity of PCD/PCBN structures. 

In particular, a correlation between laser parameters and micro-

structural factors (binder bulk volume percentage, binder phase, 

binder material and ultra-hard phase grain size) is presented. A 

generic procedure for finding optimal laser ablation parameters is 

proposed and the outcome of it reported.  

v. Chapter 5 includes all of the results of the characterisation work 

undertaken to understand the thermal response of micro-

structurally different composites to the laser beam. In particular, 

this covers the study of the causes and quantification of the extent 

of the residual damage to the ultra-hard structures when using 

PLA.  Results from the examination of the allotropic transformation 

occurring at atomic level in PCD and PCBN as a consequence of the 

entity of fluence in a laser pulse are presented.   

vi. Based on results included in chapter 5, Chapter 6 includes the 

optimisation process for laser operating parameters (e.g. pulse 

duration/frequency, power density) and laser paths (e.g. rastering, 

pocketing) to allow ablation of 3D features with controlled surface 

quality (roughness, damage level). Specifically, it reports about a 

selected design (via a CAD model) and the related optimisation of 

the selected micro-edge geometry (i.e. rake and clearance faces, 

cutting edge radius) manufactured via pulsed laser ablation onto 

micro-structurally different PCD/PCBN composites.  
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vii. Chapter 7 refers to the design of an unconventional test for 

evaluating the wear/cutting properties of the manufactured arrays 

in PCD/PCBN. In particular this chapter aims at presenting a 

generic methodology applicable for testing the wear performances 

of ultra-hard micro-edges composites with different geometries in 

relation to cutting edge applications. This chapter also includes the 

results of the micro-wear/cutting test performed on a grinding 

machine to evaluate the performances of the novel micro-cutting 

arrays; a relation between binder percentage, binder phase, grain 

size and wear performance is proposed and a predictive 

experimental model for cutting performances of  ultra-hard 

composites is presented.  Furthermore, a comparison of the wear 

performances of the novel arrays against a benchmark is included 

and this particularly offers a scientific evidence of the importance 

of this research work in terms of future perspectives of novel 

cutting geometries which would improve the tool life and reduce 

the labour costs in micro-tooling industries.  

viii. Chapter 8 includes a summary of the discussion of the research 

work, particularly outlining the outcomes of the project and how 

those could be beneficial for cutting edge industrial applications. It 

also includes a conclusion and a future work section.  

Figure 1.3 reports a flow chart representing the relation between each 

chapter. As above mentioned, the optimisation of laser parameters for 

different ultra-hard materials via analysis of surface integrity at 

micro/nano level is a necessary step in this research to enable the design 

and optimisation of the cutting arrays. Once the evaluation of optimal 

parameters is performed, the manufacture of the array can be achieved 

and it is then possible to evaluate the wear/cutting 

progression/characteristics of the arrays in specific tribological tests. The 

benchmarking of wear progression/characteristics for PCD/PCBN arrays 

is possible via testing of electroplated diamond/cubic boron nitride 

specimens under same set up condition. This is an important experimental 

step which allows designing the production of tools in the studied 
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materials for cutting edge applications by knowing the wear properties of 

those (that are provided in this study).  

      

 

Figure 1. 3: Flow chart representing the outline of the thesis and each 
chapter. 
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Micro/nano characterisation of the 

material surface integrity

Study how PLA parameters affect each 

material

Design and manufacture of the ultra-

hard cutting arrays

Wear test of the micro-cutting arrays 

and evaluation of their wear 

characteristics via benchmark tests
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Chapter 2 

Literature review 

 

As already mentioned in Section 1.4, the literature review chapter contains 

an in-depth description of the collocation of this research work in the 

relevant already published literature. It includes an extensive overview of 

PCD/PCBN materials properties and applications, it describes how the use 

of super-hard materials has been growing in the years, the main uses of 

PCD/PCBN in cutting tool industries, the conventional and unconventional 

manufacture of ultra-hard tools, and the wear characteristics of tools as a 

function of the microstructural properties of the composites (e.g. binder 

type, binder bulk volume percentage, type of ultra-hard phase). A 

flowchart related to the organisation of the literature review, reporting the 

main researchers that have been working in the related field of study 

giving a strong contribution to science and technology, is depicted in 

Figure 2. 1.  

 

Figure 2. 1: Flow-chart of the main topic of literature review associated 
with the research and main references for each ones.  

 

PCD/PCBN properties 

(Section 2.1)

PLA for generation of 
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Evaluation of thermal 
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Thermal response of PCD/PCBN to PLA 

unknown

Use of PLA for micro cutting edges in 
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Wear progression of PCD/PCBN as a 
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material not known

Main gaps
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2.1 Introduction to ultra-hard materials   

This section aims at describing the main properties of PCD/PCBN 

materials, their similarities and main differences. In particular, an in-depth 

literature review covering the lattice properties of carbon and boron 

nitride allotropes is here reported for the purpose of the analysis of the 

thermal response of PCD/PCBN structures to PLA.   

2.1.1 Synthesis of PCD/PCBN composites  

It is well know that [2] diamond and graphite are allotropes of carbon; 

carbon has an electronic configuration 1𝑠22𝑠22𝑝2; the electronic process 

that allows the transformation of carbon into diamond is the spread of 

four covalent electrons in the orbits s and p, thus the s orbital mixes with 

the three p orbital to create 𝑠𝑝3 hybridization producing a diamond 

structure having a face-centered cubic structure (FCC) like the one shown 

in Figure 2. 2.  

 

Figure 2. 2: Example of the FCC structure for cBN and diamond [8]. 

 

In the case of graphite, the s orbital mixes only with two of the three 

orbitals, producing an 𝑠𝑝2-bonded structure with hexagonal atomic 

structure [9], [10] as depicted in Figure 2. 3a. A comparable behaviour is 

shown from Boron nitride (BN) that is a chemical compound with a carbon 

like structure existing in different crystalline forms; in particular it has 

several BN phases (rBN, wBN, hBN, cBN). Among those, the only two 

equilibrium phases are: the hexagonal 𝑠𝑝2-structure (Figure 2. 3b) also 

known as hBN which represents the soft phase and whose layered 

structure is similar to graphite; the cubic bonded well known as cBN 
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which is the hard phase, often compared to the diamond phase of carbon 

shown in Figure 2. 2 [11].  

 

 

a)                                                     b) 

Figure 2. 3: Representation of the electronic 𝒔𝒑𝟐structure in graphite and 
hBN [12].  

The first claim of the conversion of carbon to diamond dates back to 1880, 

but the first published literature proving the reproducibility of the 

transformation of carbon into diamond is dated to 1955 [2], opening a 

new exciting era for synthetic-diamond industries. In the same years 

researches proposed the synthesis of a new compound which could 

reproduce diamond properties (e.g. high hardness, good thermal and 

chemical stability, good thermal conductivity) being only second to 

diamond in term of hardness, this compound is known as cubic boron 

nitride [3]. The boron nitride allotrope was firstly synthetized in 1956 

when researchers in General Electric transformed a mixture of Boron and 

Nitrogen in a cubic crystalline lattice by high pressure and high 

temperature (HPHT) in capsule process [3], [13]. Nowadays cBN is 

produced by conversion of a mixture of hBN and catalysts (lithium nitride, 

magnesium nitride, calcium nitride) under high pressures (4-6 GPa) and 

temperatures (1000-1500 K). Quantities of boron oxide are used to 

decrease the synthesis pressure which would otherwise be in the region of 

18GPa [14]. The pressure-temperature phase diagram of Boron Nitride 

(Figure 2. 4a) shows the versatility of cubic BN: this is thermodynamically 

stable in ambient conditions as well as at high pressure and temperature; 

Graphite B N
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while the graphitic BN (hexagonal BN) is thermodynamically stable only in 

high temperatures conditions [15]. It has been demonstrated that under 

ambient conditions the transition from 𝑠𝑝2 to 𝑠𝑝3 bonding is impeded by a 

kinetic barrier [11] which requires a large reaction energy provided by 

high pressure and temperature conditions to effect the hBN - cBN phase 

change. To widen the applications field of the monocrystalline cBN, the 

synthesis of polycrystalline cubic boron nitride (PCBN) has been achieved: 

this not only allows the achievement of specimens of large size (area up to 

0.01 mm2)  but also to increases the fracture toughness beyond that of the 

single crystal cBN.  

 

                 a)                                                     b) 

Figure 2. 4: Phase diagram of BN and carbon [15], [16]. 

The physical process of synthesis of PCD/PCBN composites is called “in 

capsule high pressure-high temperature process” and consists of several 

phases [16], [17]:  

1. The diamond/hBN powders (ultra-hard phase) are mixed with 

ceramic/metal powders (binder) to produce a homogeneous blend; 

2. The achieved powder mix is placed in a metal cup and compacted  

on a substrate of cemented carbide (WC) to form a green compact; 

3. The green compact is then placed in a protective, refractory metal 

canister called a capsule; 

4. The capsule is then assembled from the green compact, ceramic 

and metal components are used to transmit heat and pressure.  
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5. The achieved capsule is placed in a system where high pressure 

and high temperature are given to form a polycrystalline compact 

as shown in Figure 2. 5. The high pressure is produced through the 

concentration of hydraulic forces on small areas [13].  

 

Figure 2. 5: HPHT in capsule process [17]. 

From a material point of view PCD and PCBN synthesis differ because of 

the intergrowth process which occur in the case of PCD structures: when 

the diamond crystals are mixed with a catalyst/binder (e.g. Cobalt) and are 

subjected to high pressures and temperatures (in the vicinity of 5.5 GPa at 

around 1750 K), diamond intergrowth (i.e. the formation of bridges 

between individual crystals) take place enabling the molten 

catalyst/binder to infiltrate the diamond structure, and forming a PCD 

contiguous hard phase (Figure 2. 6) which incorporates pockets 

containing the binder phase.  

 

Figure 2. 6: Schematic of the synthesis process for PCD composites [18].  
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The synthesis of PCBN composites is different where the intergrowth 

process does not occur and the hard phase CBN grains are well defined 

and separated from the tough phase of binder (TiC, TiN, WC-Co, Ti, TiN-

Al). The presence of TiC or TiN reduces the thermal conductivity to 50% 

that of pure CBN [19]. During the process of synthesis of hBN into cBN 

there are a number of chemical phenomena taking place, and the 

formation of different BN structures might occur. It has been 

demonstrated [10] that the transformation from hBN to cBN take place in 

a two stage process: at high pressure high temperature a martensitic type 

of transformation [20] occurs from sp2-hBN to sp2-rBN (rhombohedral) 

causing the breaking of the weak Van der Waals bonds between the hBN 

atomic layers (0.052 eV), then rBN transforms into cBN through a 

puckering process where the atoms translate perpendicularly to the 

hexagonal layers.  

It has also been proved that in the microstructural evolution of cBN 

synthesis from hBN, an amorphous BN layer (αBN) formation might occur 

due to heat conduction into the substrate [11]. This would explain why 

research has shown the presence of an αBN layer during thermo/chemical 

processes in BN structures [21]. Some of the atomic properties of the main 

chemicals used throughout this research are reported in Table 2. 1.  

Table 2. 1: Atomic separation of BN allotropes, C allotropes and binders 
[10], [11], [22]–[24]. 

Phase d spacing [Å] 

hBN 2.5-3.33 
cBN  1.56  
TiC 2.50 
Diamond 2. 
Graphite 3.39 
Co 2.13 

 

One of the main differences between the phase changes graphite/diamond 

and hBN/cBN resides in the energy required to allow the allotropic change 

taking place: in the case of graphite/diamond, although little difference is 

in their standard enthalpies values [14], a large reaction energy is 
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required to make the phase change due to the higher bond energies in 

carbon (than in boron nitride) because of the ionic bond component [10].  

 

2.1.2 Properties of PCD/PCBN composites and benefits for 

industries 

In Section 2.1.1 the atomic properties (e.g. atomic spacing, transition 

between phases) of the allotropes of carbon and boron nitride have been 

described. This is propaedeutic to the evaluation of the thermo-

mechanical properties of PCD/PCBN composites deriving from those 

allotropes. Essential is the understanding of the role of each allotrope 

during a thermal excitation phenomenon to allow the identification of the 

thermal phenomena involved in the processing of PCD/PCBN materials. 

The thermal properties of single phases elements included in this research 

are reported in Table 2.2, and their role in the PLA process is described in 

details in Chapter 5. It has been demonstrated that in ultra-hard composite 

like structures, the gap in values of thermal expansion coefficient between 

binder and ultra-hard phase noticeably affect the interface binder/grain 

because of the different extent in  compressive/tensile stresses resulting 

in the matrix [25], [26]. In the PCD/PCBN composites important material 

properties such as thermal conductivity, standard enthalpy and 

melting/vaporization/sublimation temperatures need to be taken into 

consideration, especially in reference to the processing of composites via 

thermal processes (such as PLA). As an example, with different values of 

enthalpy and temperature for vaporization (Table 2.2), diamond and 

Cobalt will be differently thermally excited: they provide different 

properties (enthalpy and temperature for vaporization) to the PCD 

composite structure; with lower values of vaporisation temperature and 

thermal conductivity, Cobalt will probably melt before the diamond but 

will act more as a thermal insulator, while diamond will act more as a 

thermal conductor. Since the Cobalt is embedded in the diamond matrix, 

the gap in thermal conductivities can possibly provoke important 
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phenomenon (modification in different extent of binder/ultra-hard grain 

matrix) during the thermal processes.  

Table 2. 2: Thermal properties of single crystal phases and binders [25], 
[27]–[33]. 

 Phase K [W𝐦−𝟏𝐊−𝟏] 𝛂 [𝟏𝟎−𝟔𝐊−𝟏] H [kJmol] 𝐓𝐯[𝐊] 

hBN 600 -2.7÷-2.9 -250.6 / 
cBN  740 1.2 -247.6 / 
TiC 31 7-8.6 / / 
diamond 600-2000 1.2-2.5 -395.4 5100 
graphite 390-4180 2-6 -393.5 / 
Co 100 13 / 3053 

 

For the purpose of identifying the wear progression mechanisms as a 

function of the microstructural factors of the composite, it is important to 

approximately establish the values of hardness and fracture toughness for 

all of the composites used in this research. In the case of PCD/PCBN all of 

the values reported in Table 2.3 are experimentally found values [34], 

[35].  

Table 2. 3: Values of mechanical properties for different materials [34]–[36]. 

Specimen Hardness (GPa) Fracture toughness (MPa (𝐦)𝟐
𝟏)) 

PCD CTM302 64.0 15.0 
PCD CMX850 50.0-60.0 13.2 
PCBN DBW85 40.7 6.40 
PCBN DBS900 36.0 7.60 
SiO2 35.4 0.77 

 

The thermo-mechanical properties here described represent the main 

benefit in the use of polycrystalline ultra-hard materials for industrial 

applications (Figure 2.7). On the one hand high thermal conductivity and 

hardness typical of PCD structures, on the other hand high 

thermal/chemical stability (up to 1573 K) and hardness [37] typical of 

PCBN materials make PCD and PCBN composites suitable for cutting 

applications [38] and make reliable their use in micro processing and 

advanced manufacturing industries [39]. During the last decades the use 

of ultra-hard materials in the cutting tool industry has been remarkable in 
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the improvement of precision and productivity in aerospace, automotive 

and woodworking industries [40], [41]. 

In particular, since the early 90’s PCD and PCBN have been used in a wide 

range of applications, the most common ones being cutting tools [42]–[44] 

and polishing pads industries [45]–[47]. The details of those applications 

and the recent research trends are covered in details in Section 2.2, where 

an in-depth literature survey is presented on the characteristics of super-

abrasive tools for polishing, grinding and cutting applications. As a general 

rule, PCD are considered as suitable materials for the manufacture of tools 

for machining abrasive non-ferrous metals, plastics and composites, while 

PCBN tools are used for machining of hardened tool steels, hard cast irons 

and as a valuable substitute of solid carbide in machining of hard 

workpiece materials; PCBN is also recommended for turning, milling and 

drilling of perlitic iron castings (grey and ductile), but not for ferritic iron 

castings because of the chemical degradation that might occur because of 

the high chemical reactivity of ferrite [41], [44]. PCBN is widely used in 

industry as a ball-nosed type cutter [40] to machine moulds and dies (in 

several ferrous materials) hard (>55 HRC) or medium hard (<55 HRC). 

 

Figure 2. 7: Schematic of the collocation of ultra-hard materials for cutting 
tool application [48]. 
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2.2 Cutting/abrasive tools made of ultra-hard 

composites 

 

The recent current methods for manufacturing super-abrasive elements 

result in a stochastic geometry of abrasives with random three-

dimensional abrasive spatial locations or single point abrasive inserts in 

macrometric dimensions [49]. The literature review covered in this 

section aims at understanding the development of tools made of ultra-

hard materials and the recent trends of research and also at identifying the 

role of this research work among the different proposed research gaps.  

 

2.2.1 Geometry of the cutting edge in PCD/PCBN composites 

Depending on the type of application, there are many differences in the 

geometries of cutting inserts already proposed in literature. A sharp 

cutting edge is a main prerequisite when flawless workpiece machined 

surfaces are required [50]. Furthermore, rounded cutting edges causes an 

increase of thermal damages [51], so it is preferable to have a sharp 

cutting edge.  

For definition of the normative ISO 3002/1 [52], conventional cutting tools 

present a main cutting edge (main edge), but some tools also have a 

secondary cutting edge (minor edge). There is a classification related to a 

single-point cutting tool, which is typically used for turning (Figure 2.8a), 

and a multiple-point cutting tool (Figure 2.8b), which is used for 

endmilling for instance.  
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a)                                                     b) 

Figure 2. 8: Schematic drawing of a cutting tool in: a) single-point and b) 
multiple-point [53].  

One of the characteristics to be considered in the design of cutting tool 

edge geometry is the ratio clearance/rake faces, together with the edge 

angle. Typically a positive rake angle is very common, though in hard 

machining it is preferably negative, this gives a strong cutting edge and it 

can be used especially for difficult-to-cut materials; the clearance angle is 

always positive to avoid the rubbing with the surface, and finally the edge 

radius shown in Figure 2.9 [53].  

 

 

Figure 2. 9: Schematic of the rake, clearance and edge angles [53]. 

The variation of the geometrical characteristics of the macro-cutting edges 

has been reported in literature for ultra-hard composite materials: 

negative rake angles in the range -6°/-10° are utilised for PCBN [54]–[57] 

and PCD diamond [4] while rake angles of approximately 0° have been 

used especially for single crystal diamond [58], [59]. Some of the most 

utilised values of clearance/rake angles are reported in Table 2. 4, here the 

angles are selected as a function of the material to be machined.  
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Table 2. 4: Values of rake and clearance angles for cutting edges in PCD for 
the machining of different materials [48]. 

Rake angle γ Clearance 
angle α 

Material to be machined Reference 

0˚/5˚ 7˚ n.d. Dold 

0˚/5˚ 7˚ n.d. Kyocera PCD 
cutting tools 

0˚/5˚ 11˚ n.d. Kyocera PCD 
cutting tools 

0˚/5˚ 5˚ n.d. Kyocera PCD 
cutting tools 

0˚/6˚ 7 ˚/20˚ Non Ferrous Metals Element Six 

0˚/6˚ 7 ˚/11˚ Hypereutectic (Si > 12%) 
aluminium casting alloys 

Element Six 

0˚/+6˚ 0-7˚ Ceramic machining Element Six 

0˚/+6˚ 7-11˚ Copper and Magnesium 
and its alloys 

Element Six 

0˚/+6˚ 7-11˚ Bi-Metals Element Six 

0˚/+6˚ 7-11˚ Grey & High Strength 
Irons 

Element Six 

0˚/+6˚ 7-11˚ Composite Plastics Element Six 

0˚/+6˚ 7-11˚ Titanium Element Six 

 

2.2.1.1 Single-point tools 

There are the proposed geometries for single-point cutting tool in PCD and 

PCBN composites; here some of them are reported from an experimental 

point of view. In 2003 cutting tools in diamond have been used for the 

cutting of single crystal silicon; in this case the geometry of the tool was a 

four-straight nosed diamond with 1.2-1.5 mm main cutting edges and 

clearance/rake angles of 6˚/0˚ later adjusted to 6˚/-20˚. A very recent 

work proposed laser generated inserts on a PCD fine grain composite to 

achieve a clearance/rake ratio of 7˚/0˚, as well as inserts in CBN for a tool 

with diameter dimension 10-15 mm and width 10 mm [60]. PCBN inserts 

were used in hard-turning of alloy steels [54]; in this case the insert having 

a negative chamfer normal rake angle (-20˚), a chamfer width of 0.1 mm 

and a normal rake angle also negative (-6˚). Another important work on 

PCBN inserts proposed a clearance/rake ratio of 5˚/-30˚to evaluate the 

influence of the binder bulk volume percentage on the wear 
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characteristics of the PCBN cutting tools [61]. In this regard, relevant work 

on microstructurally different PCBN composites reported the generation 

of cutting tools with PCBN macrometric inserts with a clearance/rake 

ratio of 20˚/-6˚to evaluate their wear performances in hard machining 

[56]. 

Several models [37], [62]–[64] have been also proposed to understand the 

influence of variation of clearance/rake faces onto the wear behaviour of 

cutting inserts. In particular, work conducted in 2012 has proposed the 

modelling of a diamond tool with a clearance/rake ratio of 10˚/-25˚ [65]. 

2.2.1.2 Multiple-point tools and ultra-hard electroplated tools 

All of the recent trends in the use of electroplated tools propose tool in 

macrometric size with micrometric grit dimensions.  

Research published in 2012 proposed a hybrid electroplated diamond 

abrasive tool for cutting and grinding. The tool looks like a typical endmill 

or electroplated grinding wheel (Figure 2. 10), but it has a cutting edge 

and flutes without a radial land and clearance [6].  

 

Figure 2. 10: Image of the electroplated cutting tool [6].  

Electroplated wheels in super-abrasive grains have been widely used over 

the last decades [6], [38], [66]–[68]; in a recent work proposed by Hwang, 

an electroplated diamond grinding wheel has been used [63], [64], details 

of the grit geometry are indicated in Figure 2. 11. 

Electroplated tool

6
 m

m

79 mm
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Figure 2. 11: Detail of the grit used in the electroplated tool [66].  

Regarding CBN electroplated wheels, different works have been done. An 

investigation is reported on the wear of single-layer electroplated cubic 

boron nitride (CBN) grinding wheels and how the wear process affects the 

wheel topography and grinding behaviour. In this case the wheel has a 

diameter of 50 mm and a width of 16mm, grain size varies from 54 to 252 

microns [7].  

 

2.2.2 Micro-texturing of PCD/PCBN composites 

As explained in Section 2.2.1, the current methods for manufacturing 

super-abrasive elements result either in a single-point tool with ultra-hard 

inserts in macrometric size, or in a multiple-point tool with a stochastic 

geometry of abrasives and random three-dimensional abrasive spatial 

locations, which is the definition of an electroplated tool. There is only one 

research which proposed a  multiple-point array with orderly oriented 

and equal geometrically abrasives in single crystal CVD diamond [4], [5]. 

In this work, the technique used to generate the tool is pulsed laser 

ablation deeply described in Section 2.3. Figure 2. 12 shows some of the 

multiple-point tools that have been produced in this research in single 

crystal CVD diamond, and the high control of clearance/rake faces in the 

tool geometry. The use of multiple edges minimise the contact between 

each micro-edge and the workpiece material and provide unrestricted 

chip flow paths in machining [4], [5].  
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Figure 2. 12: Orderly CVD single crystal diamond micro-arrays for 
machining [5]. 

The typical tool geometry proposed in 2012 is shown in Figure 2. 13 and 

represents the starting point for the manufacture of the array in 

PCD/PCBN materials proposed in this research work: it is evident that the 

sharpness of the cutting edge is a requirement for a cutting tool which has 

not been achieved yet.  

 

Figure 2. 13: Drawing of the cutting edge geometry proposed for single 
crystal diamond from Butler-Smith et al. [5].  

 

2.2.3 Techniques for the manufacture of cutting tools in 

ultra-hard materials 

The use of ultra-hard materials in tooling applications (e.g. turning, 

grinding, drilling, milling and polishing) makes it necessary to profile and 

texture the composites for the intended applications [4], [40].  

Depending on the required dimensions of the cutting tool, different non-

contact methods are used for the micro/macro processing of PCD/PCBN 

tools: in the case of macro geometries mechanical process such as electro 

discharge machining or grinding is used, where the PCD/PCBN inserts are 
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brazed or hard soldered to a cutter body [19]; in the case of micro 

geometries, a recent research has recently proposed laser ablation as a 

suitable technique to shape diamond-like materials with high precision 

[4].  

2.2.3.1 EDM 

In the process of material removal via EDM process, a high current pulsed 

flow, called spark is created between two electrodes in an electrolyte, the 

thermal energy on the material causes an erosive effect, producing the 

material removal [69]. An adaptation of EDM has been done to achieve the 

so called Electrical Discharge Wire Machining (EDWM), where a wire 

electrode is incorporated, allowing to improve the accuracy of cut and 

enabling a better control of surface texturing through the workpiece 

material also due to the machine controlled guidance of the wire [69], [70]. 

It has been proved that EDM is a suitable technique to machine PCBN 

especially for the processing of complex shapes because of the tool 

electrode simple forming and small loss [71]. Many researches have been 

focusing on the generation of micro tools in PCD/PCBN via micro-EDM 

[71], [72]. In all of the ultra-hard composites the metallic binder serves as 

an electrical conductor [72]. A micro-EDM machining was proposed as 

technique for processing PCD tools and the effect of a change in energy 

was studied onto the microstructure of PCD composites: it was proved 

that depending on the energetic parameters used in the EDM processing, 

an extent of molten material was deposited on the surface after tool 

preparation, and this extent was reduced with the decrease in energetic 

parameters, giving the possibility to produce tool which could improve the 

surface finishing of the machined material [73]. The main limitation 

related to the micro processing of PCD and PCBN with the EDM technique 

is related to the lifetime of the electrodes, to the material restrictions 

(electrical properties) and to the impossibility to create undercuts.  
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2.2.3.2 Pulsed laser ablation for generation of tools in ultra-hard 

materials 

The other technique which has recently shown new developments in 

micro-processing of ultra-hard materials is the PLA; the unconventional 

shaping technique of laser ablation has been recognised as a versatile 

approach among the material removal technologies [74]. The laser 

ablation removes material via a thermal process, making feasible the 

generation of micro-features/cutting edges on ultra-hard materials that 

are normally very difficult to generate with conventional machining 

processes (such as EDM/EDWM). Laser micro-machining using high 

intensity, pulsed visible laser radiation, is capable of forming precise micro 

scale features in diamond in an efficient manner [4], [75], [76]: some 

examples of the achieved shapes in CVD diamond are depicted in Figure 2. 

14.  

 

Figure 2. 14: SEM micrographs of pulsed laser ablated CVD diamond 
surfaces [75].  

The possibility of using laser ablation to create repeatable micro features 

onto single crystal diamond materials has been studied in relation to the 

tribological properties of the features for machining applications [4], [5]. 

The tribological performances are strictly related to both the geometry of 

the micro-cutting/polishing elements and the workpiece material utilised.  

Here reported are some of the tools manufactured via PLA in ultra-hard 

solid materials: Figure 2. 15 represent the results achieved with the use of 

PLA on WC/Co solid structures in 2001. 
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Figure 2. 15: Geometries manufactured in WC/Co via PLA [77]. 

The importance of the clearance/rake faces upon the performance of the 

abrasive edges has been shown in the production of mono-crystalline CVD 

diamond micro-arrays patterned to provide chip flow during machining 

condition [4], [5] and the importance of the geometry of the cutting edge 

has been extensively explained in Section 2.2. Figure 2. 16 depicts some 

examples of laser ablated single crystal CVD solid diamond which have 

been manufactured to provide chip flow.  

 

Figure 2. 16: Geometries manufactured in single crystal CVD diamond via 
PLA [4].  

