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Abstract 

 
Recently, great interest has been shown in the fabrication of periodic micro- and nanostructures over 

large area due to their increasing applications in diverse research fields including optics and 

electronics, cell biology, bioengineering and medical science. Diamond turning using multi-tip single 

crystal diamond tools fabricated by focused ion beam (FIB), as a new machining technique, shows 

powerful capacity in the fabrication of micro- and nanostructures. However, lack of support from 

systematic theoretical research has seriously hindered the advance and industrialization of this 

technique. As such, molecular dynamics (MD) simulations and experimental trials have been 

undertaken in this research work to systematically investigate this new technique from the 

FIB-induced damage during the tool fabrication process to the nanometric cutting mechanism using 

nanoscale multi-tip diamond tools. 

The transmission electron microscope (TEM) measurements were carried out to characterize the 

FIB-induced damaged layers in single crystal diamond under different ion beam processing voltages. 

A novel multi-particle collision MD model was developed to simulate the FIB-induced dynamic 

damage process in diamond. The results indicated that the fabrication of diamond tool by FIB can 

create an impulse-dependent damaged layer at the tool surface. The nature of FIB-induced damaged 

layer in the diamond tool is a mixture phase of sp
2
 and sp

3
 hybridization and accommodates a 

significant proportion of the implanted gallium. 

The nanometric cutting process of using nanoscale multi-tip diamond tools was studied by MD 

simulations. The results provide in-depth understandings of the nanostructure generation process, the 

cutting force, the thermal effect, and the tool geometry-dependent shape transferability. The 

investigation shows that the formation mechanism of nanostructures when using multi-tip tools is 

quite different from that of using single tip tools. Since the nanostructures are synchronously formed 

by a single cutting pass, the effect of feed rate and the alignment issues associated with the use of 

single tip tools to achieve the same nanostructure can be completely eliminated when using nanoscale 

multi-tip tools. The unique tool geometrical parameters of a nanoscale multi-tip tool including the tool 

tip distance, tip angle, and tip configuration play important roles in the form accuracy of the machined 

nanostructures. A hypothesis of a minimum ratio of tip distance to tip base width (L/Wf) of the 
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nanoscale multi-tip tool has been proposed and qualitatively validated by nanometric cutting 

experiments.  

A series of nanometric cutting experiments and associated MD simulations were further carried out to 

study the influence of processing parameters on the integrity of the machined nanostructures and tool 

wear. Under the studied cutting conditions, the burr and structure damage are the two major types of 

machining defects. With the increase of the depth of cut and the cutting speed, the increasing overlap 

effect between the tool tips is responsible for the formation of side burrs and structural damage. The 

tool wear was initially found at the sides of each tool tip after a cutting distance of 2.5 km. The 

FIB-induced damaged layer, the friction produced at each side of the tool tip, and the high cutting 

temperature distributed at the tool cutting edges are responsible for the initiation of tool wear. 

Based on the research objectives achieved, generic suggestions are proposed for the further 

development of diamond turning using nanoscale multi-tip tools in terms of selective parameters used 

in tool fabrication, optimal design of tool geometry, and optimization of processing parameters in 

nanometric cutting practice. 
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Chapter 1  Introduction 

1.1 Background and significance 

Recently, great interests have been shown in the fabrication of periodic micro- and 

nanostructures over large area due to their growing applications in new optics, automotive, 

aerospace, biomedical, and power generation devices [1-4]. The advance in current 

nanofabrication techniques, including optical and electron beam lithography, focused ion 

beam (FIB) milling, nanoimprinting, femtosecond laser machining, and diamond machining 

have boosted the development of such new devices. Some dominant micro- and 

nanofabrication techniques that are widely used to obtain micro- and nanostructures are 

listed in Table 1-1. 

Photolithography (electron beams, X-rays) [5-7] followed by etching/deposition is the 

technique most widely used in research labs and semi-conductor industry for micro- and 

nanofabrication. Usually, a radiation-sensitive medium, i.e. a resist, needs to be used to 

transfer structures to the bulk material. Then subsequent developments and etching processes 

or metal thin film deposition process are applied to destruct/construct the form of structures. 

The main advantages of photolithographic techniques include high precision in achieving 

nanoscale features and the ability for scalable and high-volume production. However, they 

are time-consuming and suffering from high capital investment and running cost due to 

requirements for complex equipment, consumables, and high-end clean room [7]. The 

materials are limited to silicon, glass, and a few other specific materials.  

Focused ion beam (FIB) machining [8-11] is a direct writing technique that requires no mask. 

Current FIB systems are able to produce a beam size smaller than 3.5 nm with an excellent 

beam-positioning accuracy and a stable operating condition. These features enable the 

fabrication of complex three-dimensional (3D) microstructures with high precision by this 

technique. However, it is inherently a slow nanofabrication procedure and very difficult to 
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scale-up. 

Scanning probe lithography including dip-pen nanolithography (DPN) [12-14] is capable to 

deposit liquid samples (e.g. proteins, DNA, thiols) for nanoscale surface patterning. 

Although DPN has many advantages for research applications, this technique is slow and 

limited in throughput and scalability, which eventually led to the recent liquidation of the 

only DPN commercial company—NanoInk Inc. 

Nanoimprinting lithography [15] is now considered as one of the most promising 

nanofabrication techniques with the ability to fabrication large area nanostructures at low 

cost and high throughput. However, the cost and throughput are inherently limited by the 

size of the nanoscale template (the mould for nanofeature replication). In addition, 

nanoimprinting only suits fabricating imprintable soft materials (mainly polymers from 

monomers). 

Femtosecond laser machining [16-19] is another state-of-the-art technique in micro- and 

nanofabrication. However, the machined surface roughness is about 10 times higher than 

other techniques mentioned before. 

All in all, these methods fail to meet the increasing requirement in commercializing 

functional nanostructured devices due to their inherent limitations, particularly the complex 

processing steps, low processing efficiency, and high operational costs. These limitations 

have created substantial interest in developing cost effective scale-up manufacturing 

approaches. 

The mechanical method, typically the single point diamond turning and milling using micro 

tools as well as their extensions, can be used to fabricate micro- and nanostructures in 

various materials with a high throughput [20-23]. The classification of the respective 

diamond cutting methods for machining structured surface is shown in figure 1-1 [24]. The 

inherent advantage of these processes is the high flexibility while achieving a low surface 

roughness. The dimensional and form accuracy of the cutting tool itself as well as the 

motional accuracy of the machine tool are important factors to influence the machining 
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accuracy of the machined structures. The crystalline structure of diamond permits the 

fabrication of cutting tools with very sharp cutting edges as small as 25 nm, which enable the 

nanometre level surface finish of machined structures. Currently, ultra-precision machine 

tools equipped with air-bearing spindle and high precision work stages can offer nanometre 

level program resolution. The path program can easily be modified to accommodate design 

changes, tool radius errors, and other machining anomalies. However, the size and 

configuration limitations of cutting tools limit the diamond machining to create patterns of 

sub-micro/nanostructures, especially high aspect ratio structures. The major difficulty to 

extend the single point diamond turning (SPDT) machining capability to achieve 

sub-micro/nanoscale structures is the reliable fabrication of nanoscale cutting tools with the 

required shape and dimensions. 