While conventional processing of PCD/PCBN tools can be done using 

grinding processes on a five axis machine depending on the complexity of 

the tools, some works proposed ultra-short laser pulses (in the regime of 
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picosecond) have been used in the laser ablation of PCD/PCBN composites 

for the generation of cutting tool inserts [60], [78]. An example is reported 

in Figure 2. 17, where a round shape insert has been manufactured on a 

CBN solid specimen. 

 

Figure 2. 17: SEM micrograph showing a pulsed laser ablated insert in CBN 
[60].  

There are no reported cases of shaping of CBN materials via PLA to 

achieve tools with reproducible micro-features like in the cases previously 

shown for CVD diamond in Figure 2. 16.  

2.2.3.3 Effects of PLA technique upon PCD/PCBN composites 

Pulsed laser ablation represents a high precision macro/micro removal 

technique for a wide range of materials; as such a laser beam is focused on 

a target surface, producing electron excitation resulting in conversion of 

optical energy into thermal one. As a consequence the surface heats up, 

melts, vaporizes and expands at atmospheric pressure, forming plasma 

due to the partial ionization of the expanding plume, with the final 

ablation cell formed as shown in Figure 2. 18 [79], [80].  

 

Figure 2. 18: Typical phase transition during PLA [81].  
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More recently, researchers have studied the heat conduction and phase 

changes in the target material by using a theoretical model of the laser 

ablation process considering the enthalpy as main affecting parameter in 

the process, they modelled the laser heating considering different time 

scales: the lattice heating time, the electron cooling time and the laser 

pulse duration; hence, they demonstrated that there is a strict relation 

between enthalpy, pulse duration and surface recession time [82]. In this 

context it can be commented, that depending on the laser intensity and 

pulse duration, the effects of laser ablation on the target surface will result 

in micro craters with different material properties such as optical 

absorptivity, hardness and hydrophobic properties [80], [83]. In 2010 

researchers [84] studied how fluence and pulse frequency affect the 

ablation rate of different materials, and, by validating the experiments 

with a theoretical model on PLA they found a decrease of ablation 

efficiency in the multi-pulse regime mainly due to the reduced incident 

laser irradiance (laser power density) in the lateral ablated area.  

The type of laser for PLA is mainly chosen in relation to material removal 

rate, optimal surface finishing and cost requirements. Nowadays it is 

possible to select from Nd: fiber lasers to Nd:YAG lasers in pulse width 

ranges ms to fs. The pulse duration and the laser wavelength are 

important parameters involved in the ablation process.  A recent study 

[85] has showed that the variation of pulse duration has the property of 

dramatically changing the results of laser material removal:  nanosecond 

pulses make possible high power peak with high frequency, causing direct 

vaporisation of the target material; microsecond pulses enable the highest 

material removal per pulse despite potentially causing collateral damage 

to surrounding material. In this regard another researcher commented 

that the laser wavelength for diamond is not of critical importance since 

ablation takes place with surface graphitisation that is characterised by 

high absorption coefficient in all of the wavelength spectra [86], [87].  

As deeply described in Section 2.1, in the case of composite materials such 

as PCD/PCBN, and during their macro/micro processing, important 

properties such as thermal conductivity and melting/vaporization 
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/sublimation temperatures need to be taken into consideration. In 

reference to the laser processing of PCD/PCBN structures, it can be 

commented that different values of enthalpy, thermal conductivity and 

thermal expansion coefficient between the binders and the hard phases, 

causes a peculiar thermal response to PLA.  

There are some studies relating the influence of temperature on different 

grades of PCD  materials: it has been reported that the effects of ultra-

short pulse (i.e. ps) laser ablation has little thermal affected area on the 

target surface while resulting in little debris and smooth surfaces [88], 

[89]. However, the presence of a metallic binder can play an essential role 

in the thermal process during PLA. Larger grain size PCD with smaller 

content of Cobalt are less affected from the superficial temperature 

increase and thermal effects [90]. More recently, comments about the 

thermo-mechanical properties of PCD/PCBN composites demonstrated 

that, because of the significant differences in thermal expansion 

coefficients between binder and ultra-hard phase, small temperature 

variations can provoke expansions of the two materials causing micro 

cracks/fractures at early stages of temperature increase [34], [91].  

 

2.3 State of the art: experimental approach in the 

evaluation of thermal response of ultra-hard 

materials to PLA  

As anticipated in Section 2.2.2.2, it is particularly important to understand 

the thermal response of the composite material to PLA in order to achieve 

a high degree of process control and to enable macro/micro processing of 

desired cutting tool geometries. In this contest, some research has been 

carried out to explain the physical phenomena occurring during PLA: 

although a good understanding has been achieved for single crystal 

diamond [92], there is still a lack in understanding the thermal response of 

ultra-hard composite materials (PCD and PCBN) because of the many 

variables (binder, ultra-hard phase) and the different thermal properties 

(thermal conductivity, vaporisation temperature, thermal expansion 
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coefficient) between hard phase and binders. This section aims at 

understanding the characterisation techniques used to identify the 

material behaviour and the methodologies employed to achieve an 

understanding on the thermal response of PCD/PCBN to PLA.  

A few experimental works have been conducted to achieve an 

understanding of the thermal response of ultra-hard materials to PLA, the 

most part of them concentrated on single crystal CVD diamond or nano 

polycrystalline diamond.  

A study published in 2010 [93] on both monocrystalline and nano 

polycrystalline diamond mainly focused on the evaluation of the transition 

between diamond and graphite during the PLA process. A technique which 

combined several characterisation methods was used: firstly Raman 

microspectroscopy was used in selected areas for chemical analysis of the 

ablated groove, then SEM for the evaluation of surface texture after laser 

ablation, then a gold deposition on samples with an ion sputter coater. The 

target area was coated with FIB-assisted carbon deposition, and finally the 

specimen was then milled in a FIB system for TEM-Foil preparation for 

further characterisation into the HRTEM.  

This research demonstrated that graphitisation always takes place 

followed by sublimation of the pre-formed graphite; as a consequence of 

PLA, both in single crystal and polycrystalline diamond, formation and 

sublimation phenomena of graphite take place. A typical interface which 

was captured in this research work is depicted in Figure 2. 19.  

 

Figure 2. 19: HRTEM image of the interface between graphite and diamond 
in single crystal diamond as a consequence of PLA [93]. 
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Another work [94] studied the ablation process of diamond, hypothesizing  

that, because of its high transparency and distinct threshold for plasma 

formation, the initiation of the process starts either from non-linear multi-

photon effects (possible at elevated laser power densities) or absorption 

at an impurity or defect or contamination of the surface. However, in many 

cases, it is probably a combination of these effects. Once laser absorption 

begins, then the resulting heat generation locally elevates the diamond to 

temperatures where it is converted to graphite (see more details in 

Section 2.1). Another recent work published in 2013 [92] identified both 

the extent of graphitized layer in PLA of single crystal diamond and a clear 

interface graphite/diamond (Figure 2. 20).  

 

Figure 2. 20: HRTEM image of the interface between graphite and diamond 
in a single crystal CVD diamond as a consequence of PLA [92]. 

The experimental technique used for the preparation of diamond 

specimen was composed of four stages (Figure 2. 21): a surface multi 

coating deposition, the use of a FIB (Focused Ion Beam) miller for 

preparation of the thin section; an omniprobe nanomanipulator was then 

adopted to lift out the ultra-thin specimen and to mount the specimen on a 

support grid for HRTEM analysis.  
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Figure 2. 21: Schematic of the preparation of the sample for HRTEM 
analysis [92]. 

By using a combined technique FIB /TEM (Transmission Electron 

Microscopy) /EELS (Electron Energy Loss Spectroscopy) the interface 

graphite to diamond was captured and the process of formation of 

graphite in relation to the laser process explained.  

In this research, the presence of the metallic binder in the polycrystalline 

diamond composite structure makes the pulsed laser ablation process 

more challenging in term of understanding the thermal effects upon the 

microstructure of the ablated surfaces. Cobalt catalyses the conversion of 

diamond to graphite at ambient pressure: the finer the diamond grain size 

of the PCD, the higher the contact area between diamond and Cobalt and 

hence, the faster thermal degradation occurs [25]. There is no literature 
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reported in the understanding of the thermal response of ultra-hard 

composite structures such as PCD/PCBN, mainly because of the 

complexity of the variables involved in the process. More information 

about this is reported in Section 2.5, where all of the research gaps are 

exploited.  

 

2.4 Evaluation of wear progression mechanism of 

abrasive tools in PCD/PCBN 

Much research has previously been carried out to investigate ultra-hard 

tool wear characteristics during machining with different workpiece 

materials, demonstrating that the severity and mechanism of wear in 

ultra-hard tools vary with the type of workpiece material selected [93]-

[94]. The typical ultra-hard material wear modes have been categorized 

into four groups: normal wear, chipping, chip dragging and fracture of the 

cutting edge [97]. It has been demonstrated that with an increase in grain 

size an improved abrasion resistance can be achieved but the edge quality 

is higher for finer grain size PCD [40], [98], thus depending on the 

harsh/moderately harsh test conditions, the fine PCD could be preferred 

for grinding and polishing applications where better surface quality is 

required. An example of the effect of the grain size dimension is reported 

in Figure 2. 22 where the typical abrasive wear rate and tool edge 

roughness are shown for a fine, medium and coarse grained PCD.  

 

Figure 2. 22: Influence of the grain size on the edge roughness and on the 
wear rate [98].  
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Much research has been done on the evaluation of the wear properties of 

PCD composites, and it was indicated that because of the extreme wear 

resistance of the composites, standard wear testing procedure were not 

suitable [99], [100]. A good approach for cutting test of super-abrasive 

materials has been proposed in 2005; in the proposed set up a vitrified 

bonded alumina grinding wheel was used as workpiece [101]; during the 

cutting test (Figure 2. 23), two were the main forces considered between 

tool and workpiece: the cutting force and the normal force required to 

maintain the specific depth of cut; the effect of the latter is to 

accompanying fracturing and cracking wear mechanisms [102]–[105].  

 

Figure 2. 23: Set up of the wear test of superabrasive material on a vitrified 
bonded alumina grinding wheel workpiece [101]. 

A cutting length up to 4000 m and a depth of cut of 0.3 mm were adopted 

to test the wear of WC and two different grain size PCD (respectively 13.6 

and 15.1 micrometers grain size). In this study the wear was empirically 

evaluated measuring the weight loss of the workpiece and of the PCD 

inserts during the test. As well known, PCD is not thermally stable having a 

complex mix of phases and binder/hard phase bulk volume percentage 

variable depending on the specimen microstructural factors, for this 

reason the results of the wear test on PCD have indicated different wear 

behaviours [102]. This study indicated that two cuts of 75 m were enough 

to cause abrasive wear onto the insert. In particular, it has been proved 

that the PCD with finer grain size (13.6 micrometers) worn out quicker 

than the medium size one (15.1 micrometers). This behaviour has been 
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explained considering the major factors affecting cutting performance; in 

particular reaction forces on the tool, stress distribution in the tool and the 

workpiece, cutting speed and depth of cut, temperature at the tool (if test 

is performed in dry condition) and removal of swarf in the area in front of 

the diamond grain [102]. In relation to this, a model on the chip formation 

in cutting stone with diamond was previously proposed in 2003, and the 

schematic of the chip formation process is depicted in Figure 2. 24.  

 

Figure 2. 24: Schematic model of the chip formation process during the 
interaction of a single grain diamond and a stone workpiece [105]. 

The model for chip formation allowed identifying the main aspects of the 

wear of diamond tools, indicating that micro-mechanisms are responsible 

for wear processes: while at the front of an individual diamond grain 

severe abrasive wear was found [102], [103], [105], less severe abrasive 

mechanisms occur on the flank/rake surfaces of the cutting element 

because the force is distributed along the flank surface [102]. Two are the 

main consequences of wear mechanisms in PCD inserts: either 

delamination of the PCD composite from its WC substrate (due to weak 

bonding), or premature abrasive wear with cracking due to defects in the 

synthesis process [102].  

Regarding the reported literature on wear of PCBN tools, some researches 

have been conducted on the PCBN tool wear mechanisms and this lead to 

identify five wear mechanisms: abrasion, fatigue, adhesion, 

dissolution/diffusion and tribochemical processes [106], [107].  

Polycrystalline cubic boron nitride (PCBN) has been used as cutting tool in 

hard turning of steel, producing smooth and uniform finished surfaces, 
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although deterioration of the tool surface is a commonly encountered 

problem due to the chip type formation [54]. An example of the 

performance of a low-CBN PCBN tool is depicted in Figure 2. 25. It has 

been demonstrated that low-CBN grades found application in continuous 

and semi-interrupted hard turning because of their reduced flank wear; 

high-CBN grades tend to resist more to the interrupted machining while 

wearing rapidly at higher cutting speeds [56]. The type of wear depends 

upon the continuity or interruption of the test and on the CBN percentage 

in the PCBN tool: abrasive wear has been found in continuous cutting 

conditions, while chipping was found as an addition to abrasion in the 

interrupted cutting [34], [40], [54].  

 

Figure 2. 25: Performances of low-CBN PCBN grades in interrupted turning 
machining of steel [40]. 

When considering the wear on a PCBN cutting insert, the combination of 

high temperature and stresses during testing gives a certain severity level 

of wear depending also on the geometry of the cutting tools, mechanical 

and thermal loading during testing. As a general guidance, researchers 

have identified flank and crater wear, chipping, nose wear and thermal 

shock cracks as frequent wear patterns in cutting insert made of PCBN 

[108]. 

While there is still a lack in fully understanding the wear progression 

mechanisms of composite ultra-hard materials, several researches have 

reported on the wear performances of electroplated diamond abrasive 

tools. Most of them have demonstrated a progressive increase in cutting 
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forces and a dulling of the abrasives mainly caused by attritious wear [38], 

[66], [67].  

In spite of all the reported literature in the performances of both low and 

high-CBN grades in conventional machining, no study has been done in 

wear/cutting tests of these grades manufactured at a micro-scale and 

arranged in arrays, simulating grinding-type operations.  

 

2.5 Gaps in the current PLA technology for 

PCD/PCBN in academic research and industry  

The literature review on PCD/PCBN composites included an extensive 

description of their thermo mechanical properties, their synthesis 

methods, their use in industry, and their processing techniques. In 

particular, it has been found that one of the main fields of application of 

PCD/PCBN materials is in cutting tool industry; therefore there is a need 

in optimising the wear performances of cutting tools in ultra-hard 

materials. Previous researches on single crystal diamond [4], [5] have 

extensively indicated that PLA is a suitable technique for micro-processing 

of ultra-hard materials offering the possibility to improve the wear 

properties of the cutting tool. Despite the information available on the 

characterisation of ablated single crystal diamond surfaces, no work has 

been done to evaluate the thermal response of ultra-hard polycrystalline 

structures (PCD/PCBN) to PLA; in particular, no work has been performed 

to optimise the wear performances of pulsed laser ablated tool in 

PCD/PCBN in relation to the microstructural factors of the composite (e.g. 

binder bulk volume percentage, binder type, ultra-hard grain size).  

 

Research challenge 1 (Refers to objectives i and iii in Section 1.3) 

While laser ablation has been widely employed for straight and profiled 

cutting of diamond [81] there have not been many studies for generating 

geometrically controlled micro-features on flat and curved diamond 

surfaces until recently [4]. The control of the cutting edge radius within a 

tolerance of few microns together with the high possibility of variation of 
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rake and clearance faces in micro cutting features on polycrystalline ultra-

hard structures seems not to have been reported. Considering ultra-hard 

polycrystalline structures, an important research challenge is to achieve a 

high control of PLA laser parameters to enable the generation of desired 

micro-cutting edges with controlled cutting edge radius.  

Industrial/academic benefit 1 

In the case of abrasive tools, the typical cutting surfaces have a stochastic 

geometry and three-dimensional spatial distributions of the abrasives; as 

such, the performances of such abrasive tools are difficult to control; novel 

technologies to provide novel tools incorporating abrasive like features 

having desired geometry and high repeatability would offer technological 

advances. As such, using an abrasive tool with repeatable and 

homogeneous distributed micro-features/abrasives not only facilitates the 

accommodation of grinding debris and ingress of heat transfer but also 

achieves consistent performance improving the tool life [5], [92].  In 

particular, the high geometrical control of micrometric cutting edges in 

microstructurally different PCD/PCBN materials would enable the control 

of the wear properties of cutting tools and therefore allow the selection of 

the desired tool for the specific application.  

 

Research challenge 2 (Refers to objective ii in Section 1.3) 

Although previous researches have been focusing on the thermal response 

of single crystal diamond [92] and polycrystalline diamond [74], [109], 

there is still a lack in understanding the thermal response of PCD/PCBN 

composites to PLA; and the role of the binder in the laser ablation process 

needs to be investigated, especially its influence in the formation of the 

thermal affected zone. Though wide research was conducted on the 

formation of graphite for single crystal diamond, little attention has been 

given to the allotropic transformation occurring as a consequence of the 

thermal excitation in PCD/PCBN composites. There is a need in study the 

transformation occurring at the interface between the cBN/PCD granular 

interface and binder as a consequence of the thermal excitation. There is 

also a lack of understanding how a variation in laser energy density affects 
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the extent of the transformation from 𝑠𝑝3 to 𝑠𝑝2 bonding, if a formation of 

amorphous phase occurs and the effects on the binder phase in this 

thermal process. 

Industrial/academic benefit 2 

Proposing a technique for the evaluation of the thermal response of 

microstructurally different composite materials to PLA would be 

beneficial not only for industry but also for the academic environment. 

The possibility to relate the allotropic phase changes to the energetic laser 

parameter will provide industry to enable the control of phase changes in 

critical areas of the micro-tool; this in the future could take to a high 

control of allotropic phase change from graphite/hBN to diamond/cBN 

enabling to vary the softness/hardness of the tool in specific areas.  

 

Research challenge 3 (Refers to objectives iv and v in Section 1.3) 

In spite of all the reported literature in the performances of PCD 

macrometric inserts and low/high-CBN grades tools in conventional 

machining, no study has been done to evaluate the influence of 

microstructural factors in the wear behaviour of ultra-hard micrometric 

cutting edges. 

Industrial/academic benefit 3 

Proposing a general guidance for wear behaviour of PCD/PCBN in relation 

to their different microstructural properties, would be beneficial for 

industry to exploit the wear properties and therefore allow the selection of 

a specific PCD/PCBN grade for cutting edge applications.  
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Chapter 3 

Materials and methodology 

This is a key chapter for the understanding of the research. It aims at 

introducing the utilised materials and experimental procedures and 

research approaches which have been used throughout the development 

of this research activity in order to achieve the objectives proposed in 

Section 1.3. In particular, it includes: (i) a novel approach for the 

experimental optimisation of laser parameters in the generation of micro 

cutting edges on microstructurally different ultra-hard materials, (ii) a 

characterisation procedure for the evaluation of the thermal response of 

different ultra-hard structures to PLA, (iii) a combined procedure/design 

for laser controlled path geometries; (iv) a test approach for a novel 

evaluation of wear progression/performance of different micro-cutting 

geometries in relation to the microstructural factors of the composite (e.g. 

binder type, binder bulk volume percentage, ultra-hard phase grain size); 

(v) a procedure for the evaluation of the wear performances of the 

manufactured arrays against electroplated benchmarked.  

 

3.1 Methodology background   

As extensively demonstrated in Chapter 2, previous researches have 

focused on PLA of single crystal CVD diamond for controlled geometry 

tool manufacture [4], [5]. All of the techniques already recognised in the 

research for ultra-hard materials have been taken into account in the 

development of the correct approach for this research work. The already 

established technology of PLA for shaping difficult to cut materials has 

been adopted for processing of novel materials such as PCD/PCBN 

composites. In particular, the literature review described in Chapter 2 has 

demonstrated a lack in understanding the thermal response of 

polycrystalline ultra-hard materials to PLA, with particular attention to 

the influence of microstructural factors in the thermal excitation caused by 
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PLA. The understanding of thermal response and the effects of 

microstructural factors are really important when a high control of the 

tools geometry is needed to achieve a better understanding of wear-

resistant properties for the use of PCD/PCBN structures in the 

cutting/grinding tool industry. Based on the research gaps deeply 

explained in Section 1.3, Figure 3. 1 reports the different 

approaches/methodologies adopted for each section of this chapter.  

 

 

Figure 3. 1: Chart diagram showing the methodology used in this research 
work.  

 

3.2 Selection of the ultra-hard materials for the 

generation of the arrays 

Micro structurally different ultra-hard materials have been selected to 

accomplish the objectives of this research In particular, all of the materials 

chosen for the PLA present differences related to the type of binder (e.g. 

ceramic, metallic), binder bulk volume percentage (e.g. low, medium, high 

Selection of the workpiece material 

for wear progression tests (Section 

3.3)

Evaluation of the material thermal 

response to PLA (Section 3.5)

Optimisation of laser parameters 

(Section 3.4) 

Design and manufacture of the 

ultra-hard micro-arrays via PLA 

(Section3.6)

Wear progression tests of the micro-

cutting arrays and evaluation of 

their wear characteristics via 

benchmark approach (Section 3.7)

Selection of the ultra-hard material 

for manufacture of micro-arrays via 

PLA (Section 3.2)
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content), type of ultra-hard phase (e.g. diamond, cubic boron nitride) and 

hard constituent grain size (e.g. fine, coarse, mixed). The extensive 

literature review carried out in Chapter 2 demonstrated a lack in 

correlating the micro structural factors of ultra-hard materials with their 

thermal response to PLA; furthermore, a need for evaluating the wear 

progression of these composites as a function of their micro structural 

properties is essential when the achievement of a cutting tool with good 

wear resistance is required. For this reason, the selection of the right 

material has been carefully carried out. Figure 3. 2 represents a flowchart 

showing different types of selected materials, which mainly differ for the 

type of hard-phase (diamond, CBN) or the type of binder and its bulk 

volume percentage. Only polycrystalline structures (PCD/PCBN) have 

been chosen because one of the main objectives of this research is the 

understanding of the role of the binder in the thermal response of 

polycrystalline matrices as well as in the wear progression characteristics.  

 

Figure 3. 2: Flow chart of the ultra-hard materials selected for the 
experiments.  

PCD thick films (0.5 mm) directly synthetized on a WC substrate (10 mm x 

10 mm x 1 mm) have been chosen for the PLA creation of the micro-

abrasive arrays (all of the materials selected for the experiments were 

Ultra-hard 

material 

Difference in 

ultra-hard 

phase

Difference in 

grain size and 

binder content
PCD 
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DCC500 
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provided from Element 6); these are shown in Table 3. 1 where it is 

evident that in the case of PCD structures the binder type remains the 

same but the binder bulk volume changes making different materials 

suitable for different applications. The reason for selecting different 

binder bulk volume percentage composites and consequently different 

diamond grain size materials aims at showing the relation between the 

microstructural factors typical of each material and their wear 

progression characteristics.  

Regarding the PCBN structures, three grades PCBN thick films (0.7 mm) 

directly synthetized on a WC substrate (10 mm x 10 mm x 1 mm) have 

been utilized as shown in Table 3. 1. The reason of selection of different 

grades resides in the already well-established properties of each grade in 

regard to specific application. DBW85 has been proven to be one of the 

most versatile high-CBN grades because of its excellent strength and 

abrasion resistance resulting in high chipping resistance that makes it 

used in heavily interrupted cutting of a wide range of hard materials. 

DBS900 with an increase up to 90% of CBN content, is ideal for 

applications where a long tool life is required [56].  

Table 3. 1: Materials utilised in the experiments and their microstructural 
properties. 

Material denomination 
Binder 
type 

Binder bulk 
volume (%) 

Hard phase 
grain size 
(μm) 

PCD CTM302 Co 10 2-30 
PCD CMX850 

 

Co 15 0.5-1 
PCD CTH025 Co 8 20-25 
PCBN DBW85 AlWCoB 15 1-3 
PCBN DBS900 CoNi 10 2-4 
PCBN DCC500 TiC 50 1-2 

 

3.3 Selection of workpiece material for the wear 

tests 

Silicon dioxide (SiO2) composite material has been selected as workpiece 

material for the evaluation of the wear progression of PCD/PCBN micro-

arrays during the simulated wear/cutting tests. The reason of selection of 
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this material resides in its properties, which are indicated in Table 3. 2. In 

particular the choice has been done in consideration of the following: 

 Its very low thermal conductivity [110] makes it perfect for 

machining applications where the cutting condition of low 

thermally conductive materials (e.g. ceramics) can be replicated 

and enhanced [62].  

 When used against cubic boron nitride tools the silicon dioxide is 

considered a difficult to machine material [61] offering the 

possibility of accelerated wear test. In fact, SiO2 high hardness 

[111] may reduce the wear progression rate of the tested PCD 

abrasive arrays but enhance the wear failure of PCBN and therefore 

providing a tool for comparison and discussion between the two 

materials [59].   

 Because of its lower fracture toughness it exhibits brittle machining 

behaviour [112], endorsing the possibility of causing materials with 

higher fracture toughness to fracture in a ductile way: this means 

that there would be a possibility to see the PCD/PCBN composites 

to deform elastically/plastically without cracking (depending on 

the specific binder properties of the composite).  

 Although different wear progression rates are expected from the 

wear tests of PCD and PCBN against silicon dioxide, the same 

workpiece material has been chosen in order to allow the 

possibility of comparison of the wear characteristics not only of the 

PCD/PCBN against their respective benchmarked electroplated, but 

also of the manufactured PCD arrays against the PCBN ones. In fact, 

the growth of PCBN tools in the market and their lower cost (see 

trends in Section 1.1) are enhancing the use of PCBN (replacing 

PCD) where possible, thus it is important to prove the better wear 

performance of PCBN tools not only versus the benchmarked 

sample (e.g. electroplated diamond and CBN), but also against the 

hardest PCD composite.  
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Table 3. 2: Thermo/mechanical properties of SiO2 , bulk [110], [111]. 

Mechanical properties Value 

Hardness (GPa) 35.4 
Fracture toughness(MPa (m)2

1)) 0.77 
Thermal conductivity (W/m/K) 1.04-2.51 (depending on temperature) 
  

 

3.4 Pulsed laser ablation of PCD/PCBN structures 

As demonstrated in previous research conducted on CVD diamond [5]-[4], 

it is feasible to use a laser for the shaping of ultra-hard materials. As such, 

PLA proved its use for surface processing of hard metals and ceramics [5], 

[84], [113]. In this research work, a laser setup approach was established, 

using PCD/PCBN described in section 3.2 as platform materials, for the 

generation of single spot ablated geometry (single crater), multipass 

ablated geometry (continuous groove) and as a consequence of the 

optimization process, abrasive micro-arrays. To enable the ablation 

process to take place, a laser equipment (DMG LASERTEC 60 HSC Q-

switched Nd: YAG; wavelength, 1064 nm; max. output power, 100 W; max. 

pulse frequency, 50kHz; focal point size, Ø 40mm) mounted on linear 

stages (to allow the motion in 3-axis) has been used. Several experiments 

have been set up in order to establish the correlation between laser 

energetic parameters and material extent of ablation/microstructural 

factors of the materials. In particular, specific set of experiments (repeated 

five times to check the repeatability) have been performed to allow the 

identification of extent of ablation and the surface integrity characteristics 

of microstructurally different materials and to enable the manufacture of 

PCD/PCBN micro abrasive/cutting arrays. In all the experimental 

procedures, the influence of laser parameters on the composites has been 

taken into consideration, thus it was important to identify two main 

affecting laser parameter categories: (i) energetic parameters such as 

average laser power (𝑃𝑚 [W]) and pulse duration (τ [μs]); (ii) kinematic 

parameters such as laser beam frequency (f [kHz]) and feed speed (v 

[mm.s-1]). Sections 3.4.1, 3.4.2 and 3.4.3 present the details of the set-up of 

the experiments. 
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Because of the various number of laser parameters affecting the ablation 

process, a DOE (design of experiment) combining a Taguchi design and a 

full factorial one has been used initially for the evaluation of the optimum 

laser parameters for each material. The combination of all of the 

experimental procedures utilized in this research allowed establishing a 

novel procedure for the optimization of laser ablation parameters for 

ultra-hard materials; the methodology is shown in Figure 3. 3. 

 

Figure 3. 3: A schematic explaining the novel procedure of optimisation of 
laser parameters.  