 

Figure 1-1: Classification of structure generation in (a) diamond turning and (b) diamond 

milling [24]. 

(a) 

(b) 
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Table 1-1: Comparison of different micro- and nano-fabrication technologies 

 

Micro/nano machining 

technologies 

Machining 

capability 

Minimum line 

width (nm) 

Resolution 

(nm) 

Machinable material 

Photolithography 3D [25] ~ 4 [26] ~ 10-20 [25] Silicon, glass, and a few other 

specific materials 

Focused ion beam 

machining 

3D ~ 10 [27] 5 [28] Almost any solid material 

Scanning probe 

lithography 

3D ~ 10 [29] 10 [29] Soft solid material 

Nanoimprinting 

lithography 

3D ~ 10 [28] ~ 10-20 [15] Imprintable soft materials (mainly 

polymers from monomers) 

Femtosecond laser 

machining 

3D ~ 10 [16] 10 [16] Almost any solid material 

Single point diamond 

turning (SPDT) 

3D ~ 104 [30] ~ 10[31] Materials that are chemically stable 

with diamond 
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In recent years, with the advance of FIB processing micro- and nanoscale diamond tools, a 

newly developed manufacturing approach is to use SPDT process to replicate the micro - or 

nanostructures pre-fabricated on a diamond tool tip by FIB to a flat surface. Varieties of tool 

geometries, such as single tipped and dual-tipped tools having rectangular, triangular, and 

other complex shaped face designs have been produced to generate functional structured 

surface through ultra-precision lathe turning [32-34]. This approach therefore, fully utilises 

the fine process capability of the physical sputtering actions of the FIB and the high 

productivity of diamond turning. Most recently, nano-gratings with the pitch as small as 

hundreds of nanometres can be generated by this technique while using nanoscale multi-tip 

diamond tools (with tool tip width of 150 nm) [35, 36]. Owing to the unprecedented merits 

of high throughput, one-step, and highly flexible precision capabilities, this technique has led 

to the hope for breaking the technical bottleneck for the scale-up manufacturing 

nanostructures. 

Despite these breakthroughs, there remain significant technical obstacles preventing the 

commercialization and widespread use of this technique. Apart from the challenges related to 

the FIB processing of nanoscale diamond tools, the formation mechanism of nanostructures, 

including the relationship between the geometry of nanostructures pre-fabricated on the tool 

tip and the form accuracy of nanostructures replicated on the work substrate remains unclear, 

which has become a significant barrier to realise deterministic nanomanufacturing capability. 

A systematic investigation combining experiments and simulations needs to be done to fully 

explore the nanomanufacturing capacity of this technique. 

1.2 Aim and objectives 

The overall aim of this project is to gain a fundamental understanding of the nanometric 

cutting using nanoscale multi-tip diamond tools fabricated by FIB. To accomplish this task, 

large scale MD simulation models in conjunction with experiments are developed to provide 

an in-depth understanding of the FIB-induced damage during tool fabrication process, the 
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shape transferability of nanoscale multi-tip diamond tools, and the machining mechanism 

when using nanoscale multi-tip diamond tools. 

In order to achieve the above aim, five main research objectives are set as follows: 

 To review the existing literature to gain an understanding of the previous simulation 

models and identify any advantages and shortcomings of these models. 

 To study the FIB-induced damage during nanoscale diamond tool fabrication process, 

experimentally and theoretically. 

 To develop nanometric cutting model to study the shape transferability and the 

mechanism of machining nanostructures when using nanoscale multi-tip diamond tools. 

 To carry out experimental trials to validate the simulations results and to reveal the 

effect of processing parameters on the quality of machined nanostructures.  

 To make generic suggestions for further development of diamond turning using 

nanoscale multi-tip tools in terms of the selection of parameters used in tool fabrication, 

the optimal design of tool geometry, and the optimization of processing parameters in 

nanometric cutting practice. 

1.3 Structure of the thesis 

The structure of the research is illustrated in figure 1-2. This thesis is presented in eight 

chapters. 

 

Chapter 1 presents the background of this research project and explains the motivation and 

objectives of the research work. 

 

Chapter 2 critically reviews the diamond turning of micro- and nanostructures and the major 

factors which hindered the discovery and advancement of nanoscale multi-tip diamond tools 

for the deterministic fabrication of sub-micro/nanostructures. It also summarizes the 

fundamentals of FIB machining technology and the current research progress on the 
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ion-induced damage in diamond along with some remarks on challenges to remain unsolved.  

 

 

Figure 1-2: The structure of the research project. 

 

Chapter 3 introduces the modelling approach for the study of ion-induced damage in 

diamond. The basic concept and framework of MD simulation method is first introduced, 

followed by a discussion of the important parameters for a successful MD simulation of 

energetic ion bombardment, as well as the post processing methods used for analysing 

simulation results. Alongside a theoretical description and generic flowchart of building a 

multi-particle collision model, this chapter presents some preliminary MD simulation results 

of ion-induced damage in diamond. 

 

Chapter 4 reports a systematic experimental study on FIB-induced damage in diamond tool 

material. Various efforts to the characterization of the nature of the damage zone created 

under different FIB processing voltages are carried out. Combined with the results obtained 

from MD simulations, this chapter provides a detailed description of the ion-induced damage 

process in diamond. Several suggestions and guidelines for the optimization of experimental 



Chapter 1 Introduction 

8 

 

conditions to yield nanoscale multi-tip diamond tools are discussed at the end of this chapter. 

 

Chapter 5 introduces the modelling and simulation methods which provide a foundation for 

the simulation study on the nanometric cutting when using nanoscale multi-tip diamond tools. 

Along with a comprehensive discussion on mechanism of machining nanostructures while 

using a single tip diamond tool and a multi-tip diamond tool, this chapter provides detailed 

insight into the likely mechanism of machining nanostructures on single crystal copper 

through diamond turning using nanoscale multi-tip diamond tools. 

 

Chapter 6 describes the details of research on the effect of tool geometrical parameters on the 

shape transferability of nanoscale multi-tip tools. It offers detailed insight into the 

nanostructures formation process and a hypothesis of a minimum designed ratio of tip 

distance to tip base width (L/Wf) of the nanoscale multi-tip tool in machining nanostructures 

is proposed and qualitatively validated by experiments. The potential of improving the form 

accuracy of machined nanostructures through an optimal design of the geometry of a 

nanoscale multi-tip diamond tool is discussed at the end of this chapter. 

 

Chapter 7 presents experiments on diamond turning of copper substrate using nanoscale 

multi-tip diamond tools under different cutting conditions. As with the MD simulation model, 

the underlying mechanism for machining defects and the initialization of tool wear observed 

in experiments are revealed. 

 

Chapter 8 presents the assessment and conclusions of the whole research. Based on the 

simulations and experiments developed in the thesis, the recommendations and guidelines 

for further development of diamond turning using nanoscale multi-tip tools are introduced. 
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Chapter 2  Literature review 

2.1 Introduction 

In this chapter, a detailed review of diamond turning techniques using micro- and nanoscale 

diamond tools is given together with the identification of the theoretical and experimental 

challenges preventing the standardization and commercialization of nanoscale multi-tip 

diamond tools. In the following sections, the current research progress and the technical 

challenges regarding the study of FIB-induced damage in diamond are introduced. 