3.4.1 DOE  

Because the pulsed laser ablation technique has been previously used on 

CVD single crystal diamond [4] but never been utilized on the materials 

selected in this research (see Section 3.2), an initial evaluation of the effect 

of laser parameters was necessary.  

 

Figure 3. 4: Flowchart indicating details of design of experiment and 
reference to the tables (with laser parameters) utilised for each DOE.  
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A design of experiments has been used, allowing the identification of 

possible thermal effects deriving from the combination of more than one 

variable. In the design of experiments the number of runs depends on the 

variables involved. The procedure followed for the evaluation of the 

combination of optimal laser parameters consisted in the use of four 

statistical design of experiments (Figure 3. 4): 2 set of full factorial design 

with respectively 3 factors/4 levels and 2 factors/3 levels and 2 set of 

Taguchi design with respectively 4 factors/3 levels and 3 factors/3 levels. 

Table 3. 3 includes all of the values which have been employed for the full 

factorial and the Taguchi design. 
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Table 3. 3: Example of the full factorial design with 3 factors, 4 levels, 27 
runs. 

𝐏𝐦 [W] f [kHz] v [mm.s-1] τ [us] 

70 30 500 15 
100 50 500 15 
70 10 100 15 
70 30 100 15 
50 10 300 15 
50 10 100 15 
100 30 500 15 
90 30 100 15 
90 50 100 15 
50 50 100 15 
50 30 500 15 
70 50 300 15 
70 50 500 15 
50 30 300 15 
90 10 100 15 
50 50 300 15 
70 50 100 15 
50 10 500 15 
90 30 300 15 
70 10 300 15 
50 30 100 15 
90 10 300 15 
70 30 300 15 
50 50 500 15 
90 10 500 15 
70 10 500 15 
90 30 300 15 

 

Table 3. 4: Example of the full factorial design with 2 factors, 3 levels and 9 
runs. 

𝐏𝐦 [W] f [kHz] v [mm.s-1] τ [us] 

60 15 800 30 

60 5 800 30 

90 5 800 30 

60 10 800 30 

30 15 800 30 

30 10 800 30 

30 5 800 30 

90 15 800 30 
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Table 3. 5: Example of the Taguchi design with 4 factors, 3 levels and 9 runs. 

𝐏𝐦 [W] f [kHz] v [mm.s-1] τ [us] 

30 10 100 5 

30 30 300 10 

30 50 500 15 

60 10 500 10 

60 30 100 15 

60 50 300 5 

90 10 300 15 

90 30 500 5 

90 50 100 10 
 

Table 3. 6: Example of the Taguchi design with 3 factors, 3 levels, 9 runs. 

𝐏𝐦[W] f [kHz] v [mm.s-1] τ [us] 

30 10 100 10 

30 30 300 10 

30 50 500 10 

60 10 300 10 

60 30 500 10 

60 50 100 10 

90 10 500 10 

90 30 100 10 

90 50 300 10 

 

After the laser ablated craters and continuous grooves have been 

produced by PLA using the parameters indicated in Tables 3. 5, 3. 6, the 

topography of the ablated surfaces has been evaluated via a Talysurf CSI 

1000 contact autofocus profilometer and the surface integrity has been 

studied via a Philips XL30 Environmental Scanning Electron Microscope 

(ESEM). The use of a design of experiment represented only a preliminary 

experimental step to allow the identification of the parameters which 

really affect the thermal response of the material to PLA.  

3.4.2 Laser energy parameters 

PLA is a thermal process, which involves material phase 

(solid/liquid/gaseous) changes within a very short time interval (pulse 

duration of the order of microsecond) with a minimum thermal affected 
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zone, PLA requires a minimum laser energy density threshold depending 

on the thermal/optical properties of the target material [74], [76].  

Thus, it is important to evaluate the influence that a variation of energetic 

parameters has not only in terms of extent of ablation but also in regards 

to the surface integrity especially due to the microstructural 

characteristics of the ablated material. As identified by previous 

researches [25], [76], [114], an important laser parameter that affects the 

thermal response of the material is the energy of a single pulse. A first 

experiment included the variation of 𝑃𝑚  in the range 50-100W, as 

indicated in Table 3. 7: the selection of v = 500mm.s-1 and f = 10 kHz using 

a small aperture mode for the laser beam, allowed the generation of rows 

of individual craters (e.g. centre separation of 50 µm).  

Optical examination of the ablated craters over a fixed number of 

assessment of repeatability have been conducted in order to identify the 

suitable energetic parameters to reduce surface integrity anomalies (e.g. 

crater inhomogeneity, elongated craters) and to promote geometrically 

homogeneous craters avoiding double pulses.  

Table 3. 7: Variation of 𝑷𝒎 for constant values of f, v and τ. 

𝐏𝐦 [W] f [kHz] v [mm.s-1] τ [us] %Overlap 

50 10 500 20 0% 

60 10 500 20 0% 

70 10 500 20 0% 

80 10 500 20 0% 

90 10 500 20 0% 

100 10 500 20 0% 

 

Table 3. 8: Variation of 𝑷𝒎 for constant values of f, v and τ (cfr. Table 3. 3).  

𝐏𝐦 [W] f [kHz] v [mm.s-1] τ [us] %Overlap A. Mode 

50 10 100 20 99% Small 

60 10 100 20 99% Small 

70 10 100 20 99% Small 

80 10 100 20 99% Small 

90 10 100 20 99% Small 

100 10 100 20 99% Small 
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The contact autofocus profilometer previously mentioned was used for 

topographical measurements of the extent of ablation (depth of the crater, 

diameter of the crater, volume of ablation) and the captured data was 

consequently interpreted. A Philips XL30 Environmental Scanning 

Electron Microscope (ESEM) was used for the microscopical evaluation of 

the surface integrity as a function of the variation of 𝑃𝑚 .  

This procedure allowed the identification of the optimal 𝑃𝑚 for each 

material. A chemical composition analysis for the variation of extent of 

ablation has been conducted in relation to the crater depth and crater 

diameter by using an INCA EDX system (EDX OXFORD-Inca energy 

software). This also allowed the identification of the extent of ablation as a 

function of the energetic parameters and to prepare the specimen for 

nanometric analysis as reported in Section 3.5.1.  

3.4.3 Laser kinematic parameters 

Section 3.4.2 reported about the variation of laser average power for the 

ablation of single craters with a centre separation of 50µm. In order to 

evaluate the influence of variation of v onto the surface topography and 

surface integrity, an experiment has been performed: a decremented 

decrease of v from 500 mm.s-1 to100 mm.s-1 allowed as well an increased 

theoretical overlap in the range 0-99%, as shown in Table 3. 9.  

Table 3. 9: Variation of beam speed in the experiment. 

𝐏𝐦 [W] f [kHz] v [mm.s-1] τ [us] %Overlap th. A. Mode 

70 10 500 20 0% Small 

70 10 400 20 66% Small 

70 10 300 20 77% Small 

70 10 200 20 90% Small 

70 10 100 20 99% Small 

 

A schematic of the ablated surfaces as a function of the beam speed 

variation is shown in Figure 3. 5: h is an indication of the centre separation 

and it obviously decreases with the reduction of v. A v of 500 mm.s-1 was 

chosen to achieve a single spot ablation as described in Section 3.4.1; a v of 

100 mm.s-1 was chosen to reduce the distance between single spot (h 

[μm]) from 50 μm to 10 μm and to achieve a continuous groove (ablated 
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trench). The contact autofocus profilometer (described in Section 3.4.1) 

was used for topographical measurements of the ablated areas after the 

ablation test and the ESEM equipment (described in 3.4.1) was used for 

the microscopical evaluation of the surface integrity as a function of the 

variation of 𝑣 and for the identification of the optimal kinematic 

parameters for the laser ablation process.  

 

Figure 3. 5: Schematic representation of the procedure used to produce 
laser ablated grooves starting from single craters, showing the distance 
between single spots at different feed speeds: v=500𝐦𝐦𝐬−𝟏 (h=50 µm), 

v=400𝐦𝐦𝐬−𝟏(h=40 µm), v=300𝐦𝐦𝐬−𝟏(h=30 µm), v=200𝐦𝐦𝐬−𝟏(h=20 µm), 
v=100𝐦𝐦𝐬−𝟏(h=10 µm) [74]. 

The reported experiment aimed at optimising the kinematic laser 

operating parameters and enabling the control of the depth of the micro 

continuous grooves and sharpness of the cutting edges.  

3.4.4 Identification of extent of ablation in the elemental 

composition of different composites 

This Section (Figure 3. 3) is propaedeutic to the procedure for nanometric 

analysis explained in Section 3.5.1. A methodology for the evaluation of the 

elemental composition of the composites and their relation to the PLA 

parameters is proposed here. Initially single ablated craters and 

continuous grooves were produced onto microstructurally different 

composites as reported in Sections 3.4.2-3.4.3, preparing the specimens 

for the experiment. This was aimed at analyzing the chemical composition 

h= h=

h= h= h=
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of the ablated surfaces at various positions across the spot/trench, 

characterized by different laser energy densities/fluencies and to evaluate 

their influence on the local binder bulk volume percentage. Prior EDX 

analysis, energetic parameters such as laser fluence (F in Jcm−2 ) and laser 

power density (PL in Wcm−2) per pulse were calculated using Eq. 1 and 2 

[115], [116].  

 

𝐹𝑖 =
4𝑃𝑚

𝜋𝑑𝑖
2𝑓

                         𝑖 = 1,2. .5                                                                (Eq. 1) 

 

𝑃𝐿𝑖
=

4𝑃𝑚

𝜋𝜏𝑑𝑖
2𝑓

                     𝑖 = 1,2. .5                                                                 (Eq. 2) 

Where 𝑑𝑖 [cm] is the radial position on the beam spot diameter which is 

varying from position 1 to 5 as represented in Figure 3. 6.  

 

Figure 3. 6: Schematic representation on a Gaussian of the spot diameter 
versus the power density; numbers 1 to 5 indicate the areas of EDX analysis 

corresponding to different radial positions 𝒅𝒊. 

It is well reported [117] that for a single pulse laser ablation, the laser 

power density is highest in the centre of the spot, i.e. where the ablation 

depth is the highest and correspondingly lower towards the sides of the 

spot (Figure 3. 6).  

Then an INCA EDX system (EDX OXFORD-Inca energy software) was 

employed for the compositional analysis of single pulsed ablated craters 

and continuous grooves along specific transversal and longitudinal 

directions shown from the red arrows in Figure 3. 7.  
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Figure 3. 7: A schematic of the direction selected for chemical analysis onto 
different composites.  

This experiment was particularly important to evaluate the extent of 

ablation in the transversal and longitudinal direction of ablated 

crater/groove in order to prepare the ablated specimen for the HRTEM 

analysis which is reported in Section 3.5.1.  

3.5 Procedure for the evaluation of the thermal 

response of PCD/PCBN structures to PLA 

PLA produces a massive thermal exposure of the ablated material that 

causes chemical phase changes in the constituents of the matrix. In ultra-

hard structures such as PCD and PCBN, this means that the diamond/cBN 

occur in the allotropic transformation into graphite/hBN, producing an 

unfavourable condition in its use as cutting tool because the graphite and 

hBN soften the surface where the transformation occurs [118]. Previous 

researches have proposed approaches for the evaluation of the extent of 

allotropic transformation in a single crystal diamond material [92], [93].   

By using some of the concepts proposed in a work on CVD single crystal 

diamond [92], the study in this section proposes a novel technique for the 

evaluation of the thermal response of PCD/PCBN composites.  

The procedure here proposed has been set up to allow the identification of 

the thermal response of ultra-hard composite materials PCD/PCBN at sub-

atomic level by:  

Crater 1

Crater 2

Crater 1

Crater 2

Direction of EDX analysis Direction of EDX analysis

Continuous groove: 
combination of the 

overlapping single craters

Direction of EDX analysis Direction of EDX analysis

Crater 1

Crater 2

Crater 3

Crater 4

Crater 5

Crater 6

Crater 7

Continuous groove
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 Identification of the extent of allotropic transformation (e.g. 

diamond to graphite, cBN to hBN) and the relationship with the 

laser pulsed energy density (e.g. low energy, high energy). 

 Identification of the transition phases (e.g. Co, diamond, graphite, 

TiC, cBN, hBN) and the interfaces between Co/diamond and 

TiC/cBN using HRTEM/EELS.  

 Evaluation of the undisturbed interface Co/diamond and TiC/cBN 

and underlying substructure outside the range of high level energy 

density. 

 

3.5.1 Preliminary procedure for the evaluation of the 

thermally affected site 

Prior to explaining the set up procedure utilized for the evaluation of the 

thermal response of the materials to PLA, it is important to understand in 

which contest this experiment has been done and the reasons why. In 

section 3.4 the methodology used showed that there is a correlation 

between energetic parameters (in particular energy density) and the 

microstructural factors of the ablated materials. In particular, the 

necessity of varying the energetic parameters resides in the different 

thermal excitation onto the ablated materials. Furthermore, the presence 

of binder of different chemical composition (see Section 3.2) affects the 

ablation process and the thermal response, thus it is important to study if 

there is any influence at the interface binder/hard grain caused by the 

energy density variation. An understanding of the thermal response of the 

binder/ultra-hard phase it is necessary at atomic level in order to 

understand the thermal process of ablation at microscopic level.  

Part of the procedures reported in Section 3.4.3 has been used in order to 

prepare the materials for the nanometric analysis here proposed. In 

particular, a preliminary experimental procedure has been adopted for the 

preparation of the samples; this was composed of the following: 

1. Selection of the material for the high resolution transmission electron 

microscopy (HRTEM) analysis at an atomic level: in the choice of 
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materials, particularly important is the need in capturing the 

interface ultra-hard phase/binder; this led to the selection of fine 

grain size materials both in the case of PCD and in the case of PCBN. 

In fact a coarse grain size material (Figure 3. 2 and Table 3.1) 

would not have allowed the identification of the region of interest 

(interface grain/binder) due to the lower binder bulk volume 

percentage (and the big ultra-hard grains). Following these 

reasons, a fine grain specimen CMX850 (Table 3. 1), shown in 

Figure 3. 8a, has been selected for the evaluation of the thermal 

response of PCD composites; a low-CBN content DCC500 specimen 

(Table 3. 1), shown in Figure 3. 8b, has been chosen as a suitable 

specimen for the PCBN composites. The latter has been selected 

also because its low-binder content makes it a difficult material to 

be ablated without thermal effects (see Section 4).  

 

Figure 3. 8: Backscatter ESEM imaging of a polished surface of the selected 
ultra-hard materials for evaluation of thermal response to PLA: a) PCD 

CMX850 fine grain diamond with Cobalt as a binder; b) PCBN DCC500 fine 
grain PCBN showing the CBN grain in the black areas and the ceramic 

binder in the grey areas.  

Ceramic binder 
phase (TiC)

CBN grain

Contiguous hard 
phase: Diamond 
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Metallic binder 
(Co)

Interface 
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a) 
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2. Selection of the site of interest of the specific material for the 

extraction of the lamella via FIB: a relation between energetic 

parameters and extent of ablation has been explained in Section 

3.4.4. The chemical compositional methodology explained in 

Section 3.4.4 allowed the identification of the site of interest in the 

area where there was a variation in extent of ablation. This area 

corresponds to the direction perpendicular to the motion of the 

laser beam, thus along the cross section of the ablated 

crater/groove depicted by red line in Figure 3. 9.  An additional X-

Ray spectroscopy technique (Siemens D500 diffractometer) was 

used for the characterization of the crystal structure and chemical 

composition of the selected composites prior the FIB/HRTEM 

technique.  

 

            a)                                                            b) 

Figure 3. 9: ESEM backscatter images of the laser ablated continuous groove 
in the fine grain PCBN specimen: a) top view of the ablated groove showing 

the high/low fluence areas; b) cross section view showing the 
corresponding high/low regions in the ablated material.  

 

3.5.2 Approach for the analysis of the thermal response of 

microstructurally different PCD/PCBN composites 

Since from the preliminary investigations (whose methodology is reported 

in Section 3.4.4) it was apparent that the extent of binder was constant 

along the groove but varied significantly across the section (Figure 3. 9) in 

all of the materials, the latter provided the direction of interest for FIB 

extraction and HRTEM evaluation. In this experimental work a groove 

High fluence region

Low fluence region
High fluence region

Low fluence region

http://en.wikipedia.org/wiki/Crystal_structure
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generated by using single overlapping pulses provided an opportunity to 

examine the ablative effects on the PCD/PCBN from both the centre and 

sides of the pulses. In particular, a combined technique FIB/HRTEM has 

been used for the extraction of the lamellas from the ablated specimens 

and the analysis at atomic level. Some steps developed in a previous work 

on CVD single crystal diamond [92] have been used but the main difficulty 

in this work was represented by the materials under study: the increased 

fragility in the extracted thin sections (lamella) both of the fine grain PCD 

specimen and of the PCBN high binder ceramic content required special 

attention in the protection of the selected areas. This is a very important 

step when the stabilisation of the lamellas is required to avoid 

loss/damage through delamination of the ablated regions during the 

Focused Ion Beam (FIB) milling and extraction activities [109]. Before 

establishing the reported procedure in this research, many trials were 

undertaken to prepare the two lamellas (PCD/PCBN) in the selected sites 

of the ablated groove which would allow subsequent high-resolution 

Transmission Electron Microscopy/Electron Energy Loss Spectroscopy 

(EELS) analyses of the PCD/PCBN exposed to both the high and lower 

laser fluencies level [109].  

The procedure established to successfully carry out the 

protection/stabilisation of the lamellas (both in PCD and PCBN 

specimens), FIB milling and extraction of the lamellas from the PCD/PCBN 

material structures is as follows [109]:  

1. In order to stabilise the overall specimen surface prior the FIB 

milling, the application of multiple coatings was necessary (Figure 

3. 10): initially a commercial sputter coater (Quorum technology 

SC7640) was used to deposit a 50 nm Platinum layer onto the 

overall specimen in order to reduce the amorphisation of the 

region of interest by the Gallium ion beam during FIB milling and to 

prepare the surface for further coatings. Then, a 30 nm layer of 

Carbon was deposited globally to avoid the charging of the 

specimen material during electron imaging and ion beam milling 

activities. A combined scanning electron microscope/Gallium 
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focused ion beam mill (FEI Quanta 200 3D FIB-SEM) incorporating 

a Tungsten Precursor Gas Injection System (GIS) has been used for 

a ion-beam deposition of a Tungsten layer in the selected area of 

extraction (red area in Figure 3. 10); the Tungsten was deposited in 

two steps: a 1 μm thin layer deposition applied at a current of 0.5 

nA, and a 3 μm thick layer applied at a current of 5 nA. 

 

Figure 3. 10: A schematic of the surface coating application on a continuous 
groove ablated composite.  

2. The second step involved the most delicate part of the entire 

experiment: the FIB milling across the ablated groove in the 

selected site (Figure 3. 11b). Initially the lamellas (both in PCD and 

in PCBN) were thinned to 3 μm with a Gallium ion beam energy of 

30 kV and a current of 5 nA.  Then the thickness of the PCD lamella 

was reduced to 1 μm (width) and then to approximately 300 nm 

(width) by reducing the ion beam current progressively down to 

0.5 nA. The PCBN lamella was thinned till 200 nm to allow the 

atomic substructure to be capture in HRTEM and to reduce the risk 

of material amorphisation.  
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a)                                                            b) 

Figure 3. 11: ESEM images of the FIB procedure for lamellas preparation 
and extraction: a) multiple coating b) milling [109].  

3. The novel part of this procedure, which makes the difference with 

the previous research conducted on CVD single crystal diamond 

[92] resides in a special Tungsten strapping technique (Figure 3. 

12a) which has been used to enable both the stabilisation of the 

extracted lamellas (PCD/PCBN) and make therefore possible the 

connection of them to the support grid. This consisted of a 

deposition of a Tungsten layer via a gas injection system (GIS) 

ensuring that the strap completely crosses the graphite/hBN layer, 

producing a connection between the W layer and the PCD/PCBN 

substructure of the lamellas [109].  

 

a)                                                            b) 

Figure 3. 12: ESEM images of the FIB procedure for lamellas preparation 
and extraction: a) Tungsten strapping technique in top view b) lift-out of a 

lamella [109].  
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4. Consequently to the application of the Tungsten strap, the FIB 

miller was used to separate the lamella from the specimen and 

another Tungsten welding in four points was made between the 

lamella and the Omniprobe nanomanipulator (model 100.7) to 

allow the lift out (Figure 3. 13b) and the transfer to a Copper 

transportation grid (Figure 3. 13a).  

5. In order to allow the atomic level imaging of the extracted lamellas, 

a final thinning was necessary. This thinning involved only the two 

areas of interest respectively with high/low laser energy density to 

approximately 100-150nm thickness (Figure 3. 13b) using a 

current of 0.10 nA [109].  

 

 

a)                                                            b) 

Figure 3. 13: SEM images of the FIB procedure for lamellas preparation and 
extraction: a) lamella mounting onto a support grid; b) FIB rastering of the 

sites of interest corresponding to the sectional locations of the ablated 
groove [109]. 

 

3.6 Generation of orderly micro-abrasive arrays in 

PCD/PCBN structures 

The PLA parameters optimisation process (Section 3.4) and the study of 

the thermal response of different materials to PLA (Section 3.5) were 

propaedeutic to the most important generation of micro-abrasive features 

in the selected materials via PLA technology. This paragraph aims at 

5. Mounting of the lamella on the 
TEM support grid

W welding

High fluenceLow fluence
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explaining the utilised methodology to approach the design and 

generation of selected geometries onto micro structurally different 

materials. Many have been the reiteration phases in this process, mainly 

due to the difficulty in prediction of the PLA results when different laser 

paths are input in the software. For this reason, Section 3.6.1 shows how 

this prediction was approached in term of direction of ablation, border cut 

selection and tilting of the sample to be ablated. Section 3.6.2 explains the 

process of design for the final achievement of the micro-abrasive arrays. 

Figure 3. 14 shows a flowchart containing the methodology adopted for 

the manufacture of the micro-abrasive arrays via PLA technique.  

 

Figure 3. 14: Flowchart of the process for the manufacture of the orderly 
micro-abrasive cutting arrays via PLA.  

3.6.1 Influence of the laser path parameters in the design of 

abrasive geometries 

As shown in the flowchart in Figure 3. 14, the methodology used in this 

experiment involved an extensive literature review regarding the 
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Understanding how direction of ablation, border cuts 

and design affect the ablation process (Chapter 6)

Manufacture of the ultra-hard micro-arrays via PLA 

(Chapter 7)

ESEM for geometrical/damage evaluation of the 

achieved micro-arrays (Chapters 6&7)
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clearance/rake angles in abrasive/cutting elements (see Section 2). This is 

aimed at understanding which cutting edge geometry could have been 

advantageous in order to study the influence of microstructural factors in 

the wear tests of different composite materials. Previous work on single 

CVD crystal diamond already proved the advantages of a tool (in single 

crystal diamond) whose surface would be composed of many orderly 

abrasive surfaces [4].  

After an extensive literature review (see Section 2.2.1) a cutting edge 

geometry (insert in Figure 3. 15) with a positive rake angle of 10° 

(tolerance ±4°) clearance angle of 30° (tolerance ±4°) was selected for the 

following reasons: 

 Although negative rake angles are generally preferred to reinforce 

the abrasive edges, positive rake angles decrease both the amount 

of cutting forces and the vibration occurring during the 

wear/cutting test, facilitating the chip flow [19], enabling the wear 

progression analysis as a function of the microstructural factors of 

the composite.  

 Previous work on single crystal diamond abrasive arrays [4], [5] 

focussed on the production of staggered pattern of cutting elements 

but the sharpness of the desired abrasive edges represent (Figure 

3. 15) an important novelty of this research work.  

 

Figure 3. 15: CAD design of the overall abrasive array and insert of desired 
geometry in term of rake and clearance faces.  

Once the desired geometry was selected, it was necessary to understand 

how the laser path parameters (e.g. direction of ablation, use of border 

1 mm

Abrasive array

Abrasive edge
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cuts) could affect the PLA process in the manufacture of the desired 

abrasives. In fact, differently from the laser parameter optimisation 

methodology described in Section 4.4, it is evident that there are many  

variables involved in the manufacture of the abrasive arrays, especially 

when aiming at a complex geometry as the one represented in Figure 3. 

15. For this reason, both pulsed laser ablation and laser path parameters 

were considered in order to understand how these are affected by the 

design of the to-be-generated arrays. Regarding the understanding of laser 

path parameters, two experiments were performed: one to evaluate the 

effect of using border cuts and the other to study the influence of direction 

of ablation during PLA. This was propaedeutic to the achievement of the 

selected micro-abrasive arrays, reported in Section 3.6.2.  

In Section 3.4.1 a design of experiments was used to see the combined 

effect of the variation of laser average power (𝑃𝑚=50-100 W), pulse 

frequency (f =30-50 kHz) and beam feed speed (v= 100-900 mm.s-1) onto 

PCD (10 mm x 10 mm x 1.5mm) and PCBN (10 mm x 10 mm x 1.7mm) 

specimens composites.  

Experiments in Sections 3.4.2, 3.4.3, 3.4.4 lead to the achievement of 

optimum laser parameters for both PCD and PCBN (see Table 3. 10).  

Table 3. 10: Optimised laser parameters for the generation of micro-
abrasive arrays PCD/PCBN composites. 

Specimen 𝐏𝐦 [W] f [kHz] v [mm.s-1] τ [us] 

PCD 70 30 400 10 

PCBN 70 20 300 10 

 

At this point an understanding of the influence of direction of ablation was  

necessary; for this reason another experiment was set up to evaluate how 

the angle of the laser beam onto the composite could affect the extent of 

ablation. This experiment consisted of alternating the direction of ablation 

among three variants (Figure 3. 16): a random direction of the laser beam 

respect to the solid specimen (e.g. angles: 0°, 45°, 90°, 135° etc.), a 0° and a 

90° orientation of the laser beam to the specimen. For this purpose an 

initial CAD design reproducing the to-be-generated array geometry has 
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been input in the laser software. The laser parameters used are the ones 

reported in Table 3. 10.  

 

Figure 3. 16: Schematic of the different type of direction of ablation of the 
laser beam.  

This experiment was needed in order to select the optimum direction of 

ablation for the generation of the to-be-generated micro-arrays and to 

understand how the orientation affects the sharpness of the cutting edges. 

After selecting the direction of ablation suitable for the specific to-be-

generated geometry, another experiment was set up for the evaluation of 

the influence of using the border cut as the selected option in the laser 

software. For this purpose, specific geometries whose edge sharpness 

could be measured (e.g. triangular, hexagonal) were selected to be 

produced onto the PCD/PCBN composites via the ablation of multiple 

layer grooves providing a rapid method of generating patterns and 

allowing to understand the difference in extent of ablation and sharpness 

of edge between the ablated features with border cut and without border 

cut.  

3.6.2 Design for the generation of the micro-cutting arrays  

Once the influence of the laser path parameters was fully understood 

through the experiments in Section 3.6.1, the design for the manufacture 

of the to-be-generated micro-abrasive arrays was optimised. The 

optimisation procedure for the CAD design to be input in the laser 

software required an extensive amount of repetition, mainly due to the 

objective of fully understanding the laser process and to achieve a control 

Random direction of 
ablation

0° direction of 
ablation

90 ° direction of 
ablation
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of the use of laser to enable the generation of any geometry. A first 

experiment was conducted to study the effects of the array orientation in 

the CAD design onto the generation of the abrasive pads. Because the 

process of laser ablation for generation of complex 3D geometries requires 

an approach in three dimensions, previous researchers [4] have shown 

that it is possible to introduce a tilting of the target material (to be 

ablated) in order to allow the motion of the beam along one more axis 

(Figure 3. 17).  

 

Figure 3. 17: Schematic showing the positioning of the ultra-hard specimen 
to the laser beam.  