2.2 Diamond turning of micro- and nanostructures 

2.2.1 Diamond as a cutting tool material 

Nowadays, many types of tool materials, ranging from high carbon steel to ceramics and 

diamond, are used as cutting tools in today’s metalworking industry. Single crystal diamond 

has excellent characteristics in these respects such as high wear resistance, low affinity with 

a wide range of materials, extreme high strength and hardness, and being fairly easily 

worked to a sharp cutting edge, making it an ideal tool material for ultra-precision 

machining. 

Diamond is a carbon allotrope in which each carbon is covalently bonded to four other 

carbon atoms at a distance of 1.545 Å forming a tetrahedral geometry. Some physical and 

chemical properties of diamond materials commonly used in cutting tools are summarized in 

Table 2-1.  

 

Table 2-1: Some physical and chemical properties of diamond materials used in cutting tools 

Property 
Single crystal 

diamond (SCD) 

Chemical vapour 

diamond (CVD)  

Poly-crystal 

diamond (PCD) 

Density (g/cm3) 3.52 4.1 3.51 
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Hardness (kg/mm2) ~10,000 ~ 8,000 ~ 9,000 

Young’s Modulus 

(GPa) 
1,223 800 1,180 

Tensile strength 

(MPa) 
1,050–3,000 1260 450–1,100 

Compression strength 

(GPa) 
8.68 7.4 16 

Thermal conductivity 

(w/(m·k)) 
1,000–2,200 560 750–1,500 

Thermal expansion 

coefficient (cm2/s) 
5.5–11.6 2.7 2.8–11.6 

 

 

Natural diamond is commonly used to make single crystal diamond tools. According to the 

form and the amount of the dominant defect/impurity (mostly nitrogen) that may contain, the 

natural diamond is briefly classified into several categories as shown in figure 2-1. 

Diamonds that have a large fraction of nitrogen are classified as type Ι, whereas those that 

are largely free of nitrogen impurities are classified as type ΙΙ. Type Ι diamonds can be 

further classified into Ιa if the nitrogen exits in an aggregated form or as Ιb if the nitrogen 

exists as single substitutional atom. Type II diamonds are sub-classified into types IIa and IIb 

based on the boron-containing level. Most natural diamonds belong to the subdivision type Ι.  

Additionally, since the first recorded synthesis of diamond was performed by Hannay in 

1880, several methods of producing diamond have been explored to date such as high 

temperature high pressure synthesis techniques (HTHP) [37], chemical vapour deposition 

(CVD) [38, 39], and nanodiamond synthesis techniques [40, 41]. These progresses in 

fabrication of synthetic diamond increase the use of diamond as cutting tools and its 

potential applications in optical and electronic devices [42-46].  
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Figure 2-1: The classification of the natural diamond. 

2.2.2 Major shaping techniques for diamond tools 

Currently the major shaping techniques for diamond tools include mechanical polishing [47], 

precision mechanical grinding [48], and micro electro discharge machining (μEDM) [49]. 

Because of the inherent characteristics of the extreme hardness and compositional 

homogeneity of diamond, it is extremely difficult to fabricate micro/nanoscale diamond tool 

possessing complex geometry by routine micromachining techniques [47, 50].  

In recent years, focused ion beam (FIB) milling technique has been applied in the fabrication 

of micro/nanoscale diamond cutting tools [32-34, 51-58] owing to its suitability for 

top-down fabrication (down to submicron level or even down to a few nanometres level).  

The major advantages of using FIB milling technique for the production of micro-/nanoscale 

diamond tools lie in its capability for mask-less processing various tool shapes with a high 

feature resolution as well as observation of a cutting tool during FIB milling process [32, 53]. 

It can achieve high precision material removal from a specified location in a controllable 

mode, and it is adaptive for various tool materials and geometries of substrates. 
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2.2.3 Diamond turning of structured surfaces by single tip diamond tools 

Single point diamond turning (SPDT) technology has originated as diamond machining in the 

1950s and was originally designed to fabricate metal optics at macroscopic dimensions.  

The cutting motion is generated by the rotation of the workpiece, while the tool is guided in 

relation to the surface, producing the desired surface topography based on the transfer of the 

tool profile and its working envelope. The cross-sectional shapes of structures are either 

determined by the geometry of the diamond tool (profile turning) or by the modulation of the 

infeed depth (form-turning) [24]. Thus, the technique extremely relies on high accuracy of 

both machine tools motions and tools profiles transferred onto workpieces. 

Today, several kinds of advanced SPDT techniques, such as slow tool servo (STS) machining 

and fast tool servo (FTS) machining, have been applied as deterministic methods for the 

manufacture of micro components and complex micro-structured surfaces with unique 

accuracy and cost effectiveness. In these methods, the depth of cut is dynamically modulated 

according to the radial and angular position of the cutting tool on the work surface. The 

synchronous multi-axes motion control (at least three numerically controlled machine axes) is 

a key to machining structures without rotational symmetry.  

2.2.3.1 Fast tool servo 

The fast tool servo (FTS) technique is widely used for diamond machining functional 

structured surfaces such as micro prisms, lens arrays, torics and off-axis aspherics [59]. The 

FTS generates high frequency movement of a cutting tool in the Z-axis (figure 2-2 (a)) based 

on the desired surface and the machine axes positions. According to the drive mechanism of 

actuators, FTS can be classified into hydraulic FTS, piezoelectric FTS, magnetostrictive FTS, 

Lorentz Force FTS, and normal-stress electromagnetically-driven FTS [60]. These systems 

have strokes from several to a few hundred micrometers with frequencies from 20 Hz to 2 

kHz. Normally, FTS with high frequency response always have short strokes, and FTS with 
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large strokes always have low frequency response and relatively low accuracy. 

Recently, Brinksmeier et al. [61] developed a novel concept for FST, the nano Fast Tool 

Servo (nFTS), featuring a stroke of up to 500 nm at a bandwidth of 5 kHz or more. The 

designed nFTS can generate a variation of the undeformed chip thickness within nanometer 

range enabling the processing of diffractive micro-structures (figure 2-2). The quality of 

these diffractive optical elements depends on the design of holograms, the nFTS data 

pre-processing, the piezo actuator and the workpiece material. 

 

 

Figure 2-2: The nFTS assisted diamond machining of diffractive optical elements. (a) nFTS 

control system and data processing sequence. (b) Diffractive surface generated by nFTS in 

nickel silver (SEM) [61]. 

2.2.3.2 Slow tool servo 

Slow tool servo (STS) is a type of turning method in which the cutting tool mounted on 

Z-axis oscillates backward and forward while the X and C-axis maintain constant speed [62]. 

Unlike the FTS method, the oscillation of the cutting tool in a STS system is generated by 

the Z-axis slide. In a typical STS machining, all axes are under fully coordinated position 

control. The spindle is controlled using the precision direct current motor, and X and Z-axes 

are controlled by the linear motor.  

STS machining is an efficient method to fabricate freeform surfaces and structured optics [59, 

(a) (b) 
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63-65]. In order to achieve high accuracy of the surface profile, the errors of cutting tools are 

pre-compensated into the tool path/trajectory. In recent decades, numerous research works 

have focused on the surface generation methods, the machine dynamics, the error analysis 

and compensation [66-68].  

Fang et al. [64] has used a cylindrical machining method (figure 2-3) to design the cutting 

path. A comprehension of cutting tool which considers the tool nose radius and clearance 

angle, is proposed to achieve the required freeform profile. Yin et al. [67] investigated the 

3D surface generation in STS machining and analyzed the form error of off-axis paraboloid 

caused by tool centering error. Zhang et al. [69] proposed a coordinate transformation 

method in STS machining of off-axis aspheric mirrors. Figures 2-3 (b)-(e) show typical 

freeform surfaces produced by STS machining. However, currently it is still difficult to 

machine off-axis aspheric mirrors with a large ratio of sag height to diameter because of the 

inherent limit of tool interference in STS machining.  

 

 

Figure 2-3: STS machining freeform surfaces and structured optics. (a) Cylindrical 

coordinate machining method; and (b)-(e) are typical freeform surfaces produced by STS 

diamond machining [59, 64]. 
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(b) (c) (d) (e) 
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2.2.4 Diamond turning using micro multi-tip tools 

Using FIB processed multi-tip diamond tool in diamond turning is another approach to 

generate structured surface. The pioneering work by using this approach was done by 

Friedrich and Vasile et al. [52, 55-57]. They used FIB milling to produce nominal 25 μm 

diameter micro tools used on an ultra-precision machining centre. A procedure of obtaining 

sharp cutting edge was proposed as schematically shown in figure 2-4 [70]. Because of the 

Gaussian ion beam intensity profile, the cutting edge near the ion beam is rounded off and 

other edges away from the beam become sharper [52, 56].  

 

 

Figure 2-4: Schematics of cutting edge formation [70]. 

   

Adams et al. [32] from Sandia National Laboratories (SNL) presented the method of FIB 

shaping micro-scale tools (with dimensions in a range of 15–100 μm) analogous to a cutting 

tool used in lathes. They proposed a procedure for shaping a two-tip micro cutting tool (as 

shown in figure 2-5). The cutting tools having rectangular, triangular, and trapezoid shape 

were successfully fabricated by FIB. Among the tested tool materials, diamond and tungsten 

carbide materials are easier to form a sharp cutting edge than high speed steel. These tools 

were further applied for ultra-precision machining of microgrooves, microcoils, and 
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curvilinear structures (as shown in figure 2-6). 

 

 

Figure 2-5: The procedures for FIB milling a micro-threading tool. For all sputter steps, a 

tool is fixed, and the arrows indicate the direction of the ion beam [32].  

 

 

Figure 2-6: FIB shaped two-tip micro tool having triangular cutting faces and the machined 

micro-grooves. (a) and (b) show the tool tips; (c) and (d) show the machined grooves on 

PEEK workpiece surface by the two-tip tool [32]. 

 

Ding et al. [33, 58] evaluated the dependence of machining removal rate and surface 

morphology of FIB sputtered diamond on FIB processing parameters such as the beam 

current and the ion incident angle. Their results indicates that a single crystal diamond tool 

fabricated by FIB under lower beam current of 4.6 nA offers a smoother cutting edge and a 

better tool surface quality as compared to that generated at a current of 20 nA [33]. More 

(a) (b) 

(c) (d) 
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recently, Fang and his co-workers [34, 51] developed semi-circular micro tools and 

diffractive optical elements (DOE) shaped micro tools to fabricate micro-DOE (MDOE) 

which are widely used in solar condense lenses, infrared sensors, laser beam shaping, and 

high performance optical imaging systems. The measured radius of cutting edges of the 

micro tool was approximately 25 nm [34]. The DOE-shaped micro tool and the machined 

MDOE are shown in figure 2-7. Their investigation demonstrated the high efficiency of 

using micro tools in fabricating micro-DOE with nanoscale surface finishes. 

 

 

Figure 2-7: SEM images of MDOE fabricated by a DOE-shaped micro tool. (a) 

DOE-shaped micro tool by FIB, (b) MDOE machined by the DOE-shaped micro tool [34]. 

2.2.5 Development in the fabrication of nanoscale multi-tip diamond tools 

Despite the great progress made in the fabrication and application of micro tools, fabrication 

of nanoscale diamond tools with high precision and complex tool geometries using FIB 

milling technique remains challenging. This is mainly due to the five main issues as 

discussed below. 

A. The sample characteristics 

In a typical FIB milling process, the target characteristics such as composition, hardness, 

electrical conductivity, and geometrical feature have huge effects both on the sputtering yield 

and the machined structural geometry. Since the diamond used for a cutting tool is usually 
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non-conductive, the additional electric field generated on diamond surface during FIB 

machining process will deflect the incident Ga ions and/or reduce their energies, which 

greatly deteriorates the machining efficiency and accuracy. 

B. Spatial extension of the ion-induced defects 

The exposure of material to ion beam will result in the creation of ion-induced damaged 

layer and the additional implanted ions in the target matter. These effects are evidenced and 

play a major role in high-resolution patterning where the incoming spot size is matching the 

characteristic length of collisional cascades (normally around 10 nm). 

C. The redeposition effect 

During FIB sputtering process, some of sputtered atoms will attach to the sidewall and also 

the machined surface. The redeposition is inevitable and will result in the reduction of 

material removal rate and the creation of unwanted features, making it difficult to accurately 

fabricate 3D structures with high aspect ratio and surface finish. The FIB milling diamond 

tools process requires appropriate scanning strategies to avoid or suppress material 

redeposition on areas of interest as much as possible. 

D. Ripples generated on facet 

It is well known that energetic ion bombardment of solid surface will create periodically 

modulated structures which are often referred as ripples [71]. The ripples created on a 

diamond tool surface will increase its surface roughness and degrade the surface quality of 

machined nanostructures. 

E. The beam tail effect 

The beam tail effect is generated due to approximately assumption of Gaussian distribution 

of the ion beam. In FIB processing the beam profile is usually considered as a Gaussian 

distribution with a circular cross section. The extra ion dose would remove extra material at 

the sputtering area. The contributions of beam tail depend on the beam spot size and the 

pitch between adjacent scanning pixels [53]. This beam tail effect will significantly degrade 

the form accuracy of nanoscale diamond tools. 
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In recent years, several theoretical and technical measures have been attempted to improve 

the form accuracy of FIB machined 3D nanostructures. Various two-dimensional and 

three-dimensional surface topography predication models for ion beam machining have been 

proposed to evaluate ion sputtering yield, and to provide references for FIB operators (as 

summarized in Table 2-2). Moreover, Monte Carlo (MC) method has been developed to 

simulate time-independent cascade processes, and most commonly used software are 

SRIM/TRIM [72, 73] and TRIDYN [74, 75]. To improve the form accuracy of machined 

structures, several slicing strategies of three-dimensional structures have also been proposed, 

including the depth control method, slice by slice method, and continuous slicing method (as 

shown in figure 2-8). 