 

The experiment was conducted to study the effects of the array orientation 

in the CAD design onto the generation of the abrasive arrays: using 

multiple laser passes (overscan) the laser software was programmed in 

order to generate micro abrasive features (depth, 0.1 mm; length, 0.3 mm; 

width, 0.3 mm) on PCD/PCBN structures (10 mm x 10 mm x 1.5/1.7 mm) 

like those represented in Figure 3. 18: single abrasive features to be input 

in the laser software are depicted, and their dimensions shown.  
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Figure 3. 18: Example of the dimensions of the ablated abrasives in the CAD 
design.  

This laser ablation experiment included a variation of design angle 

orientations, each angle variation resulted into producing geometries with 

highly controllable clearance/rake faces: the use of an incremental angle 

variation was done to avoid the grooving effects typical of a multi passes 

ablation at a fixed angle (Figure 3. 19).   

 

 

Figure 3. 19: Schematic of a CAD design for the variation of the orientation 
of the specimen to be ablated.  

One of the iteration steps in the design of the CAD file to be input in the 

laser software was related to the spacing between micro-abrasives. As 

shown in Figure 3.19, the micro-abrasives are homogeneously staggered 

0.1 mm

10°

20 °

30°

Area of 
overlapping
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and there is an overlapping between each single line. A novel multi-step 

ablation procedure has been adopted in order to reduce the thermal 

exposure of the material in the areas of overlapping. This procedure 

consisted in separating the laser path files (and consequently the CAD 

drawings) into different files which could be input in the laser software at 

different stages, enabling to minimise the thermal response in the areas of 

overlapping (0.05 mm); each file consisted of a group of cutting edges not 

in contact between each other and with a set distance of 0.3 mm between 

each feature and each line (Figure 3. 18).  

Four separated CAD files (Design 1 to 4) were input in the laser software 

to programme the laser for minimum thermal exposure in the areas of 

overlapping (thickness 0.05mm) of the abrasives and Figure 3. 20 depict 

the ensemble of the four designs.   

 

Figure 3. 20: Schematic of the ensembles of the CAD drawings unifying 
design 1 to 4.  

After the generation of the laser ablated micro-arrays at every stage of the 

optimisation process, the following equipment was employed: 

 A Talysurf CSI 1000 contact autofocus profilometer was used for 

topographical analysis of the protrusion height of the abrasives, the 

evaluation of the repeatability and the measurement of the cutting 

edge geometry. 

 A Philips XL30 Environmental Scanning Electron Microscope 

(ESEM) was used for the microscopical evaluation of the surface 

integrity of the micro-abrasives in the areas of overlapping and for 

the evaluation of the sharpness of the cutting edge which was 

30°
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measured by positioning the sample in the cross section of the edge 

(by using a special cross section specimen holder).  

The laser ablation technique (multi-step PLA procedure), combined with 

the optimised design was set up for the generation of the orderly arrays 

with staggered micro-abrasives elements onto all of the thick film 

PCD/PCBN materials cited in Section 3.2. The optimal laser parameters 

achieved by the methodology explained in Section 4.4 were used for the 

generation of the micro-abrasive arrays (Table 3. 10). Each generated 

array was composed of overlapped cutting elements (depth, 0.1 mm; 

length, 0.3 mm; width, 0.25 mm) and had a population of 96 abrasive 

elements per mm2. 

 

3.7 Evaluation of wear-resistant properties of micro 

structurally different PCD/PCBN arrays 

3.7.1 Selection of the benchmark specimens 

For the selection of the benchmarked specimens, the geometry of a single 

laser generated abrasive element was considered and a circular geometry 

was plotted to intersect the rectangle representing the top view of the 

feature. This lead to the calculation of the approximate nominal diameter 

for the grit selection: a nominal diameter of 400 μm was calculated as 

shown in Figure 3.21.  

 

Figure 3. 21: Geometry of the single abrasive element and identification of 
the nominal diameter for the selection of the grit. 

Circular geometry for 
grit selection

Nominal minimum 
diameter for grit selection
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Once the minimum nominal diameter value was calculated, this was then 

compared to the sizes of the abrasives graded to the Federation of 

European Producers of Abrasives (FEPA) standards, leading to the choice 

of an average nominal size of 500 μm to provide a reasonable comparison 

with the dimensions of the micro-abrasive edges. Once the grit size and 

type (D501 for the diamond specimen, B501 for the cubic boron nitride 

specimen), were selected, the base specimens to be electroplated were 

designed having the same dimensions of the laser generated arrays (10 

mm x 10 mm x 1.5 mm). In both cases, the substrate material is boron 

carbide (thickness 1 mm) and the bonding type is a Nickel electroplating 

 

3.7.2 Setup of the test to evaluate the wear properties of the 

PCD/PCBN laser generated micro-abrasive arrays 

Once the generation of micro-abrasive arrays was achieved as explained in 

Section 3.6, a procedure was developed for the evaluation of the wear 

progression and consequently the wear performance of each generated 

array. A 5-axis grinding centre (Makino A55; max. spindle speed, 19,000 

rpm; spindle power, 30 kW) was used for the wear/cutting tests and the 

cutting forces were acquired at a sampling rate of 10 kHz. A schematic of 

the test set-up is represented in Figure 3. 22.  

 

 

Figure 3. 22: Schematic of the monitoring equipment for the test set-up and 
the acquisition of the forces.  

A dedicated fixturing system (Figure 3. 23a) was employed to 

accommodate a 3-axis miniature dynamometer (Kistler 9317b) connected 

to three (one for each axis) charge amplifiers (Kistler 5011B10) and then 

to a data acquisition board (National Instrument BNC-2110) and dedicated 
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Labview software to save and process the signals (Figure 3. 22). The 

wear/cutting trials were conducted using a coolant (Houghton 3380, 

concentration 8-10%) delivered through the nozzle at a pressure of 20 

bar.  

 

a)                                                     b) 

Figure 3. 23: Test set-up: a) positioning of the array in the fixturing system, 
b) connection of the transducer/fixturing system/array into the grinding 

machine.  

The test procedure can be summarised as follows: 

1. Initially the nozzle was set to be 100 mm above the abrasive array. 

Then, the contact between the array and the SiO2 shaft was verified: 

this was achieved by using Labview software that was displaying 

the instantaneous signal acquired along X, Y and Z directions. In 

particular, the touch between shaft and array was verified when 

the Labview screen was showing a signal along Z, that corresponds 

to the direction of depth of cut (Figure 3. 24b).  

2. Once the contact was verified, the workpiece (SiO2 shaft) was 

subjected to a rotational motion while the laser generated array to 

a translational motion in Z direction to give a depth of cut and 

create a contact pressure between shaft and array (Figure 3. 24a). 

Initially the depth of cut was chosen to be equal to 5% of the total 

edge height (shown in Figure 3. 15), so 5 μm was used. This depth 

of cut (in the Z direction) demonstrated to be suitable for PCD 

arrays since the wear progression was slow enough to be 

characterised; a different phenomenon occurred in the PCBN 
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arrays. In this case, the use of a 5 μm depth of cut drastically worn 

out the micro-edges, not allowing the wear progression to be 

slowly characterised. For this reason, a depth of cut of 1 μm was 

selected to repeat the test on the PCBN/electroplated CBN.  

3. Once the depth of cut was given to the array, a translational motion 

was imposed to the abrasive array in the X direction, while 

rotational motion of SiO2 shaft was occurring. The test of each array 

consisted in a previously established number of passes: 5000 

passes (length of cut, 50 m) for the PCD arrays/electroplated 

diamond, and 1000 passes (length of cut, 10 m) for the PCBN 

arrays/electroplated CBN. Each pass was a combination of the 

following motions along the two axes: the touch between array and 

shaft (with rotation occurring), the depth of cut of the shaft into the 

array (in the Z direction), the translational motion of the array (in 

the X direction) covering the length of the array (10 mm), the shaft 

lift off (in the -Z direction), the translational motion of the array (in 

the-X direction).  

4. At an intermediate set of 250 passes, the abrasive arrays were 

characterised: an environmental scanning electron microscopy 

(ESEM Philips XL30) was used for the evaluation of the wear 

progression of microstructurally different arrays.  

5. A Talysurf CL100 was used for the identification of surface 

topography prior and at the end of each test.  

 

a)                                                                 b) 

Figure 3. 24: CAD schematic of: a) 3D contact between abrasive array and 
Silicon dioxide shaft; b) cross section of the contact.  
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3.7.3 Approach for the comparison of the electroplated 

cutting forces versus the PCD/PCBN micro-cutting arrays 

The selected electroplated benchmarks differ from the arrays not only 

because the grits are randomly oriented on the surface, but also because of 

the density (number of grits/cutting edges per surface area). As 

mentioned in Section 3.7.2, a 3-axis dynamometer was used to acquire the 

forces produced during the wear test, and a Labview was employed to 

process the forces and convert them into a signal characteristic of each 

intermediate number of passes.  In order to compare the signal acquired 

from the PCD/PCBN array with the one deriving from the benchmarked 

specimens, a novel procedure was developed and proposed for the 

normalisation of the cutting forces and to allow a comparison of the 

contact pressure produced. Because the cutting force is acquired during 

the motion of the array/electroplated against the shaft, a procedure was 

set-up to evaluate the instantaneous contact area between specimen and 

shaft and the contact pressure per single micro-edge/grit, making possible 

the comparison. The area (A) of contact between single abrasive edge/grit 

and the shaft was calculated both theoretically and experimentally. The 

theoretical calculation of the single abrasive element was made by 

considering the geometry of the cutting edge reported in Figure 3. 25.  

 

Figure 3. 25: Schematic of the geometry for the theoretical calculation of the 
area of contact for depths of cut of 1 and 5 μm in the single cutting element.  

Because of the random geometry of the grits, the assumption of a spherical 

profile was made and consequent areas of contact (for 1 μm and 5 μm 

depths of cut) with the shaft were calculated as shown in Figure 3. 26.  
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Figure 3. 26: Schematic of the geometry for the theoretical calculation of the  
area of contact for depths of cut of 1 and 5 μm in the single grit (assumed 

spherical). 

The experimental contact areas were measured by using a novel 

procedure which followed the steps reported as follows: 

1. Firstly, both the laser generated arrays and the electroplated 

specimens were scanned for evaluation of surface topography via 

the profilometer described in Section 3.4. 

2. A thresholding process was used to measure the area of contact at a 

depth of cut of 1 μm and 5 μm after 250 passes and at the end of the 

test (1000 passes for PCBN/electroplated CBN, 5000 passes for 

PCD/electroplated diamond). Since the topographical scan involves 

the acquisition of a variable number of profiles, the tresholding 

process consisted of excluding (among all of the profiles) the ones 

not belonging to the 1 μm depth (for PCBN/electroplated CBN) and 

5 μm depth (for PCD/electroplated diamond) in order to identify 

only the surface at specific depths of cut (1 μm, 5 μm).  

3. The acquired cutting forces at the beginning of the test and at the 

end of it were then transformed to contact pressures by using Eq. 3: 

𝑝 = 𝐹𝑎/𝑁𝐴                                                                                                (Eq. 3),                                                                    

where A  is the area of contact between single abrasive edge/grit 

and shaft, N is the number of abrasive edges/grits in the 

instantaneous contact area of 5 𝑚𝑚2; F𝑎 is the average acquired 

cutting force, 𝑝 corresponds to the contact pressure of the shaft on 

the single abrasive edge/grit. This has been calculated taking into 

account the number of micro-edges/grits present in the 

1 μm5 μm

Area of contact for 1 μm
depth of cut

Area of contact for 5 μm
depth of cut
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instantaneous contact area of 5 mm2. In particular, after a 

statistical evaluation of the protrusion height of the grits and the 

calculation of the number of grits in contact with the shaft, it has 

been considered 45 micro-edges versus a number of 7 grits in the 

instantaneous contact area.  

4. With the calculated contact pressures at the beginning/end of the 

test, it was possible to find a coefficient of normalisation of the 

cutting forces acquired at intermediate stages of the test (e.g. 250, 

500, 750, 1000 passes for PCBN; up to 5000 for PCD) that allowed 

to recalculate all of the acquired forces and to compare the contact 

pressures from the benchmarked specimens with the arrays.  

3.8 Conclusion and remarks 

The following section aims at summarising the previously described 

methodology adopted for the achievement of the objectives of this 

research. In regard to the procedures mentioned in Sections 3.1-3.7, the 

following considerations could be made: 

1. The selection of ultra-hard materials (reported in Section 3.2) for 

the manufacture of laser generated arrays was done to enable an 

understanding of the role of the binder in thermal response of 

polycrystalline matrices as well as in the wear progression 

characteristics. For this reason, polycrystalline structures 

(PCD/PCBN) with different binder bulk volume percentage 

composites and consequently different diamond grain size 

materials were selected.  

2. As widely described in Section 3.3, the properties of Silicon dioxide 

(SiO2) composite material lead to its selection as workpiece 

material for the evaluation of the wear progression of PCD/PCBN 

micro-arrays during the simulated wear/cutting tests. In fact, SiO2 

high hardness [111] may reduce the wear progression rate of the 

tested abrasive arrays and therefore allow the single steps of wear 

progression to be analysed and discussed [59]. 
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3. In the process of optimisation of PLA parameters (described in 

details in Section 3.4 and shown in Figure 3. 3), an ensemble of 

multiple step methodologies has been used. Firstly, a design of 

experiments (DOE) has been used to produce laser ablated 

surfaces: topographical scans and environmental scanning electron 

microscopy were employed allowing the identification of possible 

thermal effects deriving from the combination of more than one 

variable. Secondly, the optimal set of parameters in output from the 

design of experiments (Section 3.4.1, Figure 3. 3) were used as the 

starting set of parameters to identify the suitable energetic 

parameters to reduce surface integrity anomalies (e.g. crater 

inhomogeneity, elongated craters) and to promote geometrically 

homogeneous craters avoiding double pulses (Section 3.4.2). 

Thirdly, the effect of variation of beam speed were studied in the 

generation of laser ablated craters and continuous grooves (Section 

3.4.3). Finally, once the methodology proposed in Sections 3.4.1-

3.4.3 allowed the identification of a set of optimal laser parameters, 

an evaluation of the chemical changes occurring in the composite as 

a function of the laser energy density/fluence was performed via 

EDX analyses (Section 3.4.4). The latter also allowed preparing the 

materials for the methodology proposed in Section 3.5.  

4. A technique combining FIB, EDX, ESEM, HRTEM and EELS 

(described in-depth in Section 3.5) has been set up to allow the 

identification of the thermal response of ultra-hard composite 

materials PCD/PCBN at sub-atomic level. In particular this 

procedure allowed: (i) identification of the extent of allotropic 

transformation (e.g. diamond to graphite, cBN to hBN) and the 

relationship with the laser pulsed energy density (e.g. low energy, 

high energy). (ii) Identification of the transition phases (e.g. Co, 

diamond, graphite, TiC, cBN, hBN) and the interfaces between 

Co/diamond and TiC/cBN using HRTEM/EELS. (iii) Evaluation of 

the undisturbed interface Co/diamond and TiC/cBN and 
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underlying substructure outside the range of high level energy 

density. 

5. Section 3.6 explained the methodology (Figure 3. 14) utilised to 

approach the design and generation of selected geometries onto 

microstructurally different materials. In particular, this involved a 

multiple step procedure which considered at first a wide literature 

survey for the selection of the to-be-generated cutting edge 

geometry. Then, the use of ESEM analyses allowed an 

understanding of the variation of laser path parameters (direction 

of ablation, use of border cuts) and identification of the optimal 

design for the to-be-generated arrays (Figure 3. 14).  

6. Once the generation of micro-abrasive arrays was achieved, a 

procedure was developed for the evaluation of the wear 

progression and consequently the wear performance of each 

generated array (Section 3.7). A 5-axis grinding centre (described 

in 3.7.2) was used for the wear/cutting tests and the cutting forces 

were acquired at a sampling rate of 10 kHz. A dedicated fixturing 

system was employed to accommodate a 3-axis miniature 

dynamometer connected to three charge amplifiers and then to a 

data acquisition board and dedicated Labview software to save and 

process the signals.  

This chapter reported about the methodologies and procedures which 

have been used for the achievement of the objectives (described in 

Chapter 1); in particular Sections 3. 4-3. 7 are proposing approaches that 

have been followed to achieve the results shown from Chapter 4 to 

Chapter 7.  
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Chapter 4 

Optimisation of process parameters for 

PLA of PCD/PCBN composites 

This chapter contains the results achieved in the optimisation process of 

PLA parameters (energetic and kinematic) necessary to enable the micro-

processing of microstructurally different ultra-hard composites. In 

particular, it contains: (i) the results of characterisation of all of the 

materials before ablation (Section 4.1) necessary for an in-depth 

understanding of the materials properties before PLA; (ii) the results from 

design of experiment (DOE) in Section 4.2 whose details have been 

described in Section 3.4.1; (iii) topographical and microscopic analysis of 

the laser ablated spots as a function of the energetic parameters in Section 

4.3, whose details of experiments are reported in Section 3.4.2. (iv) 

Topographical and microscopic analysis of the laser ablation in relation to 

the variation of kinematic parameters in Section 4.4, whose details of 

experiments is described in Section 3.4.3. (v) Finally the results of the 

methodology proposed in Section 3.4.4 to evaluate the extent of ablation in 

different composites are reported in Section 4.5.  

4.1    Characterisation of selected materials before 

PLA  

In order to acquire an in-depth understanding of the material 

microstructural properties (e.g. binder bulk volume percentage, ultra-hard 

grain size), a characterisation of the materials prior PLA was necessary. It 

is well known that during the synthesis process of polycrystalline ultra-

hard structures, the composite properties change as a function of the 

bonds created between the ultra-hard grains during the intergrowth 

process [119] as described in details in Section 2.1.1. In this contest, an 

evaluation of the surface roughness of the polished composites (via 
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TALYSURF and AFM, Atomic Force Microscope), their microscopic 

properties (via ESEM), crystal structure (via XRD) and chemical 

composition (via EDX) is required.  

The materials and methodology adopted for experiments/characterisation 

are described in detail in Section 3.2 and the microstructural properties of 

the materials are reported in Table 3.1. ESEM microscopic imaging results 

for the PCD materials before PLA are reported in Figure 4. 1: backscatter 

ESEM images show the metallic binder (cobalt) in the bright areas and the 

ultra-hard phase (diamond) in the dark areas.  

 

Figure 4. 1: Backscatter ESEM imaging of PCD polished surfaces before PLA 
showing the diamond grains in the black areas and Co in the grey areas : a) 

CMX850 fine grained specimen, b) CTH025 coarse grained specimen; c) 
CTM302 mix grained specimen. 

The ESEM characterisation is important to understand the difference in 

diamond grain size between the selected composites: fine (Figure 4. 1a), 

coarse (Figure 4. 1b) and mixed (Figure 4. 1c) grained structures. 

ESEM micrographs for the PCBN composites, whose microstructural 

properties were described in Table 3.1, are reported in Figure 4. 2; here it 

is evident the different microstructure in the case of purely ceramic binder 

(Figure 4. 2a), metallic mixed with metalloids Al and B Figure 4. 2b) and 

purely metallic (Figure 4. 2c). 

Cobalt binder

Diamond grain

Cobalt binder

Diamond grain

Cobalt binder

Diamond grain

a) 

b) c) 

http://en.wikipedia.org/wiki/Crystal_structure


 

82 
 

 

Figure 4. 2: Backscatter ESEM imaging of PCBN polished surfaces before 
PLA showing CBN grain in the black areas and binders in the grey areas: a) 

DCC500 fine grained purely ceramic binder specimen , b) DBW85 metalloid 
binder specimen; c) DBS900 purely metallic binder specimen.  

Atomic force microscopy results prior to PLA are depicted in Figure 4. 3 

for a coarse grained PCD polished specimen: it can be noticed that: (i) the 

roughness of the polished sample shows a peak of 108.9 nm in the 

brightest areas, indicating the good quality of the manufacturer’s polishing 

on the ultra-hard material: a polished surface is really important for the 

preparation to micro-processing because it reduces the complication 

typical of thermal processes; (ii) often the infiltration of metallic binder in 

the voids created by the diamond bridges formed during the synthesis 

process (Section 2.3) is not occurring because of the condition of the 

synthesis. An example of this is depicted in the insert of Figure 4. 3: voids 

of the order of 200 nm are indicated in the black areas.  

AlWCoB binder phase
CBN grain Co-Ni binder phase

CBN grain

TiC binder phase
CBN grain

a) 
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Figure 4. 3: Atomic force microscope (AFM) tapping mode imaging of the 
coarse PCD specimen  CTH025: a) large specimen area, b) detail of the large 

area.  

Based on the data provided by the materials manufacturer, it has been 

necessary to populate the material data information by using different 

characterisation techniques as widely described in Chapter 3. The use of 

XRD is particularly important when information on the crystal structure is 

needed. In this case, this was essential to provide an understanding of the 

crystal structure for microstructurally different composites, which was 

unknown when receiving the specimen from the provider. Examples of the 

results of XRD technique are depicted in Figure 4. 4 (PCD specimen) and 

Figure 4. 5 (PCBN specimen).  

XRD (X-Ray Diffraction Spectroscopy) results provided important 

information on the material crystal structure. This technique is based on 

observing the scattered intensity of an X-ray beam hitting a sample as a 

function of incident and scattered angle, polarization, and wavelength.  

Void

a) 

b) 

http://en.wikipedia.org/wiki/Scattering
http://en.wikipedia.org/wiki/Intensity_(physics)
http://en.wikipedia.org/wiki/X-ray
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Face cubic centred (FCC) of the cobalt and of the diamond are indicated 

respectively from the blue and red peaks in Figure 4. 4, while the green 

peak proving the presence of WC in the PCD layer, indicated that the 

infiltration of WC from the substrate occurred during the synthesis 

process [17], [119].  

 

Figure 4. 4: XRD results for the characterisation of CTM302 mixed grained 
PCD specimen.  

 

An example of the XRD characterisation results for the PCBN composite is 

shown in Figure 4. 5: the red peaks have indicated the presence of a 

ceramic binder Titanium Carbide (TiC) with cubic lattice structure, while 

green peaks have shown the presence of BN in a face centred cubic lattice 

structure. These results confirmed the ones achieved via EDX on the ESEM 

equipment.  
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Figure 4. 5: XRD results for the characterisation of DCC500 PCBN specimen. 

AFM analysis on the PCD structures indicated that the formation of voids 

of different extent occurred during the synthesis process, this probably 

occurred because the metallic binder (cobalt) did not infiltrate into the 

pool created by the intergrowth between diamond grains because in the 

synthesis process the synthesis of diamond and cobalt powders is difficult 

to control and the condition (p, T) might have not allowed this to happen 

[120]. The combination of EDX and XRD allowed characterising the 

composite chemical composition and crystal structure prior ablation to 

enable the identification of the change in structure that might occur as a 

consequence of the thermal excitation during PLA.  

4.2 Design of experiment (DOE) 

As widely described in Section 3.4.1, a DOE was necessary for a pre-

optimisation of the laser parameter combination. In fact, since many are 

the variables involved in the PLA process (beam scanning speed, laser 

average power, frequency, pulse duration) it is important firstly to gain an 

understanding of the effect of the variation of multiple variables. This 

section includes the results of the design of experiments and the main 
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considerations which allowed proceeding to the second step of 

optimisation (see Figure 3.3).  

4.2.1 Preliminary investigation of process parameters: 

results of Design of Experiments 

As widely reported in Section 3.4.1, a sequence of four designs of 

experiments has been selected as a preliminary step for the evaluation of 

the optimal parameters in PLA of the selected composites. Two full 

factorial and two Taguchi experiments have been adopted: in particular it 

is important to understand the reason of this selection. The first full 

factorial design (Pm, f, v = variable; τ = constant) has been performed for a 

general understanding of the results of combining different parameters, 

while the second full factorial (Pm, f = variable; τ, v = constant) specifically 

focused on the variation of energetic parameters. As a consequence of 

these two, the first Taguchi (Pm, f, v, τ = variable) has been selected for a 

rapid evaluation of the influence of a variable pulse duration and the 

second Taguchi (Pm, f, v = variable; τ = constant) for a confirmation of the 

trend achieved by the first factorial design. The proposed sequence of DOE 

is due to the scarce knowledge of PCD/PCBN composites in the PLA 

process and a need to a rapid approach which represents only the first 

stage of the optimisation (as proposed in Figure 3.3).  

The full factorial design whose selected parameter ranges (Pm = 50, 70, 90, 

100 W; f = 10, 30, 50 kHz; v = 100, 300, 500 mm.s-1; τ = 15 µs) are shown 

in Table 3.3 (Section 3.4.1) employed the use of multiple combinations for 

a total of 27 runs. Figure 4. 6 depicts the outcome of this full factorial DOE: 

it can be noticed that specific sets of PLA parameters do not lead to the 

ablation of the workpiece material. In the case shown in the figure the 

variables affecting the PLA are mostly energetic (Pm, f); in fact for Pm = 100 

W, f = 30 kHz, v = 500 mm.s-1 and for τ = 15 µs and Pm = 100 W, f = 50 kHz, 

v = 500 mm.s-1, τ = 15 µs the laser did not remove material from the 

surface. By using Equation 2 in Section 3.4.4, the values of energy density 

for the ablation that did not occurred have been calculated to be 17.7 

MWcm−2 ,10.6 MWcm−2respectively.  
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Figure 4. 6: Optical microscopy imaging of the results from full factorial 
design described in the methodology in Table 3.3. 

As reported in Section 3.4.1 a second DOE has been utilised Results from 

the second full factorial design (Pm = 30, 60, 90 W; f = 5, 10, 15 kHz; v = 

800 mm.s-1; τ = 30 µs) are reported in Figure 4. 7: as in the previous case, 

laser ablation did not always occur, in particular this happened because of 

the variation of energetic parameters (Pm, f) and the use of a too low value 

for Pm= 30 W. By using Equation 2 in Section 3.4.2, the values of energy 

density (corresponding to the site where ablation did not occurred) have 

been calculated and are equal to 5.3 MWcm−2 (for Pm = 30 W; f = 15, kHz; τ 

= 30 µs), 7.96 MWcm−2(for Pm = 30 W; f = 10, kHz; τ = 30 µs) and 15.9 

MWcm−2 (for Pm = 30 W; f = 5, kHz; τ = 30 µs).  

 

Figure 4. 7: Optical microscopy imaging of the results from Full factorial 
design described in the methodology in Table 3.4. 

The Taguchi design was performed using the values reported in Table 3.5 

in Section 3.4.1 (Pm = 30, 60, 90, W; f = 10, 30, 50 kHz; v = 100, 300, 500 

mm.s-1; τ = 5, 10, 15 µs); the results of this experiment indicated again that 

Run not ablated

Run not performed
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the use of a too low Pm (30 W) prevented the ablation to occur as shown in 

Figure 4. 8.  

 

Figure 4. 8: Optical microscopy imaging of the results from Taguchi design 
described in the methodology in Table 3.5.  

4.2.2 Observation and discussion 

In both full factorial designs, the laser did not ablate the surface for values 

of Pm= 30, 100 W (PL= 17.7 MWcm−2 ,10.6 MWcm−2); this can be 

explained considering the lasing threshold: at low energy density the 

material evaporates/sublimates, at high energy density the material 

converts to plasma [121]; hence, it was found that in these experimental 

conditions, if the energy densities are outside the range of energy 

threshold (10.6 MWcm−2 < PL< 17.7 MWcm−2) the ablation does not 

occur. The combination of full factorial design and Taguchi design allowed 

a first identification of the energy density gaps that enable PLA to occur or 

not. In particular, it can be commented that it is not solely the energy 

density that needs to be taken into consideration for the laser ablation to 

occur because this is a combination of three laser variables (Pm; τ; f) as 

indicated in Equation 2. Table 4.1 shows that for same values of energy 

densities (10.6 MWcm−2ablation) did not always occur, and the main 

differences between these cases were Pm and f, thus an in-depth study of 

the variation of Pm was conducted and the results are presented in Section 

4.3.  

 

 

Run not performed
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Table 4. 1: Calculated values for energy density for full factorial experiment 
reported in Table 3.4 in Section 3.4.1. 

𝐏𝐦 [W] f [kHz] τ [us] 𝐏𝐋 [M𝐖𝐜𝐦−𝟐] Status of ablation 

60 15 30 10.6  Occurred 

60 5 30 31.8 Occurred 

90 5 30 47.7 Occurred 

60 10 30 15.9 Occurred 

30 15 30 5.30 Not occurred 

30 10 30 7.96 Not occurred 

30 5 30 15.9 Not occurred 

90 15 30 238 Occurred 

 

4.3 Variation of laser energetic parameters to 

enable PLA on PCD/PCBN structures 

The experiments reported in this section have been undertaken to gain an 

understanding of the response of ultra-hard composite structures to the 

laser energetic parameters, according to the experimental setup discussed 

in Section 3.4.2. 

4.3.1 Experimental results   

After the laser was setup as described in Section 3.4.2 to evaluate the 

influence of the energetic parameters onto microstructurally different 

PCD/PCBN composite, the redeposited material deriving from PLA process 

had been cleaned from the craters using an ultrasonic bath technique 

described previously; and the ablated PCD/PCBN surfaces were 

introduced to the Talysurf interferometer mentioned in Section 3.4.2 for 

profile measurements of the generated features. Figure 4. 9 depicts a three 

dimensional scan of selected craters generated at different Pm values: 

dimensional variation of crater topography is evident in the scale labels on 

each figure.  
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Figure 4. 9: TALYSURF results for variation on energetic parameters (Table 
3.7) in the case of fine grained CMX850 specimen for different laser average 

power.  

ESEM micrographs depicted in Figure 4. 10, 4. 11 provide a visual 

representation of the ablated crater generated using selected laser 

average power. In order to check the repeatability, the craters were 

created five times with same laser parameters. It has been found that for 

Pm= 70 W a homogeneous spot with well-defined round circumference 

was achieved with high repeatability; an increase in Pm up to 100W led to 

a variation of the circumference into a triangular shape with a reduction of 

spot depth and ablated volume (Table 4.2).  

 

Figure 4. 10: ESEM images showing the effect of variation of laser average 
power (Table 3.7) onto the coarse grained CTH025 specimen.  

80 W 70 W 

90 W 100 W 
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Figure 4. 11: ESEM images showing the effect of variation of laser average 
power (Table 3.7) onto the fine grained CMX850 specimen.  

 

4.3.2 Observation and discussion 

As previously described in Section 3.4.4 and shown in Figure 3.6, an 

increase of Pm caused a decrease of homogeneity in the ablated crater 

diameter d, as evident in Figure 4. 10 and Figure 4. 11. This can be 

explained considering the energy density calculated via Equation 2 in 

Section 3.4.4: by increasing Pm, equation 2 has shown to give an increase 

in PL. The lack of homogeneity might arise because the energetic threshold 

of the target material is exceeded. In fact, when the threshold energy is 

transferred to the material, ablation takes place and the energy is 

homogeneously dissipated in the surrounding area of the crater (Pm= 

70W). At high energy density and high Pm (up to100W) the material 

directly converts to plasma [121], producing a thermal affected zone and 

causing a lack of homogeneity in the spot circumference.  

Previous work on CVD single crystal diamond demonstrated that the 

optimal values in PLA were Pm = 60 W , PL = 11.14 MWcm−2[4]. Results of 

this reported experiment (Table 4.2) are partially in agreement with what 

was indicated in the above mentioned study. On the one hand, the ESEM 

micrographs allowed the identification of the craters with homogeneity of 

the spot in the 60 W and 70 W values of Pm, and to discard all of the other 

Pm values resulting in not adequately homogeneous craters (50, 80, 90, 
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100 W). On the other hand, the topographical scans of the craters allowed 

achieving the following conclusions: (i) the ablation rate of the spot 

generated at 70 W is 8% higher than the one at 60 W; (ii) the depth of 

crater at 70 W is 10% higher than the one generated at 60 W. 

Table 4. 2: Results for specimens PCD CMX850 in the test described in Table 
3.7.  

𝐏𝐦(W) Depth(μm) Ablated Area(μm2) Ablated Volume(μm3) 
50 5.11 200 1022 
60 5.87 161 945 
70 6.09 167 1017 
80 6.19 202 1250 
90 5.10 78.3 399.3 
100 3.91 55.8 162.3 

 

As a consequence, the optimal Pm value was chosen to be 70 W for the 

above mentioned reasons. An example of craters in PCD/PCBN materials 

with an optimum laser average power is reported in Figure 4. 12.  

 

a)                                                         b) 

Figure 4. 12: ESEM micrographs of the optimised laser ablated craters in: a) 
PCD CMX850; b) PCBN DCC500.  

 

4.4 Variation of laser kinematic parameters 

In Section 4.3 the identification of the optimal Pm value was achieved and 

this value was found to be 70 W. This section focuses on the results of 

experiments performed to evaluate the influence of variation of beam 

scanning speed, for the considered average power and using the 

parameters as presented in Table 4.3. Rows of 15 (3 repetitions for each 

set of parameters) individual craters/continuous grooves were generated 
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into the surfaces of flat PCD/PCBN specimens and the results are 

presented here and discussed.  

Figure 4. 13 shows selected laser ablated rows, illustrating well defined 

separated craters (Figure 4. 13a) and a continuous laser groove (Figure 4. 

13b) generated using parameters reported in Table 3.9 in Section 3.4.3.  

 

a)                                       b) 

Figure 4. 13: ESEM micrograph in PCD CMX850 representative of: a) single 
ablated craters (v=500𝐦𝐦𝐬−𝟏), b) continuous groove (v=100𝐦𝐦𝐬−𝟏).   

ESEM analysis enabled the evaluation of geometrical differences between 

minimum (100mms−1) and maximum beam scanning speed (500mms−1) 

and finding an inverse relation between depths of ablation and scanning 

speed: it can be commented that by decreasing v 5 times, an increased 

depth of ablation up to 63% was found (Figure 4. 14).  

 

a)                                                       b) 

Figure 4. 14: ESEM cross section images on the variation of kinematic 
parameters: a) v=500𝐦𝐦𝐬−𝟏; b) v=100𝐦𝐦𝐬−𝟏.  

The topographical analysis performed as described in Section 3.4.3, have 

allowed the identification of the actual overlapping percentage between 

consecutive spots as the decreasing of the scanning speed decreases from 

Single crater Continuous 
groove

Interface 
between 
craters
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500mms−1 to 100mms−1. The results are reported in Figure 4. 15 

(v=300mms−1) and Figure 4. 16 (v=100mms−1): the schematic red craters 

illustrate the consecutive spots and the blue profile represents the 

theoretical overlap profile, comparable to the actual overlap profile shown 

in the topographical measurement.  

 

Figure 4. 15: Talysurf results showing the overlapping between consecutive 
spots for v=300𝐦𝐦𝐬−𝟏(the values used to achieve this roughness are 

reported in Table 3.9). 

 

Figure 4. 16: Profilometry of the overlapping between consecutive spots for 
v=100𝐦𝐦𝐬−𝟏(the values used to achieve this roughness are reported in 

Table 3.9).  

All of the experiments, whose results are presented here, were performed 

to evaluate the real overlapping profile. As previously anticipated, by 

Theoretical overlap profile

Actual overlap profile

Single craters

Single craters

Theoretical overlap profile

Actual overlap profile

Single craters

Single craters
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decreasing v (from 500mms−1 to 100mms−1), a 63% increase of ablated 

depth was found; in fact, v being a kinematic parameter, when this has 

been reduced (and PL is kept constant) there is a superimposition of 

energies that continuously overlap each other for every single pulse 

creating a deeper ablated area and provoking a gap between energies of a 

single spot and PL  of the continuous groove [74].  

 

4.5 EDX chemical environmental analysis  

In Sections 4.1-4.4 a study on the effects of laser parameters has been 

achieved for understanding how to approach the PLA process for 

microprocessing of ultra-hard materials.  In this context it is important to 

identify the ablative effect on the composite microstructure and the 

experiment reported in this section aims at understanding the effects of 

PLA onto the chemical composition of microstructurally different 

PCD/PCBN composites.  

 

4.5.1 Experimental results  

In this section, results from chemical compositional analysis at various 

positions across the crater/groove, characterized by different laser energy 

densities are illustrated and their influence on the local binder bulk 

volume percentage discussed.  

The values reported in the methodology Section 3.4.4 were used to create 

an ablated single crater (Figure 4. 17a) and ablated continuous groove 

(Figure 4. 17b) in microstructurally different PCD/PCBN specimens.  

The chosen areas of EDX analysis (corresponding to different di on the 

laser spot as shown in Figure 3. 5) are shown in the cross sections 

depicted in Figure 4. 17, labelled from 1 to 5. The calculated values for F 

and PL are reported in Table 4. 3: those values are corresponding to 

different crater/groove positions as shown in Figure 4. 17.  
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a)                                                         b) 

Figure 4. 17: ESEM micrographs of the cross section of the CTH025 
specimen showing the areas of analysis of EDX detector for the two 

different tests: a) optimised single spot achieved with test inTable 3.7; b) 
optimised continuous groove achieved from test in Table3.9. 

It is evident that the material removal rate is proportional to the laser 

energy density, mainly because of the increased depth of crater for 

increased energy, as demonstrated in Section 4.4.  

Table 4. 3: Calculated values of fluence and power density for the chosen 
areas. 

Area of analysis 𝐝𝐢(μm) 𝐅(𝐉𝐜𝐦−𝟐) 𝐏𝐋(𝐌𝐖𝐜𝐦−𝟐) 

1 10 7369 382 
2 15 3395 169 
3 25 1222 61 
4 30 849 42 
5 35 623 31 

 

ESEM micrographs of single crater/groove in top view are illustrated in 

Figure 4. 18. 

 

a)                                                         b) 

Figure 4. 18: ESEM top view micrograph showing an example of the EDX 
areas of analysis for CTH025: a) single spot crater; b) continuous groove 

(Tables 3.7-3.9).  
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Chemical analyses conducted on specimens CTH025 (Fiure 4.18) have 

shown that for the area of higher PL (Area 1) a higher presence of cobalt is 

found (Tables 4.4-4.5), while this is decreasing moving towards Area 5, 

area with low PL. The same result was found for specimen CMX850, where, 

for higher PL the Cobalt bulk volume percentage was higher than in the 

area with low PL (Tables 4.6-4.7).  

 Table 4. 4: EDX results for the continuous groove ablated (𝐏𝐦70W, τ20μs, 
f10kHz, v100𝐦𝐦𝐬−𝟏 ) in CTH025 composite. 

Element (%) 
 

C O Co 
Area 1 66.21 3.77 30.02 
Area 2 76.96 - 23.04 
Area 3 84.29 - 15.71 
Area 4 98.43 - 1.57 
Area 5 92.08 5.65 1.48 

 

Table 4. 5: EDX results for the single spot ablated (𝐏𝐦70W, τ20μs, f10kHz, 
v500𝐦𝐦𝐬−𝟏) in CTH025 composite. 

Element (%) 

 

C O Co 
Area 1 80.73 - 19.27 
Area 2 75.99 3.20 17.23 
Area 3 81.81 - 16.88 
Area 4 86.58 2.67 8.63 
Area 5 89.80 3.37 5.14 

 

Table 4. 6: EDX results for the single spot ablated (𝐏𝐦70W, τ20μs, f10kHz, 
v500𝐦𝐦𝐬−𝟏) in CMX850 composite. 

Element (%) 

 

C O Co W 
Area 1 50.45 27.40 20.13 2.02 
Area 2 79.50 3.29 15.77 1.44 
Area 3 74.40 9.68 14.74 1.19 
Area 4 81.53 5.49 9.52 3.46 
Area 5 62.70 26.98 8.29 2.03 

 

Table 4. 7: EDX results for the groove ablated (𝐏𝐦70W, τ20μs, f10kHz, 
v100𝐦𝐦𝐬−𝟏) in CMX850 composite. 

Element (%) 

 

C 

 

O Co W 
Area 1 45.96 3.80 38.74 11.50 
Area 2 54.58 4.64 36.88 3.90 
Area 3 56.29 11.83 27.76 4.11 
Area 4 75.71 3.25 17.05 3.99 
Area 5 83.19 - 15.70 1.11 
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4.5.2 Observation and discussion  

Preliminary chemical analyses (conducted from the manufacturer of the 

PCD structures, Element Six) indicated that the initial percentage of 

metallic binder (Cobalt) before PLA is 8% for specimen CTH025 (depicted 

in the blue line in Figure 4. 19) and 15% circa for specimen CTC002 

(depicted in the red line in Figure 4. 19). It has been found that after single 

spot pulsed laser ablation, the Co percentage is higher than the initial 8% 

in four of the five analysed areas for specimen CTH025 (points 1, 2, 3, 4 

above the blue line in  

Figure 4. 19); whereas the Co percentage is higher only in 2 of the five 

analysed areas for specimen CMX850 (points 1, 2 above the red line in  

Figure 4. 19).  

 

Figure 4. 19: Comparative graph for laser ablated single spots in fine and 
coarse grained PCD specimens [74].   

The chemical analyses performed after the continuous groove was 

generated indicated that the cobalt percentage is higher than the initial 

8% in three of the five analyzed areas for specimen CTH025 (points 1, 2, 3 

above the blue line in Figure 4. 20); whereas the binder percentage is 

higher in all of the five analyzed areas for specimen CMX850 (points 1, 2, 

3, 4, 5 above the red line in Figure 4. 20).  

In all of the cases it was found that the higher percentage of binder after 

ablation was corresponding to the areas of highest PL (382 MWcm−2). It 

can be commented that during PLA, for the higher PL, the temperature 
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reached in Area 1 (PL = 382 MWcm−2) is higher than the temperature in 

Area 5 (PL = 31 MWcm−2)and this resulted in material ablation through 

direct vaporization/sublimation [74], [122].  

After PLA for the generation of a single spot and based on the evaluation of 

the beam footprint, the difference in binder percentage between the a 

coarse and a fine grained specimen decreases. On the one hand, when PLA 

is performed at high scanning speed (500mms−1) there is no big 

difference in the ablative effects for fine or coarse grained ultra-hard 

structures (in term of changes in chemical composition). On the other 

hand, in PLA at low scanning speed (100mms−1), the difference in binder 

percentage between the fine and coarse grain ultra-hard specimen is 

increased with PL. In particular, the lower speed, by producing overlapping 

energies in every single spot, provoked an increased PL causing higher 

quantity of binder to melt and redeposit [74].  

 

Figure 4. 20: Comparative graph for laser ablated continuous grooves in 
fine and coarse grained PCD specimens [74].   

 

4.6 Conclusions and remarks 

In this chapter based on an extensive (DOE) testing programme, the 

influence of energetic and kinematic parameters upon chemical changes in 

the microstructure were presented and discussed for microstructurally 

different PCD/PCBN target surfaces. Furthermore results of the 
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experimental approach (described in Section 3.4) for the identification of 

optimal laser parameters for PCD/PCBN composites are presented. The 

results of this study can be summarised as follows: 

1. The DOE (Section 4. 2) enabled an understanding of the effect of 

laser parameters combination on the microscopic changes of 

PCD/PCBN structures after PLA. This lead to state that the 

minimum Pm value for ablation to occur is 40 W, and the interval of 

energy density to avoid in PLA of PCD/PCBN composites is 

10.6 MWcm−2 < PL< 17.7 MWcm−2 . 

2. The experiment on variation of energetic parameters (Section 4. 3) 

allowed to identify the topographical/microscopic changes 

occurring onto the target material and to relate them to the extent 

of energy in output from the laser. In particular it has been found 

that energetic parameters affect noticeably the geometry of 

craters/grooves: inhomogeneity in spot geometry might arise 

because of high energy density, thus the material directly converts 

to plasma. This consideration, together with the discussion on the 

material removal rate and depth of craters (Section 4.3.2), lead to 

choose an optimal Pm value of 70 W.  

3. The experiment on variation of kinematic parameters lead to 

understand the proportion between beam scanning speed and 

depth of ablation: a speed decrease concentrates the energy in a 

smaller distance, thus there is a superimposition of energies that 

continuously overlap each other explaining a deeper ablated 

spot/groove. 

4. The comparative results of chemical analysis before/after PLA have 

shown an increased percentage of binder in particular in the areas 

of highest energy density. It has been noticed that the extent of 

ablation in coarse/fine grained ultra-hard composites differ for low 

values of beam scanning speed, due to overlapping energies in the 

target material, provoking an increase of PL and higher quantity of 

binder melting and redepositing. 
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In conclusion by considering a combination of energetic and kinematic 

thresholds it is possible to identify the PLA regimes that will yield high 

controllable pulsed laser ablated crater/grooves in microstructurally 

different ultra-hard materials. Despite this, there is still a lack in 

understanding the basic process of PLA when the target material is a 

polycrystalline ultra-hard composite. Chapter 5 will cover in details the 

results of a novel technique for the evaluation of the thermal response of 

any ultra-hard material. 
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Chapter 5 

Thermal response of PCD/PCBN 

composites to PLA 

This is an essential chapter for the development of the research work. 

Results for a combined technique FIB/HRTEM/EELS are presented and 

discussed for one PCD specimen and one PCBN sample, aiming at 

understanding the thermal response of the ultra-hard composites as a 

function of the variable energy density during a single pulse. In particular, 

allotropic transformation of C (for PCD specimen) and BN (for PCBN 

specimen) are here reported.  

5.1    Thermal response of PCD structures to PLA 

As described in detail in Section 3.5.1 only one PCD and one PCBN 

specimen was selected for HRTEM analysis. This is due both to the 

achievement of the objectives and also to timing problems mainly because 

the technique FIB/EELS/HRTEM is an extremely time consuming 

procedure. As mentioned in the methodology Section 3.5.1 there were two 

main areas on which attention has been paid in the analysis of each 

specimen: a low fluence region, corresponding to the upper part of the 

groove, and a high fluence region, corresponding to the lower part of the 

ablated groove (see Figure 3. 8).  

5.1.1 Results of FIB/HRTEM/EELS analyses of the high 

fluence ablated site  

The results of the FIB technique for the preparation of the lamella (in the 

area where the peak laser fluence is experienced) is summarised in Figure 

5. 1: the white area at the top of the image represents the protective 

coating described in detail in Section 3.5.2, a distinct boundary with the 

ablated surface of the PCD is evident; the dark area shows the thinned 

lamella at a thickness 100-150nm. A low resolution EELS scan (green scale 
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in Figure 5. 1 indicates direction and length) was initially made in order to 

identify the characteristics of the PCD CMX850 specimen and the presence 

of carbonic allotropes at increasing depths under the ablated surface.  

 

Figure 5. 1: TEM image of the thin lamella (as presented in Figure 3.13 in 
Section 3.5.2) in PCD CMX850 from area of high laser fluence region 

showing the protective coating and underlying PCD substructure and EELS 
scan length and direction.  

Results from the low resolution EELS scan are refigured in Figure 5. 2: the 

X axis corresponds to the depth of EELS scan previously shown in Figure 5. 

1; the red profile represents the trace sensitive to all carbon allotropes in 

the region 0.2 – 2.2 μm, while the green profile being the trace sensitive 

only to graphitic allotropic concentrated in the range 0.2 – 1.7 μm [109].  

 

Figure 5. 2: EELS low resolution scan results across the green scan length 
shown in Figure 5. 1 [109]. 

Protective coating

Laser ablated surface

Thinned lamella window

PCD substructure
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The low resolution EELS scan did not allow a precise identification of the 

allotropic forms in specific areas of analysis, for this reason, high 

resolution EELS scans were subsequently carried out in selected areas, 

both in the identified graphitic regions of the material and into the regions 

where the state of the PCD was not expected to have been affected by the 

intense thermal activity of ablation, to the maximum scan depth of 3μm 

[109]. While the low resolution EELS scan indicated the presence of all 

carbon (without specific indication of the type of allotrope) and graphitic 

traces, results of the high resolution EELS have indicated a clear signature 

of both allotropes of carbon: diamond and graphite. The scan results 

showing a graphite signature in the region 0.2 – 1.7 μm are refigured in 

Figure 5. 4, while the clear proof of diamond trace in the scan region 

beyond a depth of 1.7 μm is indicated in Figure 5. 3. Both images contain a 

reference graph from the literature for the comparison of EELS peaks 

spectra or the identification of the correct profile: it is possible to notice a 

slight gap in energy loss on the X axis between the achieved results and 

the reference from literature; this can be explained considering the 

thickness of the prepared lamella, in fact, some superimposition of carbon 

allotropes and the element signatures of the different materials, might 

occur producing a deviation of energy loss from the pure allotrope 

signature.   

 

                                a)                                                                           b) 

Figure 5. 3: High resolution EELS scans of the thinned lamella region 
showing: a) a signature trace of diamond; b) a reference of diamond 

structure signature from literature [11].  
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diamond 
structure 
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                                a)                                                                           b) 

Figure 5. 4: High resolution EELS scans of the thinned lamella region 
showing: a) a signature trace of graphite, b) a reference of graphite 

structure signature from literature [11].  

Once the results from EELS scan were achieved, HRTEM imaging was 

carried out to identify the crystallographic structures/presence of the 

EELS identified carbonic allotropes resulting from the intense thermal 

ablative activity and to determine the presence and form of the Cobalt 

binder in the underlying material structure [109]. HRTEM results of the 

most thermally exposed (high fluence region) part of the ablated groove 

are depicted in Figure 5. 5. The image in the centre at a scale of 0.5 

micrometres is a representation of the overall region where the allotropic 

phases are identified and analysed: immediately below the ablated surface 

of the PCD a band of amorphous carbon has been found measuring 

approximately 0.8 μm in depth, as demonstrated in the HRTEM image at 

10 nm resolution in the insert in Figure 5. 5.  

Signature of 
graphitic 
structure 
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Figure 5. 5: HRTEM image of the lamella of the high energy density site 
showing the allotropic changes into the substructure and the metallic 

binder pockets [109]. 

The black voids (Figure 5. 5), that EDX analyses have demonstrated to 

contain metallic binder (Figure 5. 7), divide the amorphous band from the 

graphitic, creating an abrupt interface amorphous to graphitic carbon.  

The HRTEM image from the latter region is shown in the insert in Figure 5. 

5, the presence of a 0.9 μm graphitic band was previously shown by EELS 

scan (Figure 5. 4). Another abrupt interface between PCD substructure 

and graphitic band is evident from the TEM image in Figure 5. 5.  

The PCD substructure was identified by performing further TEM analyses 

in the region beyond 1.7 μm on the EELS scan. Selected area diffraction 
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patterns were utilised to establish the crystallographic integrity of the 

laser ablated PCD substructure and the results of this are represented in 

Figure 5. 6a: this presents a clear signature of the crystallographic 

intergrowth of the diamond grains and the associated infiltrative zones 

containing cobalt binder.  

The use of TEM diffraction pattern (Figure 5. 6b) help to identify the 

crystallographic lattice structure of the diamond grain in a 

monocrystallogaphic structure in the area immediately below the 

graphitic one, indicating the crystallographic integrity of the diamond 

grains in the PCD substructure [109].  

 

a)                                                         b) 

Figure 5. 6: TEM back focal plane imaging of PCD CMX850 substructure: a) 
diamond grain intergrowth and binder structure; b) diffraction pattern of 

an individual diamond grain. 

The presence of cobalt in the voids at the interface amorphous/graphitic 

carbon was demonstrated by the results achieved both from Energy-

Dispersive X ray (EDX) and from Scanning Transmission Electron 

Microscope (STEM) imaging capabilities (Figure 5. 7). In the latter image 

bright field imaging (Figure 5. 7a) and energy filtered TEM map for Cobalt 

(Figure 5. 7b) show the presence of this element in the pockets/elongated 

features. The TEM investigations performed in all of the investigated voids 

demonstrated a consistency in the presence of cobalt both in the region of 

amorphous carbon (depth 0.8 μm) and in the region of graphitic carbon 

(depth from 0.8 ÷ 1.7 μm), whereas an explanation of such a behaviour 

could be found in a possible collapse of the ultra-hard matrix and 

consequent entrapping of metallic binder in the formed elongated areas. 

Diamond

Cobalt
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a)                                                         b) 

Figure 5. 7: TEM imaging of the voids containing metallic binder: a) Energy 
Filtered TEM image indicating carbon presence in white areas and cobalt in 

dark areas; b) Cobalt sensitive Energy Filtered TEM.  

 

5.1.2 Results of FIB/HRTEM/EELS analyses of the low fluence 

ablated site 

The HRTEM/EELS scan analyses performed on the upper part of the 

groove, corresponding to the ablated area that experienced lower fluence, 

revealed a similar layered structure from the top of the groove to the PCD 

untouched substructure. There is a substantial difference in the extent of 

amorphic and graphitic bands; this is shown in Figure 5. 8: a low 

resolution image in the insert indicates the area of analysis and the high 

resolution image (at 50 nm scale), the amorphic band has been reduced to 

0.07 μm while the graphitic band to 0.25 μm. Despite of the reduction in 

thickness of the allotropic bands, it is evident from Figure 5. 8 that also in 

this case, the PCD structure reacted to the laser pulse with the formation 

of voids containing the metallic binder as confirmed from the Energy 

Filtering/Scanning Transmission Electron Microscope investigations.  The 

HRTEM imaging and high resolution EELS scans revealed the 

polycrystalline diamond boundary with the graphitic carbon exists at a 

depth of approximately 0.32 μm below the ablated surface [109].   

 

CoCo
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Figure 5. 8: HRTEM imaging of the interface graphite/PCD in the upper part 
of the groove (lowest energy density region).  

5.1.3 Observation and discussion 

The novel technique made of the combination of protective multiple 

surface coating, GIS deposited Tungsten strap extending between the 

protective coatings and the PCD substructure, allowed extraction and 

further stabilisation of the laser generated PCD groove to achieve a 

successful lamella thinning. This allowed the subsequent TEM 

investigations and the evaluation of the carbon allotropic structures and 

the interface binder/diamond. The results shown in Sections 5.1.1, 5.1.2 

have indicated that both in the area of the lamella with high and low 

fluence intensity, two interfaces were formed onto the structure as a 

consequence of PLA: amorphous/graphite and graphite/diamond; a 

similar result was already found in the single crystal diamond study [92]. 

Interface 
PCD/graphite

Micro-voids 
with Co
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This result proved to be repeatable in both of the extracted lamellas. 

Despite of the formation of two interfaces in both ablated areas, the 

extents of graphitised and amorphous layers in the two cases were found 

to be affected by the extent of laser fluence (energy density) experienced, 

this result confirms what has been described already in literature of PLA 

of diamond [123]. In particular, it can be commented that in the low 

fluence ablated site (Figure 5. 8), the measured graphitised layer is 70 % 

smaller than the one in the high fluence ablated area (Figure 5. 5). This can 

be explained considering that, for the same pulse duration, PCD 

experiences higher energy beam density in the lower part of the lamella, 

therefore the conversion of diamond into graphite is extended [122]. 

Regarding the formation of an amorphous band in both areas, this could 

be due to the disordered molecular arrangement associated with 

amorphous carbon. In fact, it could be that the formation of an amorphous 

band depends on a phase change during PLA: this region could have 

entered a liquid phase during the ablation pulse and then rapidly has 

solidified. The presence of a relative thick layer of graphite below the 

amorphic region could be caused by the ordered molecular arrangement 

of the graphite: this region experienced a state change from diamond to 

graphitic carbon while remaining in the solid state [109]. TEM images (in 

low/high fluence areas) have shown elongated voids which EDX, Energy 

Filtered TEM mapping and z-contrast STEM analyses have proved to 

contain cobalt traces, most probably this is depending on the pulse 

duration used for PLA of the grooves. The pulse duration utilised in this 

research is of microsecond type, and this is longer than the Cobalt thermal 

relaxation time (time used by the target to dissipate 63% of the incident 

thermal energy) that is in the order of femtosecond [93], [124]; thus 

vaporisation would have occurred in the laser pulse timeframe, which is in 

accordance with the theoretical behaviour of this metal as stated in 

literature [4], [5]. This can be explained considering the high absorption 

and low vaporisation enthalpy of cobalt (382.4 kJ mol−1) reported in 

Section 2.3: during a single (μs) laser pulse, the thermal properties of 

cobalt would have enhanced its quick vaporisation and caused a 
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consequent ionization, where some of the metal electrons become free 

[125], absorbing energy directly from the beam and consequently 

producing higher temperatures, further ionization and absorption [109]. 