 

Table 2-2: Topography simulation codes for FIB machining [36] 

Simulation Code Dimension Topography model Redeposition 

COMPOSITE 2D String-based Yes 

DINESE 3D Huygens’ Principle No 

FIBSIM 2D Cell-based Yes 

Ionshaper 2D, 3D Huygens’ Principle Yes 

AMADEUS-2D 2D String-based Yes 

AMADEUS-3D 3D Cell-based Yes 

AMADEUS-Level set 2D Level set method Yes 

 

 

Figure 2-8: Three different methodologies for producing a 3D shape. (a) Depth control 

method: sputtering by changing the dwell time on the pixel, (b) 2D Slice-by slice method: 
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sputtering the sequential 2D slice-by-slice, and (c) continuous slicing method: modified by 

repeating Fu’s method by continuously reducing the ion dose for each slice, whereas the total 

ion dose is the same as Fu’s method [76]. 

 

Most recently, Sun et al. [36, 53] proposed a divergence compensation method to facilitate 

FIB machining of ultra-precision 3D structures. Through adjusting key fabrication 

parameters such as dwell time distribution, scanning passes, scanning pitch and scanning 

strategy, they successfully fabricated a nanoscale diamond cutting tool with nanoscale 

periodical chisel structures on the tool tip as shown in figure 2-9. A surface roughness Ra of 

1 nm was obtained on both the clearance facet and the rake facet. Initial results of using the 

nanoscale multi-tip diamond tool in the scratching of nano-grating arrays on an electroless 

nickel substrate show a high machining efficiency. The material removal rate was proved to 

be 30,000 times higher than purely FIB machining with ion current of 1 nA when machining 

these nanostructures [53]. 

 

 

Figure 2-9: Diamond machining of nano-grating arrays using a nanoscale multi-tip diamond 

tool. (a) Experimental setup of the SPDT test; (b) SEM image of the nanoscale multi-tip 

(a) (b) 

(c) (d) 
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diamond tool; (c) nano-grating arrays fabricated in two regions on the Nickel sample surface; 

and (d) the cross-sectional view of the machined nano-grating arrays [53]. 

2.2.6 Challenges in applying nanoscale multi-tip diamond tools  

As discussed above, in recent decades, attempts have been continuously made to improve the 

form accuracy of the micro- and nanoscale diamond tools fabricated by FIB. The results of 

these cutting trials initially demonstrated the feasibility of using nanoscale diamond cutting 

tools to increase the complexity and ultimate dimensional resolution of diamond-machined 

products. However, the development of a systematic theory on diamond turning using 

nanoscale multi-tip diamond tools is relatively lagging behind. To fully characterise this 

technique, there are four main issues which need to be addressed. 

2.2.6.1 Nanocharacterisation of ion-induced damage in diamond tools 

FIB milling technique is an effective means of fabricating micro- to nanoscale tools by 

sputtering diamond tool on a nanometre scale. However, this method leads to the 

implantation of ion source material and the creation of atomic defects in target material. For 

nanoscale diamond tools fabricated by FIB, the ion-induced damage at the near surface of 

cutting edges can significantly influence the tool cutting performance. Hence, an in-depth 

understanding of the ion collision process and the ion-induced damage in diamond under 

different irradiation conditions is required in order to develop a FIB machining strategy to 

obtain defect free nanoscale diamond tools. An introduction of FIB technique and a review 

of current research progress and technical challenges regarding the study of FIB-induced 

damage in diamond will be presented in section 2.4 and 2.5, respectively. 

2.2.6.2 Revealing machining mechanism for nanostructures 

While using a nanoscale multi-tip cutting tool, the nanostructures are synchronously 

generated through a single cutting pass. The material removal process in a nanoscale 
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multi-tip tool cutting will be different from that of using a single tip cutting tool. In-depth 

understanding of the nanostructure formation process during multi-tip tool cutting is a 

necessity to further improve the nanomanufacturing capacity of this technique. 

2.2.6.3 The shape transferability of nanoscale multi-tip diamond tools 

Although a few reports can be found in the literature which preliminarily described the high 

form accuracy and throughput offered by the multi-tip tool cutting, no experimental or 

theoretical research work has been carried out to investigate the dependence of the form 

accuracy of machined nanostructures on the tool geometrical parameters. The practical limits 

of the feature size and pitch of nanostructures, which is transferred by a nanoscale multi-tip 

tool profile, remain unclear. The characterization of tool geometry-dependent shape 

transferability in this technique is needed for future standardization and commercialization of 

nanoscale multi-tip diamond tools. 

2.2.6.4 Processing technology of multi-tip tool cutting  

Currently, the effects of machining parameters on the integrity of machined nanostructures 

and tool wear remain unknown. As the tools and the machined structures are in a range of 

sub-microns or even dozens of nanometres, even tiny (nanometre level) machining defects 

can degrade the form accuracy and the integrity of machined nanostructures. Additionally, 

the mechanism of tool wear and the tool life criteria in nanoscale multi-tip tool cutting have 

not yet been established. In-depth understanding of the machining process, especially 

knowing the nanomanufacturing capability under different cutting conditions is of great 

significance to full exploration and the advancement of this technique. 

2.3 Modelling of micro- and nanoscale diamond cutting 

Currently, it is still difficult to realize in-process observations and measurement in micro- 

and nanoscale machining processes. The complexity of the cutting process such as the 
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elastic/plastic deformation, fracture with high strain rates, and the variation of material 

properties during the process etc., makes it extremely difficult to use the analytical modelling 

(based on kinematics from empirical observation) to understand the material behaviour at the 

this level. On the contrary, computer based numerical simulation method can offer a 

reasonable insight into material behaviours and assist further empirical research and 

understanding of the process.  

In recent decades, numerical simulation method has been continuously developed as a 

complementary tool for the study of micro- and nanoscale machining. In these simulations 

the materials are modelled either from a continuum point of view or from a discrete point of 

view. The simulation methods are classified as finite element method (FE simulations, for 

large systems) based on continuum mechanics (CM), and the molecular dynamics method 

(MD simulations) based on the forces acting between the particles at a molecular level. More 

recently, multi-scale modelling techniques combining the merit of FEM and MD have been 

proposed. The corresponding length scales of these methods are illustrated in figure 2-10 

[77]. These methods are good compliment to experimental approaches if they are applied 

correctly. The advantages and limitations of these approaches are discussed below along with 

examples of recent research progress. 
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Figure 2-10: Various techniques for the numerical simulation of matter with their 

corresponding characteristic length scales L (VE = volume element; RVE = representative 

volume element; DEM = discrete element method; DFT = density functional theory) [77]. 

2.3.1 FEM modelling 

Finite element modelling is based on principles of continuum mechanics in which the 

materials are seen as a continuous and homogeneous medium. The material properties are 

defined as bulk material properties by means of experimental tests. It is a popular simulation 

technique in macro machining where the heterogeneities of the work materials are often 

neglected, allowing one to simulate large systems (of the order of meters) and in long time 

scales (of the order of seconds). However, it has limitations for accurately describing micro- 

and nanoscale machining when the material behaves discontinuously during machining. 

Nevertheless, in most cases of isotropic micromachining, FEM can still be an attractive 

modelling method because the process can be reasonably treated in continuum space. As an 

example shown in figure 2-11, fundamental variables such as stresses, strains, strain-rates, 

temperatures can be well predicted by finite element analysis [78].  
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Figure 2-11: (a) FE simulation model with Eulerian boundary condition, and (b) the 

simulated temperature field [78]. 

 

Recently, for micro cutting, Liu et al. [79] built a strain gradient plasticity based finite 

element model to examine the size effect caused by tool edge radius in orthogonal 

micro-cutting of Al5083-H116. They pointed out that cutting edge radius contributes to the 

size effect by changing the material flow pattern and increasing the tool-chip contact length. 

The strain gradient effect is dominant at low cutting speeds, small uncut chip thickness, and 

negligible tool edge radius. However, the model cannot provide any further information on 

the material crystal distortion and phase transformation which are important to the 

understanding of micro- and nanoscale machining. 

Moreover, some researchers have proposed to develop a representative volume element 

(RVE) which can consider the heterogeneities of materials [80-82]. The RVE is theoretically 

viewed as the smallest volume containing all information about the distribution and 

morphology of the heterogeneities in target materials such as crystalline phase and 

amorphous phase. At the macroscopic level, the work material is then idealized as a 

continuous and homogeneous medium from the mean mechanical behaviour of the RVE. 

However, this model is limited by the hypothesis of the continuity of the matter and the 

formalism based on continuum mechanics and macroscopic thermodynamics [77]. More 

recently, in order to solve the excessive element distortion when modelling micro cutting, a 

mesh-free Lagrangian numerical method named smoothed particle hydrodynamic (SPH) has 

been developed and extensively used to deal with multi-body dynamics and computational 

(a) (b) 
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fluid mechanics [83]. Recent advance in FEM modelling of micro cutting can be found at 

[84]. 

2.3.2 MD modelling 

The molecular dynamic (MD) simulation technique, developed by Alder and Wainwright in 

the late 1950s [85], is based on interatomic force calculations defined by potential functions. 

It can describe the characteristics of material at micro- and nanoscale such as crystalline 

structure, atomic defect, dislocation, and crack etc. In early 1990s, Belak [86], Inamura [87, 

88], Shimada [89, 90], Ikawa [91, 92] and Komanduri [93, 94] pioneered the framework of 

MD simulation of nanometric cutting which was followed by Luo [95] and Ye [96] etc. in 

early 2000s. Since then, many researchers have been continuously devoted to the MD 

simulation research of nanometric cutting. These studies have made a great contribution 

towards the in-depth understanding of the dynamic behaviour of materials under different 

nanometric cutting conditions. 

Belak and co-workers [86] carried out MD simulation to simulate the tribological process in 

orthogonal cutting of copper (1 1 1) surface and the silicon (0 0 1) surface. The work of 

Inamura et al. [87, 88] focused on the energy dissipation and material deformation at shear 

zone through MD simulation. Their simulation linked the intermittent drop of potential 

energy of workpiece with the plastic deformation of workpiece and heat generation as well 

as impulsive temperature rise on the tool rake face. They also reported the stress distribution 

in the workpiece during the cutting process. 

Shimada et al. [90] simulated the nanometric chip removal process in micro cutting of 

copper and qualitatively compared it with experimentally determined values. The 

comparison showed a good agreement of the chip morphologies, the cutting force, and the 

specific energy. They also pointed out that MD simulation method can be used to analyse the 

thermal field in metal cutting by employing a suitable scaling of thermal conductivity. The 

ultimate surface roughness that can be achieved by SPDT was estimated to be 1 nm for both 



Chapter 2 Literature review 

27 

 

monocrystalline copper and polycrystalline copper [89]. 

Komanduri et al. [94, 97, 98] conducted MD simulations to investigate the effects of tool 

geometry, crystal orientation, and depth of cut on nanometric cutting, and quantified  

significant differences of the machining characteristics between ductile metals and brittle 

materials. They attributed the mechanism of plastic deformation of silicon to a pressure 

induced phase transformation—from cubic to body centred tetragonal. They also highlighted 

the difference between macro and micro scale cutting, and identified four stages of the 

nanometric cutting process: (1) compression of the work material ahead of the tool; (2) chip 

formation; (3) side flow; and (4) subsurface deformation of the workpiece [94]. 

Luo et al. [95] conducted MD simulation and atomic force microscope (AFM) experiments 

to study the tool wear in nanometric cutting of silicon, and pointed out that the 

thermo-chemical wear is the basic wear mechanism of diamond cutting tools. Ye et al. [96] 

studied the effect of cutting speed on the cutting temperature and machined surface. The 

whole cutting process comprised two steps: material removal process as the tool was 

machining the surface, and the relaxation of the work material to a low defect configuration 

after the tool passed the machined region (as shown in figure 2-12). 
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Figure 2-12: MD simulation of nanometric cutting of (1 0 0) copper surface with a rigid tool 

with rake angle −45° at cutting speeds of (a)180 m/s, (b)18 m/s, and (c) 1.8 m/s. The left 

column shows configurations of workpiece and cutting tool; the mid and right columns show 

the temperature distributions of workpiece before and after 120 ps relaxation, respectively. 

The depth of cut is 1 nm in all cases [96]. 

 

However, due to the limitation of computational power at that time, many MD models have 

been only applied to simulate two dimensional orthogonal cutting with a very small model 

size, or unrealistic high cutting speed. In recent years, the development of high performance 

computer (HPC) helps to enlarge the spatial and time scales of MD simulation. Many 

researchers have conducted parallel large-scale MD simulation for 3D cutting process. 

Fang and his co-workers [99] have identified the frictional coefficient and forces as a 

(a) vs = 180 m/s 

(b) vs = 18 m/s 

(c) vs = 1.8 m/s 
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function of the rake angle of the pin shape tool. Kim et al. [100] reported that in the 

nanoindentation and scratching process, the nucleation of dislocations plays more important 

role in determining the abrupt drop during stick-slip than subsequent propagation of partial 

dislocations. Yan et al. [101] have simulated the multiple scratching processes of using an 

AFM tip and investigated the effects of the feed rate on the deformation of the machined 

surface. A deformation criterion relating the single-atom potential energy variation to atom 

lattice deformation was further explored and the simulation results showed that four states 

exist between AFM pin tool and the workpiece surface [102].  

Moreover, MD models were also built successfully to investigate the role of friction and tool 

wear in nanometric machining of copper, such as the work done by Maekawa et al. [103], 

Lin and Huang [104] etc. More recently, large scale MD model with model size up to 10 

million atoms has been performed by Pei et al. [105] to study the size effect existing in 

nanometric cutting of copper. Using this model, they quantified the effect of processing 

parameters on cutting force and lattice defects (as shown in figure 2-13) [106]. 

 

 

Figure 2-13: The large-scale MD simulation model of nanometric machining. (a) The 

geometry of the cutting too (tool edge radius r = 6 nm, the rake angle α = 12°, and clearance 

angle β = 12°); (b) nanometric cutting at the cutting distances of 16 nm; and (c) the 

cross-sectional views of the defects formed during cutting process (the atoms are coloured 

according to their centro-symmetry parameter (CSP) value) [106]. 

(a) (b) (c) 
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2.3.3 Multiscale modelling 

To bridge the gap between the atomistic and continuum scale, multi-scale simulation 

methods such as the quasi-continuum (QC) method [107], the macro-atomistic ab-initio 

dynamics method (MAAD) [108], and the coupled atomistic and discrete dislocation method 

(CADD) [109], have been developed by hybridizing the FE and MD simulations. Various 

handshaking schemes used in these methods were reported to be able to reduce the 

computational cost and thus increase the length scale of simulations. Ever since 1990s, a few 

multi-scale simulations can be found in the literature to study the micro- and nanoscale 

machining process. 