The gap in timing between the pulse duration and the relaxation time of 

cobalt, would have caused the process of increased 

temperatures/vaporisation/increased absorption to repeat cyclically with 

subsequent partially overlapped laser pulses in the formation of the 

groove [109].  

5.2 Thermal response of PCBN structures to PLA 

The PCBN specimen selected for the HRTEM/EELS analyses is a DCC500, 

its microstructural properties have been shown in Figure 3.7, Table 3.1, its 

thermo-mechanical properties reported in Section 2.1; and the reasons for 

the selection of this specific PCBN specimen have been reported in Section 

3.5.1 (see Figure 3.13 b).  

Results from the focused ion beam milling activity for the PCBN DCC500 

laser ablated specimen are depicted in Figure 5. 9 where a lamella of 

rectangular geometry is refigured (length, 30 μm; depth, 5 μm; thickness, 

150 nm); the two regions of HRTEM/EELS analyses are indicated by red 

arrows and they are representative of the low fluence area in the upper 

part of the thinned lamella and high fluence area in the lower part of the 

lamella.  

 

Figure 5. 9: HRTEM imaging of the thinned lamella window (see 3.13.b). 
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Thinned window, 
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5.2.1 Results of FIB/HRTEM/EELS analyses of the high 

fluence ablated site 

From the work on the ablative effect of PLA of PCD (Section 5.1) it has 

been noticed that the PCD specimen revealed a thermal response up to a 

depth of 2.2 μm. In the case of the PCBN specimen here reported, the 

material has revealed to be thermally affected up to a depth of 1 μm, 

where this difference is due to the higher thermal stability of PCBN when 

compared to PCD; this is better explained in the discussion section.    

The thinned lamella results of the FIB technique of the area where the 

peak laser fluence is experienced is shown in Figure 5. 10: the thinned 

lamella is represented by the darker thin area representing a thickness of 

100-150 nm; the green scale indicates the maximum selected depth of 1 

μm for the EELS scan that was initially made in order to identify the 

characteristics of the PCBN DCC500 specimen and the presence of BN 

allotropes at increasing depths under the ablated surface.  

 

Figure 5. 10: TEM image of the thin lamella in PCBN DCC500 from area of 
high laser fluence region showing the protective coating and underlying 

PCBN substructure and EELS scan length and direction.  

The areas for preliminary HRTEM analyses are shown in Figure 5. 11: 

areas from 1 to 3 are representative of the regions where EELS scan has 

been performed to a depth of 1 μm as shown in Figure 5. 10. Area 1 is the 

closest to the ablative effects and area 3 the one not affected by PLA.  
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Figure 5. 11: TEM image of the thin lamella in PCBN DCC500 from area of 
high energy density showing the initial areas of analysis for HRTEM. 

HRTEM images for area 1 are depicted in Figure 5. 12: the hexagonal 

allotrope of BN (hBN) has been found from the top of the groove to a depth 

of 50 nm, while transition from hBN to cBN is revealed in the HRTEM 

image indicating the cBN atomic spacing beyond a depth of 80 nm. 

Immediately beyond a depth of 50 nm an area of transition between hBN 

and cBN seems to appear in the HRTEM image (Figure 5. 12), this has been 

validated by high resolution EELS scan shown in Figure 5. 15.  

  

Figure 5. 12: HRTEM image of Area1 achieved by the combination of two 
separate micrographs but unified to show the interface hBN/cBN.  
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Results for area 2 (previously shown in Figure 5. 11) corresponding to a 

depth between 50 nm and 80 nm, are reported in Figure 5. 13: the orderly 

atomic d spacing indicated the presence of cBN, while analyses in area 3 

showed a 0.27 nm atomic spacing that revealed the presence of the 

ceramic binder, TiC.  

 

Figure 5. 13: HRTEM image of Area1 from Figure 5. 10 showing the 
substructure of DCC500 not affected from the PLA process with areas of the 

binder TiC and cBN. 

An high resolution EELS scan was made to confirm whether the presence 

of allotropes cBN and hBN were artefacts due to the superimposition of 

different crystals in the lamella or they really occurred as a consequence 

to the thermal excitation during PLA.  

The high resolution scan concentrated in a depth up to 0.15 μm, in three 

single steps of 0.05 μm as shown in Figure 5. 14.  
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Figure 5. 14: TEM image of the thin lamella in PCBN DCC500 from area of 
high laser fluence region showing high resolution EELS scan length and 

direction. 

Results from high resolution EELS scan have revealed a clear signature of 

hBN structure in the area of high fluence till a depth of 50 nm (indicated 

by first gap in Figure 5. 14) as shown from the double energy peak in 

Figure 5. 15a: the first energetic peak at 190 eV representing a clear sign 

of hBN, as also confirmed from the hBN peak reported in literature (Figure 

5. 15d). EELS scan up to 0.1 μm depth (shown from red arrow in Figure 5. 

14) revealed a clear sign of transition between hBN and cBN: a peak is still 

appearing at 190 eV but this time the peak has a much lower intensity, 

almost tending to disappear (Figure 5. 15b).  The high resolution EELS 

scan at a depth of 0.1 μm shown in Figure 5. 15c revealed the presence of c 

BN, validating what has been indicated by the HRTEM analyses.  
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Figure 5. 15: High resolution EELS scan results of the thinned lamella region 
showing: double energetic peak typical signature of hBN; b) transition 
between hBN and cBN; c) energetic peak at 200 e V typical of the on the 

right a reference of the EELS signatures from literature [126].  

The allotropic transformations of BN were also confirmed by the use of 

TEM diffraction pattern: two different diffraction patterns were found, 

indicating the presence of two well defined and separated crystallographic 

lattice structures of BN. A TEM back focal plane image of the revealed 

diffraction patterns is depicted in Figure 5. 16: the red and green 

diffraction patterns are here overlapped to identify the difference in the 

crystal structures for hBN and cBN.  
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Figure 5. 16: TEM back focal plane overlapping imaging of PCBN 
substructure showing the diffraction pattern of BN grains in hBN and cBN. 

After identification via EELS of the signature of BN allotropic changes, an 

ultimate HRTEM analysis was performed to have a high resolution TEM 

imaging of the transition between hBN and cBN at a depth of circa 70 nm 

from the ablated area. The result is shown in HRTEM image in Figure 5. 

17: the measured d spacing indicated a clear presence of hBN and cBN and 

an unexpected αBN (amorphous boron nitride) band has been found, 

similarly to the case of PCD HRTEM analyses. Based on these results, 

discussion in Section 5.2.3 widely explains the formation of different 

allotropes and proposes an experimental thermal response of PCBN 

structures to PLA.  

 

Figure 5. 17: HRTEM image of interfaces hBN, cBN,  αBN in the high energy 
density area of specimen PCBN DCC500. 
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5.2.2 Results of FIB/HRTEM/EELS analyses of the low fluence 

ablated site 

The HRTEM/EELS scan analyses performed on the upper part of the 

groove, corresponding to the ablated area that experienced lower fluence, 

revealed a different material reaction to the thermal excitation.  

Low resolution EELS scan were performed up to a depth of 2 μm, to 

identify any change in allotropic phase and evaluate the material thermal 

response to PLA at low fluence. The EELS scan results have not revealed 

any allotropic phase change and the only allotrope of BN found was cBN, 

no signature of hBN was found: this is due both to the low energy density 

transmitted in the target material and to the focused ion beam activity 

which can possibly remove the upper layer of the lamella corresponding to 

the area of allotropic phase change (if an allotropic change has occurred, 

this was of smaller extent in comparison with the area of high energy 

density).  For this reason, this experiment focused on the understanding of 

the thermal changes affecting the interface cBN/ TiC.  

 

Figure 5. 18: TEM image of the thin lamella in PCBN DCC500 from area of 
low laser fluence region showing the protective coating and underlying 

PCBN substructure and EELS scan length and direction. 

Results from EDX for the considered area at low fluence are reported in 

Figure 5. 19: individual region of analyses are here shown and the 

chemical environmental analyses are reported in Table 5. 1.  
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Figure 5. 19: EDX area of scan for chemical environmental analysis in the 
area of low fluency for PCBN specimen DCC500.  

Table 5. 1: Results for EDX scan of Figure 5. 19.  

Spectrum B C N O Al Ti W 
Spectrum 2 40.25 5.15 37.78 2.88 0.27 1.16 4.95 
Spectrum 3 35.71 2.06 34.57 1.43 0.97 2.03 12.51 
Spectrum 4 -9.73 0.66 0.8 36.28 53.49 2.18 23.22 
Spectrum 5 4.31 16.56 -6.93 3.1 2.9 60.96 16.32 
Spectrum 6 19.65 0.85 20.3 3.01 5.16 25.56 19.09 
Spectrum 7 11.17 5.58 26.08 3.1 -0.26 4.4 25.48 
Spectrum 8 4.6 19.16 -4.79 3.31 3.56 61.39 49.93 

 

The bright areas have revealed high percentage of titanium and carbon, 

indicating the presence of TiC; while the dark areas, rich in boron and 

nitrogen, indicated the presence of BN. Some dark areas have revealed the 

presence of aluminium (Figure 5. 20). The EDX analyses have basically 

indicated a typical PCBN DCC500 structure, with no thermal affected areas 

or allotropic changes.  
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Figure 5. 20: TEM image of the voids containing Al and BN; the insert 
represents a Titanium Sensitive Energy Filtered TEM image indicating that 

all of the grey areas is Titanium.  

Clear sign of an abrupt interface between cBN and TiC were observed in 

the HRTEM analyses (Figure 5. 21) where the measured d spacing 

indicated the presence of both the ultra-hard phase and the ceramic 

binder. There is a substantial difference with the region of high fluence in 

the presence of hexagonal allotrope of BN only when an intense thermal 

excitation occurs.  

 

Figure 5. 21: HRTEM image of the lamella of the low energy density site 
showing the abrupt interface between BN and TiC.  
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5.2.3 Observation and discussion 

An experimental model for the thermal response of a low-CBN content 

PCBN specimen to PLA has been proposed and a summary of results is 

depicted in Figure 5. 22: the analysed laser generated groove is shown in 

cross section and the difference in BN allotrope changes/formation is 

revealed in the low/high fluence areas. HRTEM/EELS/EDX analyses in the 

high fluence area have shown a layered structure formed by: an sp3-hBN 

structure till a depth of 50nm, followed by a transition phase hBN to cBN 

up to a depth of 100nm; while an untouched cBN substructure with TiC 

binder has been revealed beyond a depth of 100nm, indicating that 

beyond a depth of 1 μm, the specimen is not affected from the thermal 

excitation. Furthermore, in the area surrounding the hBN extent, 

amorphous boron nitride allotropic (αBN) traces were found. The 

transformation of the initial cBN into hBN could be explained considering 

the thermal excitation caused by intense fluence laser activity. In fact, 

under ambient conditions the transition from 𝑠𝑝2 to 𝑠𝑝3 bonding is 

impeded by a kinetic barrier [11] which requires a large reaction energy 

provided by high pressure and temperature conditions to effect the hBN-

cBN phase change; in the case of PLA at high fluence, the achieved reaction 

energy produced by PLA would have created favorable condition for the 

allotropic change. This also explains why this transformation did not occur 

in the area of the groove which experienced low fluence. The formation of 

amorphic traces in the area surrounding the transformation region can be 

explained by considering the microstructural evolution of BN transition 

phases. In fact, many studies in literature have demonstrated that the 

transition between hBN to cBN does not occur directly, but an amorphous 

BN layer formation might take place [21]  due to heat conduction into the 

substrate [11]: because of the intense energetic activity and high 

temperature achieved in the high fluence area the formation of an 

amorphous BN did not occur in the area that experience low fluence, 

especially because the formation of an amorphous layer is often connected 

to the allotropic change hBN to cBN [127]. The transformation hBN to cBN 

might not have been direct, and this would explain the presence of an 
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amorphous region (αBN) in the area surrounding hBN. In fact, there is 

usually a pre-transformation of hBN to rBN [127] before achieving the cBN 

allotrope. In the EELS/HRTEM reported results rBN could not be clearly 

identified, mainly because of peak broadening deriving from weak crystal 

quality but previous studies already proved that in the low angle range the 

rhombohedral and hexagonal phase show a similar diffraction pattern, 

which would explain why this further allotropic change could not be 

identified [127]. All of the transformations occurring in the high fluence 

area have shown not to affect the ceramic binder and its interface with the 

ultra-hard grains, leaving an untouched PCBN substructure already at a 

depth of 1 μm. Different thermal response is the one exhibited by the 

upper part of the groove, experiencing a low fluence laser. A combination 

of EDX, EELS, HRTEM revealed an undisturbed PCBN structure, which 

indicated the possibility of PLA in specific set of fluencies to avoid the 

thermal effects onto the target material.   

 

Figure 5. 22: ESEM cross section imaging of the laser generated groove 
showing a schematic representation of the thermal response of PCBN 

DCC500 to different laser fluencies in PLA. 

5.3 Conclusions and remarks 

This work has enabled a first understanding of the mechanism of 

formation/removal of allotropic changes during pulsed laser ablation of 

PCD and PCBN, along with an increased knowledge of the role of the 

metallic/ceramic binder via the FIB/TEM/EELS analysis. Specifically 
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developed surface protection multi-coatings along with GIS applied 

strapping and a focused ion beam procedure enabled to prepare thin 

lamellas in PCD and PCBN composites. Further thinning of the lamellas in 

the sites which had experienced high and low fluence during ablation 

made reliable the EELS/HRTEM analyses of the selected materials. Both in 

the case of PCD and PCBN materials, a relationship between the 

graphite/hBN extent and the laser fluence has been found, demonstrating 

that the material thermal response is affected by the output energy laser. A 

difference in extent of allotropic transformation occurring in the same PLA 

condition was found between the PCD and the PCBN specimens. In fact, 

HRTEM/EELS analyses in the high fluence area revealed an extent of 

graphite of 0.9 μm in the PCD (Figure 5.23), while an hBN layer of 0.05 μm 

was found in the PCBN specimen (Figure 5.24), indicating that PCBN 

composites don’t tend to allotropic change during PLA, and thereby 

confirming the choice of PCBN materials where a better thermal resistance 

and chemical inertness is required.   

 

Figure 5. 23: Relationship between laser fluence variation and extent of 
allotropic presence in PCD materials.  

This chapter, including an experimental model for the thermal response of 

PCD/PCBN materials to PLA, is propaedeutic for the work reported in 

Chapter 6: this will include the optimisation process for laser operating 
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parameters and laser paths to allow ablation of 3D features with 

controlled surface quality; thus an in-depth understanding of the thermal 

response of the material is necessary for optimise the PLA process.   

 

 

Figure 5. 24: relationship between laser fluence variation and extent of 
allotropic presence in PCBN materials.  
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Chapter 6 

Generation of orderly micro-abrasive 

arrays in PCD/PCBN structures  

 

Following the findings on the thermal response of ultra-hard composites 

shown in Chapter 5, this chapter presents the results of PLA to enable the 

generation of orderly micro abrasive arrays. In particular, it includes the 

findings of the study of the influence of the laser path parameters (e.g. 

direction of ablation, use border cuts) for the generation of laser 3D 

features with controlled surface quality (roughness, damage level); and it 

reports about design steps for the generation of selected micro-cutting 

geometries (i.e. rake and clearance faces, cutting edge radius) via PLA 

technique, for which the methodology is fully described in Section 3.6.2.  

 

6.1    Influence of the laser path parameters in the 

design of abrasive geometries 

Chapters 4 and 5 reported on the material thermal response to the PLA 

process and the optimisation of PLA parameters to enable the 

manufacturing of selected micro-edge geometries. In order to allow the 

generation of laser ablated complex geometries within a range of 

tolerances (10 µm ±5 µm for the cutting radius, 6°±3° for the rake angle; 

29°±3° for the clearance angle) the methodology reported in Section 3.6.1 

has been adopted in order to study the effects of laser path parameters in 

the design and realisation of micro-abrasive/cutting geometries. The 

results of the experiments described in Section 3.6.1 are here reported 

both for PCD and PCBN composites.  
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6.1.1 Results of the study of laser path parameters variation 

Many geometries have been laser generated onto microstructurally 

different composite materials. Some examples of geometrically complex 

shapes are here reported. Initially, a triangular shape feature was selected 

for PLA to enable an easy understanding of the influence of the border cut 

function  onto the edges of the triangle (this means repeated laser 

overscan on the profile of the selected geometry). When the border cut is 

selected among the laser options, the laser beam hits repeatedly the 

profile of the selected geometry in a cutting motion.  

The influence of the use of border cuts in the generation of micrometric 

orderly triangular shapes for a coarse grained CTH025 PCD specimen is 

reported in Figure 6. 1: a difference in the use or non-use of border cut is 

evident especially in the edge of the feature, which appear to be not well 

defined and straight in the case of use of border cuts (Figure 6. 1a).  

 

 

a)                                                    b) 

Figure 6. 1: Optical microscopy image of specimen PCD CTH025 after PLA 
with: a) border cut, b) no border cut. 

A similar result has been shown in the mix grained CTM302 PCD specimen 

indicating that the result in the use of border cuts is not affected from the 

microstructural factors of the material. The use of border cuts in PLA of a 

low-CBN DCC500 PCBN structure produced triangularly shaped features 

with irregular borders (Figure 6. 2a) and the extend of edges irregularity 

is noticeably increased in the selection of border cuts. The generation of 

orderly triangles onto PCBN structures is shown in Figure 6. 2-6. 4: in all 

the ablated microstructurally different specimens, the use of border cuts 
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lead to an increased edge irregularity, especially in the corner of the edges, 

where an intense energetic activity is experienced due to the path 

followed by the laser beam.  

 

a)                                                    b) 

Figure 6. 2: Optical microscopy image of specimen PCBN DCC500 after PLA 
with: a) border cut, b) no border cut.  

 

a)                                                    b) 

Figure 6. 3: Optical microscopy image of specimen PCBN DBW85after PLA 
with: a) border cut, b) no border cut. 

 

a)                                                    b) 

Figure 6. 4: Optical microscopy image of specimen PCBN DBS900 after PLA 
with: a) border cut, b) no border cut. 
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Another experiment, whose methodology is reported in Section 3.6.1, 

aimed at understanding the effect of direction of ablation onto 

microstructurally different materials. Three different directions of 

ablation have been selected as default of PLA for studying the effect onto 

the to-be-generated arrays as presented in Figure 3. 16: a random 

direction of the laser beam respect to the solid specimen (e.g. angles: 0°, 

45°, 90°, 135° etc.), a 0° and a 90° orientation of the laser beam to the 

specimen. It is important to notice that all of the performed experiments 

were necessary for the achievement of the desired cutting edge whose 

geometry is reminded in Figure 6. 5 and previously described in details in 

methodology section (Figure 3.15).  

 

Figure 6. 5: Geometry of the array and detail of a single to-be-generated 
micro-cutting edge. 

The parameters used for the influence of direction of ablation are reported 

in Table 3. 10. An example of the effects of the direction of ablation onto a 

CTH025 coarse grained PCD specimen, is reported in Figure 6. 6: the CAD 

design utilised for the generation of the features is the same for images a, b 

and c; but it is evident that the results are entirely different. An ablation 

with random direction of ablation (Figure 6. 6a) produced double edges 

features with re-deposition of possibly melted material in the staggered 

feature direction; ablation using a 0° angle enabled to achieve very well 

staggered features with a cutting radius of 100 µm endorsing the 

possibility of its use for polishing (Figure 6. 6b). The use of a 90° angle 

produced the most favourable cutting edge being the cutting radius in the 

order of 10 µm (tolerance ±5 µm) as shown in Figure 6. 6c. Although the 
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latter had shown to achieve incomparable cutting edge sharpness, the 

staggering between features was difficult to achieve because formation of 

laser generated walls (Figure 6. 6c) appeared and this prevented the 

generation of staggered micro features that are essential to enable chip 

path flow as demonstrated in literature [4].  

 

 

Figure 6. 6: ESEM images of laser generated (𝐏𝐦70W, τ10μs, f30kHz, 
v400𝐦𝐦𝐬−𝟏) PCD CTH025 specimen with same CAD file but different laser 
stage direction: a) random direction of ablation, b) 0°direction of ablation, 

c) 90°direction of ablation.  

 

6.1.2 Observation and discussion 

The results in Section 6.1.1 have indicated edge irregularity in the ablation 

with border cuts, which could be explained considering the thermal 

response of the material. During PLA with border cuts, multiple 

overlapped single crater ablations are generated onto the base material 

together with an intense energetic activity, thus producing a favourable 

condition for melting and re-solidification of material at the edge of the 

triangular features corresponding to the area where the border cut has 

been applied. This phenomenon has not occurred in the feature generation 

without border cuts, therefore indicating that the extent of thermal 

affected area is noticeably increased in the ablation activity with increased 

Radius 5 µm

Double edges

Wall generation

Radius 100 µm

a) 

b) c) 
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energy density; this result is in agreement with literature and with the 

results reported in Chapter 5 [74], [92], [93], [109]. Because of the higher 

extent of irregularity produced by an intense energetic activity during 

PLA, the ablation without use of border cuts has been selected as optimal 

choice for the generation of orderly micro-abrasive arrays.  

Results for experiments in the effect of direction of ablation have proven 

to affect noticeably the cutting edge sharpness and geometry. Random 

direction of ablation (Figure 6. 6a) produced double edges and irregular 

geometry possibly caused by melting and re-deposition of binder/ultra-

hard phase in different specimen sites: the target material is 

polycrystalline and the random ablation causes a superimposition of laser 

fluencies in different sites of the target, thus an intense thermal excitation 

is produced and high thermal stresses [25] at the interface binder/ultra-

hard grain are produced causing what looks like a crack into the edge. 

Ablation using a 0° angle allowed achieving very well staggered and 

repeatable features with no sign of thermal effects, but the cutting radius 

has shown to be of 100 µm (Figure 6. 6b). In this case, because of the 

gradient of the thermal field, the thermal excitation onto the target 

material is occurring in a constant direction, parallel to the designed 

features, thus not stimulating enough the thermal response of the target at 

lower distances from the beam (in the upper part of the edge). The 90° 

angle ablation demonstrated its superiority when sharpness of the edge is 

the main pre-requisite; although a problem in the formation of laser 

generated walls appeared (Figure 6. 6c): a possible hypothesis to explain it 

could be the CAD design which has been fed in the laser path software, but 

this could be only one of other possible reasons, which could perhaps 

include thermal gradient field and/or PLA input parameters. Section 6.2.1 

aims at showing the results for the removal of the wall by modifying the 

design in input.  
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6.2 Design for the generation of the micro-

abrasive/cutting arrays 

Section 6.1 aimed at understanding the effects of laser path parameters in 

the generation of laser ablated features via discussion of the results of the 

experiments from Section 3.6.1. The present paragraph  shows the results 

from the methodology explained in Section 3.6.2 for the generation of 

optimised orderly micro-abrasive arrays in microstructurally different 

PCD and PCBN composites. This includes both micro-edge optimisation 

process and the implementation of the final micro-abrasive/cutting arrays 

onto microstructurally different composites.  

6.2.1 Laser generated micro-abrasive arrays in PCD/PCBN 

Section 6.1.1 has shown the effect of particular types of direction of 

ablation during PLA. The outcome result was a need of improving the 

staggering between features because formation of walls was appearing 

during PLA at 90°. Figure 6. 7a is a representation of the issue appeared in 

the use of 90° as an angle for ablation. Because the sharpness of the edges 

is a main requirement in the generation of super-abrasive tools for cutting 

applications [53], [78], the need of improving the features lead to a 

modification of the design. In order to remove the walls between each line 

of features and provide the proper staggering between edges as described 

in Figure 6. 5, a new CAD drawing was implemented. In the latter 

overlapping areas were created where the laser generated walls had 

previously appeared; the methodology adopted is deeply described in 

Section 3.6.2. Figure 6. 7b and c depict the results of overlapping in the 

CAD design and the possibility of achieving a high control of 

clearance/rake angles, producing both negative rake angles (Figure 6. 7b) 

and positive ones (Figure 6. 7c).  
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Figure 6. 7: ESEM images of laser generated (𝐏𝐦70W, τ10μs, f30kHz, 
v400𝐦𝐦𝐬−𝟏) PCD CTH025 specimen with different CAD files: a) no 

overlapping of features in the CAD, b) overlapping of 0.3 mm between 
features with negative rake angle, c) overlapping of 0.3 mm, 90°ablation 

without border cut.  

As mentioned in Section 3.6.2, a final experiment was set up to evaluate 

the influence of laser beam tilting angle (angle formed between the laser 

beam and the target material) on the control of the cutting geometry (e.g. 

clearance/rake angles, cutting radius). Figure 6. 8 is a schematic of the 

laser beam respect to the specimen to be ablated.  

 

Figure 6. 8: Positioning of the ultra-hard specimen to the laser beam. 

Results in the production of the to-be-generated arrays using the tested 

angles (10°, 20° and 30°) onto a mix grained CTM302 PCD specimen are 

depicted in Figure 6. 9. It is evident that there is a direct relationship 

(shown in Table 6.1) between tilting of the laser beam respect to the target 

material and geometry/dimensions of the cutting elements.  

Laser generated wall

Overlapping area

Overlapping area

Nd: YAG Q-switched

high frequency laser 

Pulsed laser beam

Target composite material 

Tilting angle

a) 

b) c) 
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By using the same CAD design, a beam tilting of 20° produced deeper 

features (Figure 6. 9b) when compared to a 10° angle but straightness of 

the edge is improved at a tilted angle of 30° as indicated in the cross 

section image of the array (Figure 6. 9c).  

 

Figure 6. 9: Optical microscopy image of cross section of laser generated 
array in PCD CTM302: a) tilting of the specimen at 10°, b) tilting of the 

specimen at 20°; c) tilting of the specimen at 30°.  

An influence of the beam tilting onto the microstructural properties of the 

composites has been found. Variable micro-abrasive features and 

clearance/rake faces were found: Figure 6. 10 is an example of the effect of 

different tilting angles onto a fine grained CMX850 PCD specimen. By using 

the same CAD design (as reported in Figure 3.17), a tilting of the beam at 

30° (Figure 6. 10c) produced the optimal edge definition in term of edge 

sharpness and surface integrity as also validated by ESEM analyses (Figure 

6. 12a). A tilting angle of 10° (Figure 6. 10a) lead to the generation of 

arrays with non-straight edges and the use of a tilting angle of 20° 

produced negative rake angles (Figure 6. 10b) as shown in Table 6.2.  

a) 

b) c) 
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Figure 6. 10: Optical microscopy image of cross section of laser generated 
array in PCD CMX850: a) tilting of the specimen at 10°, b) tilting of the 

specimen at 20°; c) tilting of the specimen at 30°. 

 

The experiment related to the tilting of the laser beam lead to the 

identification of the angle (30°) for the manufacture of the to-be-generated 

arrays. The laser generated orderly arrays are shown in Figure 6. 11 

where an example of the micro-abrasive edges is reported both for the mix 

grained CTM302 PCD specimen and for the high-CBN content DBS900 

PCBN sample.  

 

 

a)                                                    b) 

Figure 6. 11: ESEM images examples of the optimised laser generated 
arrays in specimens: a) PCD CTM302; b) PCBN DBS900.  

a) 

b) c) 
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ESEM analyses on the laser generated arrays allowed measurement of  the 

clearance/rake angles for the control of the achieved dimensions within 

the tolerances reported in Section 3.6.1.  

Figure 6. 12a depicts an example of a single micro-abrasive edge in the 

fine grained CMX850 PCD specimen, where dimensions of the clearance 

and rake angles have been measured by using the methodology described 

in Section 3.6.2; the achieved sharpness of the micro-features is evident in 

Figure 6. 12b for a DBW85 PCBN specimen: the edge radius has shown to 

be repeatable within features in the range of 10 µm (tolerance ±5 µm).  

 

 

a)                                                    b) 

Figure 6. 12: ESEM images of a single micro-abrasive edge: a) tilted view of 
the edge in PCD CMX850 specimen, b) 3D view of the edge in PCBN DBW85 

specimen showing the sharpness of the edge.  