In 1990s, Inamura et al. [87, 88] used multiscale modelling method to study the stress state 

in the primary shear zone during the nanometric cutting process. Shiari and Miller [110] 

conducted multiscale simulation to study the details of nanometric cutting of single crystal 

aluminium including material removal, chip formation, surface evolution, and generation and 

propagation of dislocations for a wide range of tool speeds (20–800 m/s) at room 

temperature. Their results demonstrated the power of using the multiscale simulation method 

in capturing both long-range dislocation plasticity and short-range atomistic phenomena in 

micro- and nanoscale machining. 

Additionally, Aly et al. [111] developed a hierarchical modelling method to couple FE and 

MD. The material properties used to construct a constitutive model were extracted from the 

stress-strain curve produced by an MD model. This constitutive model was then applied to a 

regular FE cutting model to evaluate the cutting forces which were required to machine a 

silicon wafer using different cutting parameters.  

Recently, Cheng and Sun et al. [112, 113] demonstrated the capabilities of the QC approach 

in studying nanometric cutting of single crystal copper and aluminium. The effects of rake 

angle on chip formation and propagation of atomistic dislocations have also been examined 

(as shown in figure 2-14). Later, Pen et al. [114] preformed QC simulations to study the 



Chapter 2 Literature review 

31 

 

effects of crystal orientation and cutting direction on the attainable machined surface quality. 

The results show that cutting on the (1 1 1) surface along the [-1 1 0] cutting direction can 

minimize the residual damaged layer on the machined surface and thus was recommended in 

practical applications. 

 

      

Figure 2-14: (a) Multiscale model for nanometric cutting of single crystal aluminium; and (b) 

the atom snapshot with motion of the tool at 43rd time step [112]. 

2.4 Introduction of FIB machining technique 

2.4.1 FIB instrument 

The FIB technique was developed in the early 1970’s by researchers working on liquid metal 

ion source (LMIS) for use in space (first conducted by Krohn et al. in 1961) [115]. The 

world first FIB instrument based on field emission technology was developed by Levi-Setti 

[116] and Orloff and Swanson [117]. Nowadays, many dual-beam FIB systems or more 

advanced FIB instruments incorporate the ion beam column with other analytical or 

measurement systems such as a scanning electron microscope (SEM), a transmission 

electron microscope (TEM) or a secondary ion mass spectrometry (SIMS). These dual-beam 

systems are recognized as the most powerful tools for micro-/nanoscale fabrication and 

characterization, across many research areas from material science, microelectronics, to 

biology and life science. A typical dual-beam instrument consists of a vacuum system, a 

chamber with sample stage, an ion source, an ion column, an electron column, a gas injection 

(a) (b) 
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system (GIS), and a computer to control the whole instrument as schematically shown in 

figure 2-15 [118].  

 

Figure 2-15: Schematic diagram of an FIB-SEM dual beam system [118]. 

 

Nowadays, the majority of commercial FIB LMIS systems operating worldwide are suited 

only for Ga ions due to their advantage in achieving the emitted ion mass spectrum with 99 % 

singly charged ions at low melting point and vapour pressure. Therefore, no mass filter is 

needed and the ion column design becomes easier due to the use of electrostatic ion optics, 

which is mass-independent. To enlarge the application field of FIB to other species than 

Gallium, alloy LMIS can be applied, but it requires a mass separation system with a selection 

aperture to choose a certain ion mass and the ion charge state. The two basic configurations 

of ion optics are schematically shown in figure 2-16 [119]. Currently, the available ion 

sources include Al, As, Au, B, Be, Bi, Cs, Cu, Ga, Ge, Er, Fe, H, In, Li, Ni, P, Pb, Pd, Pr,  Pt, 

Si, Sn, U and Zn [11]. A comprehensive overview of FIB column designs has been given by 

Orloff [120].  

In the present research project, a FIB/SEM dual column instrument (FEI Quanta 3D FEG 

FIB) was used to fabricate nanoscale multi-tip diamond tools. The essential specification of 

the FIB system is attached as appendix I. 
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Figure 2-16: Typical FIB column geometry without (a) and with mass-separator (b) [119]. 

2.4.2 Principles of FIB system 

Before operating the ion beam in FIB system, the Ga+ wets up the sharp tungsten (W) needle 

and flows to the W tip. A high extraction field (> 10 8 V/cm) is used to pull the liquid Ga + 

into a sharp cone of up to 5–10 nm radius. The emission ions are further accelerated by 

adjusting the voltage applied on the suppressor. The ion beam energy is typically designed 

with a range between 5 and 50 keV. By finely controlling of the strength of the electrostatic 

lenses and adjusting of the effective spray aperture sizes, the beam spot size can be adjusted 

and the beam current can be varied between 1 pA and 10 nA, allowing fine beam for 

high-resolution imaging on sensitive samples and a heavy beam for fast rough milling.  

Moreover, most of the FIB systems are available for delivering a variety of gases in the 

working stage by a gas jet nozzle assembled inside the working chamber through an 

appropriate piping system. These gases are used for faster and more selective etching as well 

as for the deposition of different kinds of materials. 

In general, the important fundamental processes of ion beam interaction with materials can 

be classified as follows: secondary particle generation for imaging and surface analysis, ion 

implantation, material removal, and gas assisted ion beam etching and material deposition.  
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Simplified diagrams of these processes are shown in figure 2-17. 

 

 

Figure 2-17: Schematics of the important fundamental processes of ion beam interaction 

with materials. (a) Ion beam topographical imaging; (b) ion beam implantation; (c) material 

removal; and (d) gas assisted ion beam etching and material deposition. (replotting based on 

figure 3 in [121]). 

2.4.3 Key fabrication parameters in FIB milling 

In general, the term ‘milling’ in FIB processing means ‘removal of the target material’ which 

in nature is a combination of physical sputtering and material redeposition. Principally, the 

FIB milling technique is available to machine nearly all kinds of materials. There is a 

number of FIB fabrication parameters used to control the operations in FIB instrument such 

as the adjustment of sample stage, manipulation of the ion beam, and the control of vacuum 

system and gas jets for gas delivery (as summarized in figure 2-18). In-depth understanding 

of the effects of these processing parameters on the material removal process can lead to an 

improvement of the form accuracy of machined structures as well as the machining 

efficiency. The overview of the optimization of fabrication parameters used in FIB milling 
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process has been recently given in [36, 122, 123]. 

 

 

Figure 2-18: Classification of the processing parameters of a typical FIB system (replotting 

based on scheme 1.1 of [123]). 