The possibility of generation of features within a wide range of angles is 

evident in Tables 6. 1-6. 2 where results from five repetitions for each 

pulse laser ablated micro-edge are reported. The high variability of the 

achieved geometry depends upon the tilting angle. Smaller tilting angles 

should be preferred when a negative rake angle is required, with 

clearance/rake angles in the range 9°,13°/ -22°,-20°; while bigger tilting 

angles should be preferred when a positive rake angle is required.  

 

 

 

 

 

 

6°

30°

Rake face

Flank face
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Table 6. 1: Results of rake and clearance angles achieved for different input 
angle of tilting for PCD CTM302.  

𝐀𝐧𝐠𝐥𝐞 𝐨𝐟 𝐭𝐢𝐥𝐭𝐢𝐧𝐠 

[°] 

Achieved rake 

angle[°] 

Achieved clearance angle 

[°] 

30 5.09 5.88 

30 6.39 7.74 

30 5.98 7.61 

30 7.23 4.73 

30 10.6 5.08 

20 -9.49 12.2 

20 -8.07 18.2 

20 -6.88 15.2 

20 -9.78 16.7 

20 -10.3 16.9 

10 -20.2 10.8 

10 -27.1 13.9 

10 -19.4 10.6 

10 -21.4 11.9 

10 -19.8 9.91 

 

The relation between angle of tilting and achieved rake angle is of a direct 

proportion (as shown in Figure 6.13), thus depending on the type of 

application where the to-be-generated features are going to be applied 

(cutting, grinding, polishing), it is possible to select the tilting angle 

adequate for the desired geometry. Also, the manufactured edges are 

repeatable in the order of (0-10)° as depicted in Figure 6.13.   

 

Figure 6. 13: Repeatability of the achieved rake and clearance angles as a 
function of the tilting angle onto PCD CTM302.  
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Table 6.2 contains all of the achieved rake and clearance angles for specific 

angle of tilting in input in the case of a fine coarse polycrystalline diamond. 

The pulsed laser ablation was repeated five times for each tilting angles 

and a graph of repeatability is reported in Figure 6.14, where it is clear 

that an increase of tilting angle is able to cause a directly proportional 

increase in rake angle. In particular, since this effect has been shown both 

on fine grained and mixed grained PCD structures, the microstructure of 

the materials does not affect significantly the achieved angles.  

 

Table 6. 2: Results of rake and clearance angles achieved for different input 
angle of tilting for PCD CMX850.  

𝐀𝐧𝐠𝐥𝐞 𝐨𝐟 𝐭𝐢𝐥𝐭𝐢𝐧𝐠 [°] Rake angle[°] Clearance angle [°] 

30 6.4 20.6 

30 5.7 12.1 

30 9.2 21.1 

30 11 12.8 

30 9.2 15.1 

20 -10.8 20.4 

20 -10.7 15.2 

20 -12.5 14.8 

20 -15.8 11.6 

20 -10.2 13.2 

10 -22.5 12.7 

10 -22.4 15.4 

10 -26.1 13.6 

10 -22.5 15.63 

10 -22.4 14.1 
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Figure 6. 14: Repeatability of the achieved rake and clearance angles as a 
function of the tilting angle onto PCD CMX850.  

 

6.2.3 Observation and discussions 

The results in Section 6.2.1 have shown that it is possible to achieve a high 

control of clearance/rake angles in the generation of orderly arrays via the 

PLA process and that design of the to-be-generated arrays is very 

important in achieving the desired geometry; the influence of design is 

already well known in the literature for any processing technology [5], 

[128]–[130]. An important factor which has been studied in this thesis and 

it has proven to be essential in the control of the micro-abrasive/cutting 

geometry is the angle of interaction (tilting angle) between the laser beam 

and the target material. In fact, the introduction of a variable tilting angle 

has indicated that the control of clearance/rake angles depends upon this 

angle which allows difficult shapes to be achieved. This can be explained 

considering the thermal excitation generated in the PLA process: by 

having a tilting angle the material (in correspondence of the laser beam 

diameter) is thermally excited at different intensities (following the 

Gaussian distribution) in a single pulse, and this allows the targeted area 

to cool down before another excitation, decreasing the thermal affected 

area and improving noticeably the cutting edge surface integrity. A 

correlation between the tilting angle and the rake angle has been found as 
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shown in the results of Section 6.2.2 and this lead to the possibility of 

generation of specific desired geometry without experimental testing.  

 

6.3 Conclusions and remarks 

This chapter included the results for the generation of orderly micro-

abrasive arrays via a PLA process. The effect of variation of laser path 

parameter has been studied; it has been found that in the use of border 

cuts during the ablative process, a high extent of irregularity was 

produced by an intense energetic activity onto the target material. This did 

not occur in the ablation without use of border cuts. For this reason 

ablation without border cuts has been selected as optimal choice for the 

generation of orderly micro-abrasive arrays. The study on how the 

direction of ablation could affect the ablation indicated that random angles 

are not the best choice for ultra-hard materials due to poor cutting edge 

surface integrity possibly caused by melting and re-deposition of 

binder/ultra-hard phase in different specimen sites. Angles of 0° should be 

used in the achievement of round features and 90° should be used for a 

good control of the edge sharpness; particularly it has been demonstrated 

that the variation of angle from 0° to 90° noticeably increased the edge 

sharpness. For the purpose of this research to generated micro-cutting 

edges, an angle of 90° was selected. The effects of variable tilting angles of 

the laser beam respect to the target material has been shown in Section 

6.2.1 where results indicated that the variability of the achieved geometry 

depends upon the tilting angle. In particular, smaller tilting angles should 

be preferred when a negative rake angle is required, and bigger tilting 

angles should be preferred when a positive rake angle is needed. In 

particular, the final laser generated micro-abrasive/cutting features 

reached values of cutting radius of 10 µm (±5 µm), values of circa 6°(±3°) 

for the rake angle and values of 29°(±3°) for the clearance angle. As shown 

in the flowchart proposed in Figure 3. 14, the generation of micro-abrasive 

edges within tolerances (reported in Section 3.6.1), whose results were 
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presented in this chapter, represented a propaedeutic step for the 

evaluation of the wear characteristics of the laser generated orderly 

micro-abrasive arrays, which is reported in Chapter 7.  
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Chapter 7 

Evaluation of wear-resistant properties 

of microstructurally different PCD/PCBN 

arrays 

 

The present chapter aims at presenting the results of wear performances 

of ultra-hard micro-abrasive arrays generated via PLA as described in 

Chapter 6. A relation between binder percentage/phase, grain size and 

wear performance is proposed and a predictive experimental procedure 

for wear-resistant properties of ultra-hard composites is presented. 

Furthermore, a comparison of the wear performances of the novel arrays 

against a set of benchmark abrasive pads is included and this particularly 

offers a scientific evidence of the importance of this research work in 

terms of future perspective of novel cutting edge geometries which would 

improve the tool life and reduce the labour costs in micro-tooling 

industries.  

 

7.1 Characterisation of the benchmark 

electroplated pads 

Electroplated pads with abrasive grits made of diamond and CBN have 

been selected as benchmarks for the wear tests of PCD and PCBN arrays. 

The procedure for selection of benchmark specimens is widely described 

in Section 3.7.1. It is important, when performing comparative tests, to 

evaluate the similarity and differences between the tested PLA abrasive 

elements and the benchmark pads; for this reason, the characterisation of 

the benchmark was necessary for the evaluation of protrusion height and 

abrasive grit density and further comparison with the ultra-hard PLA 

generated arrays. This section reports the results for the characterisation 
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of the electroplated pads; its aims at understanding the main 

topographical/microscopic differences with the PLA generated arrays to 

allow a scientifically informed comparison between their performances in 

terms of wear and cutting forces as main output from the test.  

 

7.1.1 Selection of the benchmark electroplated pads before 

the test 

As already explained in Section 3.7.2, in order to benchmark the 

performances of the novel orderly micro-abrasive arrays, two types of 

electroplated abrasive pads (10mm x 10mm x 0.5mm) have been selected 

for a comparative test: an electroplated diamond abrasive (grade D501) 

shown in Figure 7. 1a, and an electroplated CBN abrasive (grade B501) 

depicted in Figure 7. 1b. In both cases, the substrate material is tungsten 

carbide in thickness of 1 mm (Figure 7. 2) and the bonding type is a Nickel 

electroplating.  

 

 

a)                                                         b) 

Figure 7. 1: ESEM image of the benchmark specimens before the test: a) 
electroplated D501 diamond, b) electroplated B501 CBN.  

Diamond single grits
CBN single grits

Matrix 

Matrix 
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a)                                                         b) 

Figure 7. 2: ESEM image (side view) of electroplated specimens showing the 
random height of the abrasive grits: a) electroplated diamond specimen; b) 

electroplated CBN pad.  

 

The sizes of the abrasives, graded to the Federation of European 

Producers of Abrasives (FEPA) standards, have an average nominal size of 

500 μm (Figure 7. 3b) with circa the same size/volume of the micro-

abrasive/cutting edges to provide a reasonable comparison for 

benchmarked tests.  

 

a)                                                         b) 

Figure 7. 3: Example of ESEM image of a single CBN grit in an electroplated 
abrasive pad: a) tilted and b) top views. 

Figure 7. 4 is representative of the different densities in the case of the 

micro-edges per array (Figure 7. 4a) and in the case of the grits per 

electroplated area (Figure 7. 4b). The reason of selecting different 

densities resides in the choice of a laser generated array which could 

enhance the wear performances in grinding/cutting applications. 

Furthermore, the principle of perfectly spatially located features (Figure 7. 

CBN single gritDiamond single grits

WC WC

Single grit tilted view

Grit edge
Grit edge

d= 500 µm
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4a) is not applicable for the electroplated specimen available in the 

market, where randomly oriented grits are typically bonded to a substrate 

in a disorder manner (Figure 7. 4b).  

 

a)                                                         b) 

Figure 7. 4: ESEM micrographs showing the variation in edges/grit density 
per same surface area of 1 𝐦𝐦𝟐: a) 12 micro-edges in the case of the array, 

b) 7 grits in the case of the electroplated specimen.         

7.1.2 Observation and discussion 

The results from the optical analyses on the selected benchmark 

specimens before testing (Section 7.1.1) are essential for understanding 

how to approach the comparison of the forces produced during the wear 

test. In this regard, to calculate and compare the contact loads for the PCD 

abrasive array and the electroplated diamond pads, two main 

considerations are necessary: (i) the surface density of the orderly micro-

abrasive edges (for orderly arrays) and the abrasive grits (for 

electroplated elements) are significantly different; approximatively the 

ratio of 12:7 per mm2 for the orderly micro-arrays and for this reason, the 

measured forces during the wear test are not directly comparable; (ii) 

there is a geometrical variability in the grits (e.g. height, shape, 

orientation/angles of the active cutting edges) of the electroplated pads 

when compared to the repeatable micro-abrasive edges of the arrays. 

Figure 7. 1 shows cross section micrographs for the electroplated 

specimens, indicating that the protrusion height of the grits is variable 

both for the electroplated diamond specimen and for the CBN one. It can 

be commented that the variability in height of the grits as well as edge 

orientation could affect noticeably the results of the cutting test because 

Micro cutting-edge

Single grit
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the number of grit in contact with the workpiece (i.e. shaft – see Section 

3.7.2) would be variable at different length of cut, affecting the acquired 

force signals and therefore producing an overall signal of lower intensity 

in comparison with the laser generated micro-cutting arrays (where the 

homogeneity in height of cutting edges will increase the number of 

features in contact with the shaft for the same length of cut). Also the 

density of grits per surface area is an important factor to be considered; in 

fact, because of the drop in grit density by 42 % for the electroplated pads 

(Figure 7. 4), less grits (compared to micro-cutting edges) are in contact 

with the shaft at the beginning of the test therefore representing the main 

grits responsible of the grinding/cutting process. To avoid problems 

related to differences in topographical characteristics of the PLA 

generated arrays and the electroplated specimen, a technical approach has 

been proposed in Section 3.7.3 for the comparison of cutting forces and 

wear progression characteristics of the array and corresponding 

benchmarks.  

 

7.2    Evaluation of the wear characteristics of the 

PCD/PCBN laser generated micro-abrasive arrays 

and electroplated diamond/CBN pads 

Contemporarily to the evaluation of the cutting forces during test, 

(reported in Section 3.7.3) an evaluation of the wear progression of the 

PCD/PCBN arrays and of the benchmarked specimens has been carried 

out. The wear/cutting tests have been interrupted every 250 passes both 

in the case of PCD arrays/electroplated diamond pads and for the PCBN 

arrays/electroplated CBN pads. At every intermediate 250 passes, the 

ESEM equipment previously described (Section 3.4.2) has been used for 

the characterisation of the wear characteristics. In particular, any type of 

cutting edge wear feature (chipping, cracking, flattening) was noted on the 

microstructurally different composites, and the use of imaging in cross 

section allowed identification of any change in height/sharpness/integrity 

both in the electroplated pads and in the wear/cutting arrays. To allow an 
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easier analysis approach, the same cutting edges/grits have been observed 

throughout the wear/cutting tests in order to have evidence of the wear 

progression onto the selected edges/grits. This was done by producing 

identification signs with special markers onto the selected features. 

7.2.1 Wear/cutting test of PCD arrays versus electroplated 

diamond pads 

The prevalent wear mechanism found in the analysis of the CMX850 fine 

grained diamond array (after 50 m length of cut) is the slice fracture 

(Figure 7. 5) indicating the occurrence of a fast wear; while slower wear 

progression has been shown by the CTM302 mixed grain diamond 

abrasive array (Figure 7. 5b) whose wear test results indicated that 

chipping is the prevalent issue found. 

 

a)                                                         b) 

Figure 7. 5: ESEM of wear features for abrasive micro-arrays after 5000 
passes (5 μm depth of cut): a) CMX850 fine grained diamond; b) CTM302 

mixed grained diamond. 

ESEM for the CMX850 fine grained diamond array (Figure 7. 6a) has 

shown that fracture of the micro-abrasive edge occurred already at 3000 

passes (compared to 4000 passes for the mixed grained). The typical wear 

progression for CMX850 mix grained PCD array starts with a micro-

damage (chipping) of the single abrasive edge followed by a consequent 

macro-damage (slice fracture) with the increasing number of passes 

(length of cut) leading to elevated loads at the micro-edge/grit contact 

with the workpiece. 

Slice fracture

Chipping

Chipping

Abrasion
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a)                                                         b) 

Figure 7. 6: ESEM images proving the fracture of CMX850 fine grained PCD 
array after 3000 passes (5 μm depth of cut): a) side view, and b) front view 

of a micro-abrasive edge. 

 

The CTM302 mixed grained PCD showed a different type of behaviour 

when compared to the fine grained material. Figure 7. 7 represents an 

example of micro-edge after 3000 passes, indicating that no crack or 

chipping is present after a length of cut of 30 m.  

 

a)                                                         b) 

Figure 7. 7: ESEM images after 3000 passes (5 μm depth of cut) in CTM302 
mixed grained PCD array: a) tilted view b) front view. 

Although prevalent wear progression for the CTM302 mixed grained array 

seems to be of abrasive type, a first appearance of cracking occurred in 

this composite only at the grain/binder boundary (example of micro-edge 

- Figure 7. 8a - after 4000 passes). The initial crack started to propagate in 

the feed direction, and the final result (length of cut, 50 m) is a breaking of 

part of the cutting edge as shown in Figure 7. 8b.  
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a)                                                         b) 

Figure 7. 8: ESEM images of crack formation and fracture  of the CTM302 
micro-abrasive edge: a) after 4000 passes, b) after 5000 passes (5 μm depth 

of cut).  

Figure 7. 9 depicts an example of the wear progression onto a mix grained 

PCD array, indicating again that the minimum length of cut for chipping to 

occur is 40 meter in this composite, while being 30 meter in the case of a 

fine grained PCD array (Figure 7. 6).  

 

Figure 7. 9: ESEM micrographs showing chipping as wear progression 
mechanism on a CTM302 mix grained PCD cutting edge a) after 1000 

passes, b) after 4000 passes; c) after 5000 passes.  

The electroplated diamond abrasive pad containing D501 sized abrasives 

has shown mainly micro-damaged grits (Figure 7. 10b) with consequent 

flattening of 25-35% of the grits initial height from the beginning of the 

test (Figure 7. 10a); this indicates a type of abrasive wear similar to that of 

the mix grained diamond. The wear occurring in the CTM302 mixed grain 
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PCD array and in the electroplated diamond abrasive pads could be 

classified as mild abrasive wear [131].  

 

a)                                                         b) 

Figure 7. 10: ESEM micrographs demonstrating the reduction in height (i.e. 
flattening) of electroplated diamond grits: a) in “fresh” condition b) after 

5000 passes (for 5 μm depth of cut). 

 

7.2.2 Wear/cutting performances of PCBN arrays versus 

electroplated CBN pads 

In the case of high-CBN content array (DBS900), the unworn PCBN 

abrasive edge is shown in Figure 7. 11a: the white arrows indicate the 

initial sharpness of the abrasive edge, which has shown a 10 % circa of 

flattening at intermediate stages of 500 passes (length of cut, 5 m) at 1 μm 

depth of cut resulting in a total height reduction of 20% after a length of 

cut of 10 m (Figure 7. 11c). The total flank wear from the beginning of the 

test to the end is 20 μm, which represents only the 2% of the total 

theoretical stock of material removed on the shaft after 1000 passes 

(length of cut, 10 m).  

Micro-damaged gritFlatted gritGrits
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Figure 7. 11: ESEM tilted view comparative imaging of the DBS900 in the 
wear test (1 μm depth of cut): a) before test, b) after 500 passes, c) after 10 

m length of cut.   

In the case of medium-CBN content array (DBW85), a different wear 

progression has been found for the unworn area of the abrasive edge 

(Figure 7. 12a). ESEM micrographs revealed that crack formation caused 

the side edge of the cutting element to fracture (Figure 7. 12b); this has 

been followed by a further macro-damage of the abrasive edge probably 

facilitated by its intermittent contact with the workpiece (Figure 7. 12c).  

 

Figure 7. 12: ESEM tilted view of the DBW85 during the wear test (1 μm 
depth of cut): a) before the test, b) after 5 m length of cut, c) after 1000 

passes. 
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The wear phenomenon occurring for the B501 electroplated CBN abrasive 

has proved to be similar to the one indicated in the purely metallic binder 

PCBN array (DBS900) mainly showing a flank wear. ESEM images in 

Figure 7. 13 represent a detail of results of the wear progression in the 

case of the electroplated CBN specimen: a flattening of grits occurred 

already at 2,5 m length of cut (Figure 7. 13b) indicating that the 50 % of 

the total flattening is likely to occur within a length of cut of 2.5 m. 

 

 

Figure 7. 13: ESEM micrographs showing the wear progression of the 
electroplated CBN pad after: a) 250 passes, b) 5 m length of cut, c) 750 

passes; d) 10 m length of cut.  

Some examples of grits wear in the electroplated CBN pad are reported in 

(Figure 7. 14): it is evident that an 80% of grits flattening (Figure 7. 14b) 

occur already after 2.5 m (length of cut).  
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Figure 7. 14: ESEM micrographs showing the wear progression of a single 
grit the electroplated CBN pad: a) before the test, b) after 250 passes 

(length of cut, 2.5 m), c) after 500 passes (length of cut, 5 m), d) after 1000 
passes (length of cut, 10 m). 

The height reduction for an average grit after 1000 passes (length of cut, 

10 m) is circa 40% of the grit height (Figure 7. 15b); this indicates either 

that the wear is slower in the case of the laser generated PCBN arrays 

(20% reduction in height) if compared to CBN electroplated abrasives 

(40% reduction in height); or that because of the lower density in the 

electroplated pad, there is an higher load per grit when compared to the 

PCBN arrays, therefore increasing the wear activity at the grit.   

 
a)                                                         b) 

Figure 7. 15: ESEM micrographs showing some detail of unworn/worn grits 
on the electroplated CBN grain: a) before the test, unworn area b) after 

1000 passes (1 μm depth of cut) worn area. 
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7.2.3 Observation and discussion 

PCD arrays versus electroplated diamond specimen 

The wear occurring during the wear/cutting tests of PCD abrasive micro-

arrays and the electroplated diamond abrasives is mainly of a mechanical 

nature (abrasive wear) combined with thermal effects, previous research 

has already demonstrated that the main failure mechanism for brittle 

materials is fracturing [132]. Results shown in Section 7.2.2 indicated that 

as consequence of the increased length of cut during the test, slice fracture 

was the prevalent damage mechanism of the CMX850 fine grained 

diamond arrays (Figure 7. 5a). The fracturing could be caused by a thermal 

shock, producing the occurrence of a thermal-related wear/damage. For 

an understanding of the results of the wear test of CTM302 mix grained 

PCD array, it is necessary to take into consideration a classification 

reported in wear literature [131] which defined single-cycle deformation 

mechanisms as those that occur for distortion, displacement and fracture 

of the material; while repeated-cycle deformation mechanisms those 

requiring continuous contact for distortion and fracture to occur, such as 

in fatigue and delamination phenomena. In the wear test (whose results 

are reported in Section 7.2.2) of PCD arrays, the hardness of abrasive 

(CTM302 properties in Section 3.2) is higher than the machined material 

(Silicon dioxide properties in Section 3.3), thus a single-cycle deformation 

mechanism is expected [131], though the results show that a repeated-

cycle deformation mechanisms is necessary for the fracture to be 

manifested. The damage in the CTM302 mixed grained diamond becomes 

visible only after multiple cycles (5000 passes corresponding to a length of 

cut of 50 m) indicating that repeated loading might be the cause of the 

coalescence and propagation of cracks.  The wear progression had shown 

the occurrence of the following steps: (i) a first appearance of cracks has 

been found only after 4000 passes (length of cut, 40 m); (ii) the initial 

crack propagated throughout the edge between 4000 and 5000 passes 

(length of cut, 40-50 m) possibly because of the repeated cycle 

deformation mechanism on the single abrasive edge (Figure 7. 8b).  
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The different wear progression experienced by the fine and mix grained 

PCD specimen is mainly related to the different extent of cobalt binder 

percentage. This can be explained by using the physical principle of 

volumetric strain produced in a material as a consequence of the change in 

temperature; Eq. 1 was used to study the dependence of the volumetric 

strain from the change in temperature occurring during the synthesis of 

PCD composite [25], [26] and for the purpose of this research it has been 

rearranged in terms of the change in temperature occurring in the 

abrasive edge during the wear test for every interrupted number of 

passes: 

 𝑒 = 𝛼 ∗ 𝑉0 ∗ (𝑇𝑎𝑚𝑏−𝑇𝑝𝑟𝑜𝑐𝑒𝑠𝑠)                                                                         (Eq. 1),                      

where e is the volumetric strain in the material [𝑚3], 𝛼 the thermal 

expansion coefficient [𝐾−1], 𝑉0 the volume prior deformation [𝑚3], 

𝑇𝑎𝑚𝑏 − 𝑇𝑝𝑟𝑜𝑐𝑒𝑠𝑠 [𝐾] the change in temperature occurring during the test. 

Section 3.2 described the materials thermal properties: in this experiment 

the mismatch (circa 80%) of thermal expansion coefficient [𝛼𝑃𝐶𝐷 (2.5 ∗

10−6𝐾−1) < 𝛼𝐶𝑜 (13 ∗ 10−6𝐾−1)] [25] produces high compressive stress 

in the diamond grains and low tensile stress in the Co binder, causing 

internal residual stresses at the interface PCD/Co and thus, leading to 

material fracture. This phenomenon is likely to occur in the fine grained 

diamond composites caused by higher Co percentage and the smaller PCD 

grains, so more expansion of Co and compression of PCD results in an 

increase of high compressive residual stress in the diamond grains and 

low tensile stress in the Co binder with a consequent reduced wear 

resistance; the increased amount of metallic phase in the fine grained PCD 

also leads to a decreased thermal resistance. These findings are in 

agreement with literature: a study in 1996 has shown that the fine grain 

PCD diamond has higher compressive stress when compared to the mixed 

grained diamond [26]; furthermore, higher amounts of metallic phase is 

responsible for greater amount of extrusions and reduced thermal 

resistance [36]. The wear occurring in the CTM302 mixed grain PCD array 

and in the electroplated diamond abrasive pads is a mild abrasive wear 
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[131]. A possible explanation of such behaviour could be that the stress is 

constantly maintained below the elastic limit of the material, causing the 

repeated-cycle deformation mechanism to dominate.  

 

PCBN arrays versus electroplated CBN specimen 

While polycrystalline diamond proved to have a similar wear progression 

for the two different grades PCD tested having both a metallic binder (Co), 

the PCBN arrays were found to have abrasive wear or fracturing 

mechanism because of the different binder phases and CBN grain 

dimensions.   

PCBN DBS900 has shown a wear progression of abrasive type and it 

probably occurred because the high thermal conductivity of the metallic 

binder (reported in Section 3.3) caused the heat to quickly be transferred 

outside the edge-workpiece interface, thus producing a constant abrasive 

wear with the increased number of passes (and consequently length of 

cut). 

In the case of the DBW85 cracks formed causing the side edge to fracture 

(Figure 7. 12b); then, further macro-damage formed on the same abrasive 

edge: this was possibly caused by the interrupted cycle deformation 

imposed on the material by its intermittent contact with the workpiece 

(Figure 7. 12c). 

The different wear characteristics identified after the same number of 

passes between the abrasive array DBS900 and the electroplated CBN 

abrasive could be due to the following main reasons: (i) the abrasive edge 

geometry: because of its positive rake angle the edge can not only facilitate 

the cheap flow but also reduce the vibration during machining; (ii) the 

density of edges/grits in the same area: having less abrasives on the same 

area might force the taller abrasive to absorb all the impact and vibration 

of machining, causing a flattening homogeneously distributed in all the 

protruded grits.  
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7.3 Comparison of the abrasive/cutting forces in the 

electroplated pads and PCD/PCBN micro-cutting 

arrays 

The main trend for the signal forces acquired during the wear/cutting test 

indicated randomly variable signal peaks in the time domain for the 

electroplated (diamond/CBN) pads and homogeneous signal peaks for the 

abrasive (PCD/PCBN) arrays. This could be explained by considering what 

previously said, in regard to the density of the arrays versus electroplated 

pads (Section 7.1). The lower density and randomness of the grits in the 

electroplated pads and the different number of micro-edges/grits 

instantaneously in contact with the SiO2 shaft during the testing of the 

different specimens (in the same contact area many edges in the arrays 

and few grits in the electroplated pads) might have influenced the signal 

acquired during tests both in term of signal intensity versus length of cut 

and of signal variation for each edge/grit. Sections 7.3.1, 7.3.2 aim at 

presenting and discussing the results achieved from the acquired forces in 

the wear/cutting tests of abrasive arrays and benchmark specimens.            

7.3.1 Acquired signal/cutting forces for PCD arrays and 

electroplated diamond pads 

Section 3.7.3 dealt with the procedure which has been used for the 

evaluation and comparison of the cutting forces converted from the 

voltage signal acquired during the abrasive/cutting tests.  A typical 

example of cutting force signal (after acquisition via Labview and 

processing via Diadem) for a CMX850 fine grained PCD array in a single 

pass (length of cut, 10 mm) is reported in Figure 7. 16: a reduction of 

cutting force is shown for each peak along with a reduction of shaft 

diameter, which has been measured before/after the first 10 mm length of 

cut.  
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Figure 7. 16: Example of a typical signal acquired in a single pass for the 
CMX850 fine grained array, the reduced shaft diameter is also shown for 
each peak; calculation of time and features in contact with the shaft are 

reported in the insert.  

A detailed comparison between a typical cutting force graph for the PCD 

array and electroplated diamond is depicted in Figure 7. 17. In order to 

identify the meaning of each peak in the graph, a study has been done.  

 

a)                                                         b) 

Figure 7. 17: Example of the signal acquired in a single pass with the 
corresponding time of contact of the shaft upon: a) the CMX850 fine grained 

array; b) the D501 electroplated diamond abrasive.  

The large peaks (t=0.25s) of the force diagrams (Fig. 16a) are associated 

with groups of micro-edges/grits corresponding to the contact between 
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the array/electroplated abrasives with the shaft during the roto-

translational motion and the X axis represents the time domain (with 

notations for a single pass). As shown in Figure 7. 16, the calculated 

overall time necessary for the shaft to cover the length of an 

array/electroplated abrasives (under test condition reported in Section 

3.7.2) in a single pass (length of cut, 10 mm) is 2s.  

Results from the acquired signal of cutting force have indicated that the 

experimental time of signal acquisition for each pass is not the same for 

the array and electroplated pad. Theoretically, if the specimen would be in 

contact with the shaft for the all length of cut of 10 mm, the time of signal 

acquisition should be 2 s. Results have shown that in the case of D501 

electroplated specimen, the experimental time is 2 s, which means that the 

electroplated pad is in contact with the shaft during all the test. 

In the case of PCD micro-arrays the time of contact with the shaft is not 2 s, 

but 1.25 s (Figure 7. 17a). This difference in time spent for each pass could 

be due to the workpiece diameter reduction:  the entire depth of cut has 

been done by the front cutting edges, thus more material is removed from 

the shaft with the use of the abrasive arrays reducing the contact time in a 

single pass (from 2s to 1.25s) and provoking only the left side of the array 

to wear out as indicated also in the ESEM micrographs results (Figure 7. 

18a). In fact, in the case of the PCD abrasive arrays, only part of the 

specimen has been subjected to wear (Figure 7. 18a).  

The trailing part (Figure 7. 18b) remained unworn because it has not been 

in “active” cutting/contact with the shaft, as also demonstrated by the “not 

acquired forces” in the time interval 1.25-2 s (Figure 7. 17a).  
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a)                                                         b) 

Figure 7. 18: ESEM images of different abrasive edges positioning in the 
same CMX850 array after 5000 passes: a) most worn surface corresponding 
to highest contact pressure with the shaft (t<1.25 s); b) trailing part of the 

array remained unworn corresponding to time interval of not acquired 
contact loads (t>1.25 s).  

 

Figure 7. 19 depicts a schematic representation of the tested array and the 

resulting worn/unworn surfaces after testing.  

 

Figure 7. 19: CAD schematic of the manufactured array with dimensions, 
number of micro-edges in instantaneous contact with the shaft, tested area, 

untested area, worn and unworn areas. 

 

To enable the comparison of the specific cutting forces acquired in the 

abrasive arrays and electroplated diamond pads testing, a normalisation 

of the forces (initial/final) into contact pressure was made following the 

methodology reported in Section 3.7.3. Topological scans of the orderly 

arrays and electroplated pads have been carried out to evaluate the 

contact surface of representative micro-abrasive edges/grits with the SiO2 

shaft counterpart. Result of the topographical scan of a micro-edge at the 
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initial stage of the test and its contact area (blue area in Figure 7. 20b) 

with the rotating shaft is shown in Figure 7. 20. The contact area has been 

measured following the methodology in Section 3.7.3. For the cutting edge 

after 250 passes (length of cut, 2.5 m) the contact measured area (Figure 

7. 20b) for 5 μm depth of cut is 10.6% of the total area scanned area 

(Figure 7. 20a). Similarly, the blue area in Figure 7. 20d represents the 

measured area of contact for a micro-edge after 5000 passes (length of cut, 

50 m), which measures 25.8% of the total scanned area (for 5 μm depth of 

cut). 

 

 

                   a)                                         b)                                            c)                                            d) 

Figure 7. 20 Example of the micro-edges in the abrasive/cutting array and 
their area of contact with the shaft during test: a) topographical 

measurement of a single abrasive element after 250 passes; b) measured 
area of contact of the single abrasive element via thresholding process after 

2.5 m length of cut; c) topographical measurement of a single abrasive 
element after 5000 passes; d) measured area of contact of a single abrasive 

element via thresholding process after 50 m length of cut. 

 

The same procedure has been used to evaluate the contact areas of an 

average grit size of the electroplated abrasive pads with the shaft at 

different stages of the test: Figure 7. 21a represents the topographical 

profile of a single grit after 250 passes while the blue area in Fig. 20b 

depicts the measured contact area between grit and shaft; similarly, Figure 

7.20c indicates a worn grit after 5000 passes (length of cut, 50 m), whose 

contact area is represented in Figure 7. 21d.  
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                        a)                                         b)                                            c)                                            d) 

Figure 7. 21: Example of a single grit of an diamond electroplated pad and 
its area of contact with the shaft during test: a) topographical measurement 

of a single grit after 250 passes; b) measured area of contact of the single 
grit with the shaft via thresholding process after 2.5 m length of cut; c) 

topographical measurement of a single grit after 5000 passes; d) measured 
area of contact of a single grit via thresholding process after 50 m length of 

cut.  

The cutting forces have been transformed into contact pressure per single 

edge/grit and the resulting contact pressures (see Eq. 2) between a single 

grit/edge and shaft have been calculated using Equation 2 in Section 3.7.3. 

Table 7. 1 contains all of the measured values for A and the calculated 

value for p after 250 passes (length of cut, 2.5 m) and after 5000 passes 

(length of cut, 50 m).  

Table 7. 1: Measured values of contact area of the micro-edge/grits and the 
calculated initial and final contact pressures. 

Specimen 𝐴250 
[𝑚𝑚2] 

𝐴5000 
[𝑚𝑚2] 

𝑝250 
[N*𝑚𝑚−2] 

𝑝5000 
[N*𝑚𝑚−2] 

PCD CTM302 

P 

0.012 0.061 26.9 5.33 
PCD CMX850 0.012 0.061 29.3 8.60 
Electroplated D501 0.003 0.018 336 135 

 

The calculated contact pressures are shown in Figure 7.22 (with a Y axis in 

logarithmic scale) as a function of the length of cut, the general wear 

performances are depicted for all of the three specimens: both PCD micro-

cutting arrays (CTM302 and CMX850) have proved their superior wear-

resistant properties when compared to a benchmarked electroplated 

diamond pads (D501). Despite the fact that a positive rake angle results in 

a weaker cutting edge and increases tendency of edge breakage [19], these 

results demonstrate that the orderly micro-cutting edge arrays produced 

70% lower contact pressures in comparison with the negative rake angle 
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typical of the grits in the electroplated specimens. This being corroborated 

with the better wear performance, represents a step change in replacing 

electroplated pads (with stochastically distributed abrasives) with arrays 

of micro-cutting edges for grinding/polishing operations.   

 

Figure 7. 22: Comparative graph showing the calculated contact pressures, 
on the vertical Y axis in logarithmic scale. 

 

7.3.2 Acquired signal/cutting forces for PCBN arrays and 

electroplated CBN pads  

Using the procedure explained in Section 3.7.3, also adopted for the case of 

PCD abrasive arrays/electroplated diamond specimen, the contact 

pressures have been calculated for the PCBN abrasive/electroplated CBN 

pad; and Table 7. 2 include the results for experimental contact area and 

the relative contact pressures respectively after 250 passes (length of cut, 

2.5 m) and 1000 passes (length of cut, 10 m) in the case of the PCBN 

abrasives and electroplated CBN pads.   

Table 7. 2: measured values of contact area of the micro-edge/grits with the 
shafts and the calculated contact pressures for the PCBN arrays and the 

electroplated CBN pads. 

Specimen 𝐴250 
[𝑚𝑚2] 

𝐴1000 
[𝑚𝑚2] 

𝑝250 
[N*𝑚𝑚−2]] 

𝑝𝑓1000 

[N*𝑚𝑚−2]] 

PCBN DBS900 0.007 0.017 53.14 48.93 
PCBN DBW85 0.007 0.017 209.8 99.45 
Electroplated 

B501 

0.032 0.035 104.3 92.28 
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As shown in the graph of pressure for the three specimens under test 

depicted in Figure 7.23, it is evident that the electroplated pad B501 worn 

out quicker than pure metallic binder specimen (DBS900) but slower than 

DBW85. The latter has in fact shown fracturing as main deformation 

mechanism (as previously demonstrated by ESEM analysis) which can 

explain the reason of very high contact pressures with the workpiece 

material during testing [5], and therefore it cannot be directly compared 

to the other two tested pads. A direct comparison between one of the two 

manufactured micro-cutting array and a benchmarked specimen was 

made possible especially thanks to similar wear (flattening) experienced 

between B501 and PCBN DBS900. In this regard, it is essential the result of 

contact pressures measured during test and reported in Figure 7.23: the 

lower pressures of the micro-array with purely metallic binder (DBS900) 

against the electroplated specimen are the evidence of wear resistance 

property of this novel material. The saddle shape evident in the 

electroplated CBN (Figure 7. 23) is mainly due to a variation of grits height 

and it is explained in details in Section 7.3.3. 

 

Figure 7. 23: Comparative graph showing the calculated contact pressures 
for the PCBN/electroplated CBN specimens. 

7.3.3 Observation and discussion 

PCD arrays versus electroplated diamond specimen 

The wear progression of the micro-arrays manufactured on different PCD 

composites as well as of electroplated diamond pads have been examined: 
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the slower wear (better wear resistance) achieved in the CTM302 mix 

grained PCD array has been analysed by microscopic technique and also 

been confirmed from the calculated contact pressure per abrasive edge. In 

particular, analyses on the signal acquired during testing of PCD arrays 

and electroplated diamond pads lead to find a difference in the signal 

acquisition time and intensity. Results in Section 3.7.2 have shown a gap in 

time spent for each pass and the variation of signal acquired are possibly 

due to the following reasons: (i) workpiece diameter reduction:  the entire 

depth of cut has been done by the front cutting edges, thus more material 

is removed from the shaft with the use of the abrasive arrays reducing the 

contact time in a single pass (from 2s to 1.25s) and provoking only the left 

side of the array to wear out (Figure 7.18); (ii) edges height homogeneity: 

the random height typical of the electroplated pad does not guarantee 

constant contact with the shaft producing variable force peaks (Figure 7. 

17b). The trend-lines for the two PCD arrays and the electroplated 

diamond pad have shown a reduction of contact pressure with the testing 

time due to the decreased edge sharpness vs. cutting time; this is in 

agreement with the published literature [5].  Despite the fact that a 

positive rake angle results in a weaker abrasive edge and increases 

tendency of edge breakage [19], these results demonstrate that the orderly 

micro-cutting edge arrays produced 70% lower contact pressures in 

comparison with the negative rake angle typical of the grits in the 

electroplated specimens. This, being corroborated with the better wear 

performance, represents a step change in replacing electroplated pads 

(with stochastically distributed abrasives) with arrays of micro-cutting 

edges for grinding/polishing operations. 

 

PCBN arrays versus electroplated CBN specimen 

In the case of the purely metallic binder specimen (DBS900), the high 

thermal conductivity of CBN rapidly takes the heat away from the cutting 

zone [131], and this results in: lower contact pressures (Figure 7. 23), less 

softening of the material at the interface abrasive/workpiece and mainly 

flank wear as a typical wear mechanism. The presence of the metalloids 
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boron and aluminium in the medium-CBN content PCBN array (DBW85): 

(i) makes the mechanical structure more brittle; (ii) reduces the thermal 

conductivity of CBN by 50% [19], thus the heat concentrates in the shear 

zone producing higher contact pressures, as depicted in Figure 7. 23.  (iii) 

Furthermore boron and aluminium cause a favourable softening of the 

material (at the interface abrasive/workpiece) which reduces the flank 

wear on the abrasive edge, leaving fracturing as main wear mechanism. 

The presence of metalloids (B and Al) in the DBW85 PCBN specimen might 

have affected the wear progression of the medium-content abrasive array 

producing higher contact pressures, and for this reason one of the two 

manufactured abrasive arrays (DBW85) has shown the occurrence of a 

quicker failure mechanism. The results widely presented in Section 7.3.2 

have demonstrated that there is at least one manufactured PCBN micro-

abrasive array (DBS900) that has shown better wear performance with 

respect to the benchmarked specimen containing B501.  

7.4 Conclusion and remarks 

The wear progression of PCD/PCBN micro-abrasive edges has been 

studied and benchmarked against electroplated diamond/CBN pads; the 

results are summarised in the following key points: 

 For the PCD abrasive micro-arrays, the size of diamond grain and 

binder percentage affect the wear performances because of 

different extent of residual stresses (compressive in the diamond, 

tensile in the binder) occurring at the grain boundaries. An 80% 

mismatch of thermal expansion between ultra-hard grain and 

binder coefficient produces higher internal stresses in the material 

with higher binder bulk volume percentage (CMX850) leading the 

material to fracture quicker.  

 In the CTM302 mix grained PCD array, the bigger grain dimension 

(90%) and the decrease of binder percentage (5%) compared to 

the CMX850 fine grained specimen are the main causes of the 

slower wear of the CTM302 mix grained array: the compressive 

stresses in the diamond grains are smaller and cause lower residual 
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stresses in the matrix if compared to the CMX850 fine grained 

material.  

 The CTM302 mix grained PCD showed slower failure mechanism 

(in terms of time for crack formation) when compared to the 

CMX850 fine grained PCD: for CTM302 the length of cut for crack 

formation was 40 m, while for CMX850 30 m. This confirms that the 

mixed grained diamonds combine the high wear resistance typical 

of the fine grain and the good shock resistance typical of the coarse 

grained PCD. 

 The wear occurring in the CTM302 mixed grain PCD array and in 

the electroplated diamond abrasive pads could be classified as mild 

abrasive wear: the electroplated diamond abrasive pad containing 

D501 sized abrasives has shown mainly micro-damaged grits with 

consequent flattening of 25-35% of the grits initial height from the 

beginning of the test. This result, along with the contact pressures 

produced during test (70% lower contact pressures in the case of 

the array), indicated the better wear-resistant properties of the 

orderly micro-cutting edge arrays.  

 For the PCBN DBW85 the presence of a medium-CBN content (and 

the reduction of thermal conductivity) together with the metalloids 

binders causes fracturing as main wear/failure mechanism and as a 

consequence high contact pressures are experienced because new 

sharp edges are continuously generated onto the cutting edge.  

 The PCBN DBS900 array has shown a total flank wear of 15% of the 

total height of the cutting edge, and this represents only the 2% of 

the total theoretical stock of material removed on the shaft after a 

length of cut of 10 m. When compared to the DBW85 specimen, 

DBS900 has proved to have slower wear and a lower trend-line of 

contact pressures due to the quick heat transfer which caused 

mainly flank wear without cracking of the micro-edges. 

 After a length of cut of 10 m, the B501 electroplated abrasive has 

shown micro damaged grits with a flank flattening between 25% 
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and 35% of the total grit height. This height flattening is circa 

double the value achieved for the PCBN arrays (15%).  

 Both PCD and PCBN abrasive arrays have shown higher wear 

resistance when benchmarked to the most used abrasive 

electroplated pads (D501, B501); the orderly micro-cutting edge 

arrays produced 70% lower contact pressures in comparison with 

the negative rake angle typical of the grits in the electroplated 

specimens. This being corroborated with the better wear 

performance it represents a step change in replacing electroplated 

pads (with stochastically distributed abrasives) with arrays of 

micro-cutting edges for grinding/polishing operations. 

 Despite the fact that presence of metalloids (B and Al) might affect 

the wear progression of the medium-content abrasive array 

producing higher contact pressures, and for this reason one of the 

two manufactured abrasive arrays has shown the occurrence of a 

quicker failure mechanism; the results have demonstrated that 

there is at least one manufactured specimen that has shown better 

wear performance with respect to the benchmarked specimen 

containing B501, this is the pure metallic binder DBS900 whose 

better wear performance during the performed wear test.  

The superior wear-resistant properties of micro-cutting arrays produced 

by pulsed laser ablation have been demonstrated via benchmarked 

grinding/cutting test of silicon dioxide rods. It has been demonstrated that 

the binder is the main factor responsible of the wear performance. As 

expected, both of the polycrystalline specimens containing metallic 

binders (mix grained and fine grained) have shown lower contact pressure 

with the workpiece when compared to a benchmark, therefore endorsing 

the possibility of introducing these micro-features in the generation of 

tools for advanced engineering applications. Polycrystalline cubic boron 

nitride arrays exhibited different wear behaviours in function of the type 

of binder. In particular, the specimen containing purely metallic binder 

(DBS900) has proved its wear-resistant characteristics when compared to 
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a benchmark and to an array with no purely metallic binder (containing 

metalloids).  
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Chapter 8 

Research outcomes and future work 

 

This chapter aims at presenting a summary of the results achieved in this 

research and discuss them for use in future research. In particular, the 

findings on pulsed laser ablation for the generation of complex geometry 

micro-cutting edge arrays for advanced machining/grinding applications 

in terms of thermal response of particular group of tool materials, i.e. 

ultra-hard composites, are summarised thus offering some key points 

research applications for future research perspective.  

 

8.1 Summary of research, findings and conclusions 

Based on understanding the thermal response of composite ultra-hard 

materials to laser beam, this research work aimed at developing novel 

micro-cutting/abrasive arrays with enhanced wear performances for 

advanced engineering applications. The aims and objectives of this 

research work were presented in Chapter 1, while the methodology steps 

utilised to undertake all of the research work and to achieve the proposed 

objectives were reported in Chapter 3. The research activity conducted for 

the achievement of each objective (reported in Section 1.3) is presented 

below and their respective outcomes in relation to the specific research 

objectives are summarised as follows: 

i. Research activity: An understanding of the interaction between 

laser beam (Nd: Yag laser) and microstructurally different ultra-

hard materials (PCD & PCBN) along with a study of the material 

removal mechanisms in laser ablation are carried out, by 

generating quality controlled (e.g. roughness, surface integrity) 

ultra-hard surfaces from individual laser pulses over a range of 

energy/kinematic parameters.  
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Research outcome: Chapter 4 revealed that energetic parameters 

affect noticeably the geometry of craters/grooves: inhomogeneity 

in spot geometry might arise because of high energy density. The 

comparative results of chemical analysis before/after PLA 

indicated an increased percentage of binder (Cobalt) in particular 

in the areas of highest energy density. It has been noticed that the 

extent of ablation in coarse/fine grained ultra-hard composites 

differ for low values of beam scanning speed, due to overlapping 

energies in the target material, provoking an increase of laser 

power density and higher quantity of binder melting and re-

depositing.  

 

ii. Research activity: An understanding of the thermal response of 

microstructurally different PCD/PCBN composites is carried out, by 

using procedures for the examination of the allotropic 

transformation occurring at atomic level in PCD/PCBN as a 

consequence of the extent of fluence in a laser pulse.  The use of a 

novel technique combining ESEM, FIB, HRTEM and EELS allowed to 

study the repetitive mechanism of formation & removal of 

allotropic (graphitic carbon/hexagonal boron nitride) layers 

occurring in PCD/PCBN structures as a consequence of the thermal 

excitation.  

Research outcome: HRTEM/EELS/EDX results (presented in 

Chapter 5) revealed a different thermal response of PCD and PCBN 

composites to the same thermal excitation. Both in the case of PCD 

and PCBN materials, a relationship between the graphite/hBN 

extent and the laser fluence was discovered and a difference in 

extent of allotropic transformation occurring in the same PLA 

condition was found between the PCD and the PCBN specimens.  

High resolution transmission microscopy analyses in the high 

fluence area have shown a layered structure formed by: an sp3-hBN 

structure till a depth of 50nm, followed by a transition phase hBN 

to cBN up to a depth of 100nm; while an untouched cBN 
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substructure with TiC binder has been revealed beyond a depth of 

100nm, indicating that beyond a depth of 1 μm, the specimen is not 

affected from the thermal excitation. Furthermore, in the area 

surrounding the hBN extent, amorphous boron nitride allotropic 

(αBN) traces were found. The transformation of the initial cBN into 

hBN in the case of PLA at high fluence, the achieved reaction energy 

produced by PLA would have created favorable condition for the 

allotropic change. In the case of PCD, two interfaces were formed 

onto the structure as a consequence of PLA: amorphous/graphite 

and graphite/diamond. Despite of the formation of two interfaces 

in both ablated areas, the extents of graphitised and amorphous 

layers in the two cases were found to be affected by the extent of 

laser fluence (energy density) experienced; in particular, it can be 

commented that in the low fluence ablated site, the measured 

graphitised layer is 70 % smaller than the one in the high fluence 

ablated area.  

In conclusion, HRTEM/EELS analyses in the high fluence area 

indicated an extent of graphite of 0.9 μm in the PCD, while an hBN 

layer of 0.05 μm was found in the PCBN specimen, therefore 

showing that PCBN composites don’t tend to allotropic change 

during PLA, and thereby confirming the choice of PCBN materials 

where a better thermal resistance and chemical inertness is 

required.   

iii. Research activity: An optimisation of laser operating parameters 

(e.g. pulse duration/frequency, power density) and laser paths (e.g. 

direction of ablation, use of border cuts) is carried out onto 

PCD/PCBN ultra-hard structures by designing and producing 

specific micro-edges with controlled edge geometry via CAD 

software and pulsed laser ablation technology.  

Research outcome: In Chapter 6 it was found that in the use of 

border cuts during the ablative process, a high extent of edge 

irregularity (corner of the triangle in case of triangular shape, 

sharpness of the edges in the case of cutting features) was 
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produced by an intense energetic activity onto the target material. 

For this reason ablation without border cuts has been selected as 

optimal choice for the generation of orderly micro-abrasive arrays. 

On the other hand, the study on how the direction of ablation could 

affect the ablation indicated that well defined angles (e.g. 0°, 90°) 

should be used for a good control of the edge sharpness; 

particularly it has been demonstrated that the variation of angle 

from 0° to 90° noticeably increased the edge sharpness. Smaller 

tilting angles of the laser beam with the target specimen should be 

preferred when a negative rake angle is required, and bigger tilting 

angles should be preferred when a positive rake angle is needed. A 

novel approach has been proposed for the creation of edges with 

desired rake/clearance faces via laser ablation and this represents 

an important step for the scientific community when it is important 

to manufacture features in specific range of tolerances.  

iv. Research activity: A study on the wear-resistant characteristics 

and wear progression of micro-cutting arrays to enable efficient 

super-abrasive tools is effectuated; and there is a need to find a 

correlation between microstructural factors (i.e. binder type, 

binder bulk weight, grain size) variation and wear resistant 

properties. These objectives have been achieved by performing 

wear/cutting test of the laser generated orderly micro-arrays.  

Research outcome:  Results reported in Chapter 7 revealed that 

for the PCD abrasive micro-arrays, the size of diamond grain and 

binder percentage affect the wear performances. The CTM302 mix 

grained PCD showed slower wear when compared to the CMX850 

fine grained PCD: in the CTM302 the compressive stresses in the 

diamond grains are smaller and cause lower residual stresses in the 

matrix facilitating the quicker failure mechanism of the fine grained 

CMX850 array. The presence of metalloids binders in the PCBN 

DBW85 array caused fracturing as main wear/failure mechanism, 

while the presence of a purely metallic binder in DBS900 is the 
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reason of slower wear due to the quick heat transfer which caused 

mainly flank wear without cracking of the micro-edges. 

v. Research activity: A validation of the wear-resistant properties of 

ultra-hard micro-cutting arrays (tested in research activity iv) 

along with a comparison of those against benchmark specimens is 

carried out. The objective has been achieved by performing 

wear/cutting test onto electroplated CBN/diamond pads under the 

same test condition of the wear/cutting test of the orderly arrays.  

Research outcome: Results (presented in Chapter 7) revealed a 

similar wear behaviour (abrasive wear) between CTM302 mix 

grained PCD array and electroplated diamond abrasive pad. 

Nevertheless, the electroplated diamond abrasive pad containing 

D501 sized abrasives has shown mainly micro-damaged grits with 

consequent flattening of 25-35% of the grits initial height from the 

beginning of the test, while the orderly micro-cutting edge arrays 

revealed 70% lower contact pressures with the silicon dioxide 

workpiece, thereby indicating the better wear-resistant properties 

of the laser generated arrays. Regarding the benchmark test of 

PCBN, the B501 electroplated abrasive has shown micro damaged 

grits with a flank flattening between 25% and 35% of the total grit 

height, this height flattening is circa double the value achieved for 

the PCBN arrays, whose results have revealed a total flank wear of 

15% of the total edge height.  

 

8.2 Future work on the laser generated micro-

cutting edges in PCD/PCBN composites  

This research allowed the identification of important research gaps 

existing in the use pulsed laser ablation technology on polycrystalline 

ultra-hard structures and their use for developing innovative 

cutting/grinding tools. In particular, because of the many chemical 

components which compose PCD and PCBN structures (e.g. ultra-hard 
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phase, binders), it is very difficult to predict the thermal response of 

polycrystalline composites to a thermal excitation such as the one 

produced onto the target material by a laser beam. This research 

programme allowed introducing some new advances into the topic of 

behaviour of binders and allotropic transformation occurring into the 

composite as a consequence of the thermal excitation. Some interesting 

results are especially proposed in Chapter 5, where some important 

findings in the use of an experimental approach for understanding the 

thermal response of PCBN composites are proposed for the first time in 

literature. The main findings proposed in this thesis open new perspective 

for future research. In particular, some of the main future possible 

application/research programme is here listed:  

1. A theoretical model (for polycrystalline ultra-hard composites: 

PCD, PCBN) could be approached for an in-depth study of the 

influence of laser energetic parameters onto PCD/PCBN materials. 

In particular, what has been experimentally demonstrated in this 

research programme could be validated with the introduction of a 

model. This has not yet been proposed for PCD/PCBN structures 

because of the many variables involved in the process and the 

different thermal properties of binders and ultra-hard phases but it 

could be easier if a combined theoretical/experimental approach 

would be followed. The findings of this research programme could 

be initially used in the first stage of the achievement of the model. 

2. Results from Chapter 5 regarding the material thermal response to 

pulsed laser ablation directly lead into another idea of future work: 

a control of hardness/softness in selected sites of the cutting edge 

could possibly be achieved. By considering the main findings of this 

research, it has been demonstrated that it is reliable to find a 

relationship between laser energetic parameters and extent of 

allotropic transformation occurring in specific sites of laser 

generated crater/groove. A research approach utilising pulsed laser 

ablation as a technology for simple cutting edge generation 

(proposed in Chapters 4 and 6) and the use of the technology 
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FIB/EELS/HRTEM (proposed in Chapter 5) would lead to study in-

depth the extent of allotropic transformations (hexagonal boron 

nitride into cubic boron nitride, graphite into diamond and 

viceversa) in selected areas of the cutting edge and therefore 

allowing a control of softness/hardness of the cutting edge (and 

consequently of the overall tool). This would result in a high control 

of the properties of laser generated cutting edges, allowing a big 

scientific step change to be realised and thereby offering 

advantages for industries and academia.  

3. Results in Chapter 7 have revealed that microstructural factors play 

an essential role in the wear-resistant properties of PCD and PCBN 

composites. Although a first approach onto the study of wear 

progression properties of PCD/PCBN is proposed in this thesis, the 

found results suggest interesting future research perspective into 

this topic. In particular, an in-depth study could be performed to 

evaluate if allotropic transformations are occurring in the 

wear/cutting test of the composites and, if so, in which extent these 

could affect the wear-resistant properties in microstructurally 

different materials. This research would be used to develop a 

technique for characterisation of the wear-response of  PCD/PCBN 

at nanometric level, therefore allowing an in-depth understanding 

of the wear progression properties and facilitating the laser 

manufacture of tools in ultra-hard materials.  

In conclusion, the achievement of the objectives of this research (proposed 

in Chapter 1) was realised as validated from the results in Chapters 4-7. 

Important findings on the thermal response of PCBN structures to laser 

ablation are proposed for the first time in literature and a relation 

between microstructural factors and wear properties of different 

PCD/PCBN arrays has been investigated for the first time. All of the 

proposed results have indicated that further work need to be conducted in 

order to achieve an in-depth understanding of the thermal reaction of 

PCD/PCBN to thermal excitation during pulsed laser ablation. Future 

research studies, by identifying the extent and causes of allotropic 
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transformation in PCD/PCBN structures, would allow a full control of the 

hardness/softness in selected sites of the ultra-hard cutting edges, 

therefore allowing science and technology to have benefits from it. 
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