2.5 FIB-induced damage in diamond material  

Although various advanced FIB processing methods for the fabrication of 3D nanostructures 

have been successfully developed by many researchers, the FIB milling has an unavoidable 

result in terms of the implantation of ion source materials and the formation of damaged 

layer at the near surface. These damaged layers can significantly degrade/alter the device 

performance and limit the applications of FIB nanofabrication technique. Understanding the 

ion-solid interactions physics provides a unique way to control the FIB produced defects in 

terms of their shape and location. The theory of ion-matter interaction and the previous 

investigation on ion-induced damage in diamond will be discussed and reviewed in the 

following sections. 
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2.5.1 Theory of ion matter interaction 

When an energetic ion strikes the matter, it immediately interacts with the target atoms by 

transferring energy and momentum. Ions lose energy by means of both nuclear and 

electronic interactions with the substrate atoms. Depending on the mass of the incident ion 

and the target atom, and the incident ion energy, the impulse of Coulomb forces might be 

sufficient to knock out electrons from target atoms resulting in either ionization of the 

substrate surface or electron excitation process leading to emission of X-rays. The primary 

nuclear interactions lead to the displacement of the target atoms from their original positions 

and the creation of vacancies in the target material if the transferred energy exceeds the 

target atomic-mass-dependent and angular-dependent displacement energy Ed. If the energy 

transferred to the primary atom ‘knocked on’ is sufficiently high, the secondary, tertiary and 

higher order atomic knock-ons take place which refers to the energetic atomic collision 

cascade as schematically shown in figure 2-19. The displaced atoms may run out from the 

surface which is known as sputtering. The implantation of the incident ions and the process 

of vacancy-interstitial creation lead to the disorder of the local crystal structure in terms of 

condensed matter phase transition, amorphisation, swelling and/or other physical changes 

depending on the type of target material as well as the ion beam processing parameters.  

 

 

Figure 2-19: Schematic diagram of the various processes that occur during ion-material 
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interaction. 

Briefly the mechanism operating to slow down incident ions and to dissipate ion energy can 

be classified into three categories: elastic collisions process (nuclear stopping), inelastic 

collision process (electronic stopping), and charge exchange process. The energy loss 

process can be expressed as: 

argeExchangeloss Elect Nucl Ch

dE dE dE dE

dX dX dX dX

       
         

       
           (2-1) 
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is loss due to charge exchange. Since charge exchange loss represents a 

small fraction of total energy loss for low charged ions, it can be neglected. 

Theoretically, a general way to describe the slowing down of an ion in matter is through the 

‘stopping power’ (–dE/dx) defined as the energy dE lost by an ion per unit path length of an 

ion on its trajectory dx. Thus the total stopping power can be written as 
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                  (2-2) 

 

where Se is the energy loss due to electron by an ion per unit path length, Sn is the energy loss 

due to neutron by an ion per unit path length. The nuclear energy transfer occurs in discrete 

steps as a result of elastic collisions where the energy of the incoming ion is lost to target 

atoms by momentum transfer. The electronic energy loss occurs as a result of inelastic 

scattering events where the transfer of energy occurs through electronic excitation. 

The electronic and nuclear stopping curves for Ga ion in single crystal diamond calculated 

by SRIM [73] software are shown in figure 2-20. The stopping power is proportional to the 

velocity of the ions at low energy regime. It attains a maximum value (around 50 keV) and 

gradually decreases with the incident energy. However, in the high-energy regime the 
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electron energy loss dominates the energy transfer process because the velocity of the 

incoming ion becomes comparable to that of the orbital electrons. The nuclear energy loss is 

smaller than the electron energy loss and hence it has a negligible contribution to the energy 

transfer in high-energy regime. For material removed by the collision cascade, the optimized 

energy is normally in a range of 10–100 keV [124]. 

 

 

Figure 2-20: The electronic and nuclear stopping curves for Ga ion in single crystal diamond 

calculated by SRIM (using 52 eV for the displacement energy). 

2.5.2 Experimental study on FIB-induced damage in diamond 

Before going into detail, it is important to distinguish the LMIS based Ga+ FIB beam from 

other high energy ion beams such as the slow highly charged ions (HCI) beam and the swift 

heavy ions (SHI) beam. Slow highly charged ions are characterized by their low velocity and 

high potential energy such as Xeq+ and Arq+ (q is the charge state). The ions-induced damage 

such as electron emission [125] and sputtering [126-129] are attributed to the potential 

energy (the sum of all binding energies of the missing electrons) of slow HCI which is 

comparable to or considerably higher than the kinetic energy. Swift heavy ions are 

characterized by their high kinetic energy (several tens of MeV and above) and the ion 
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stopping in matter is predominated by electronic excitation and ionization processes. The 

elastic collisions (nuclear stopping) with the target atoms play a minor role and come into 

play only at the end of the trajectory for energies of a few hundred keV and below. The 

commercial LMIS based Ga+ FIB beam normally has a voltage ranging from 2 kV to 30 kV. 

The ion-solid interaction in a typical FIB milling process is governed by the nuclear energy 

loss at the surface of the solid [44]. 

In recent decades, a variety of techniques including Raman spectroscopy [130, 131], optical 

measurements [132], atomic force microscopy (AFM) [133, 134], scanning electron 

microscopy (SEM) [134], and transmission electron microscopy (TEM) [45, 46, 135] have 

been developed to investigate the ion-induced damage in diamond substrates caused by 

gammas[136], neutrons[137], electrons [138], protons [139] and ions [45, 46, 135] under 

different scale of energies. There is also a body of work looking at the radiation hardness of 

diamond in particle detectors for use in high-energy physics [140], nuclear [141] and medical 

[2] applications. However, due to the inherent differences in the beam species and energies, 

there are remarkable differences in the characteristics of ion-induced damage when using 

difference ion beams. Those studies of SHI and HCI beam bombardment of diamond and 

relevant applications have been reviewed in [142] and will not be introduced in the following 

section. 

2.5.2.1 Formation of a-C and the required critical dose 

In typical LMIS based Ga+ FIB beam milling process, the energy transferred by the incident 

Ga+ is usually sufficient to break the C-C bond leading to the displacement of lattice atoms, 

surface sputtering and creation of craters and hillocks, formation of point defects, and the 

initiation of other secondary processes. These dynamic effects are transient. When the 

density of point defect is sufficient high, the displaced atoms may partly re-order into 

different characteristic arrangements of atoms and a residual damaged layer is formed at the 

near surface comprised mostly of vacancies and interstitials. 
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Admas et al. [54] has used TEM to study the amorphous carbon (a-C) layer in diamond 

created by FIB milling. The thickness of the a-C layer varies at different sites on rough 

surfaces, and a larger amorphous layer was found when a small local incident angle of ion 

beam was applied. They have further investigated the effect of H2O on the formation of 

damaged layer, and found that a reactive sputtering during the H2O assisted FIB milling 

process can suppress the formation of damaged layer. A 20% reduction in the thickness of 

a-C layer was found when using H2O assisted FIB milling [54]. 

Brunetto et al. [131] studied the ion-induced amorphisation of diamond (CVD diamond) by 

in-situ Ramon spectroscopy. The energies of impact ions (H+, He+, and Ar+) ranging from 30 

keV up to 200 keV were used. Amorphous carbon was formed when a threshold of damage 

density of 2.0 × 1022 vacancies/cm3 was reached.  

Most recently, in order to further determine the amorphisation threshold for ion implantation 

in diamond, Rubanov et al. [46] investigated the ion-induced damaged layers in a synthetic 

type1b diamond substrate under eight different doses ranging from 6.0 × 1014 to 1.0 × 1016 

ions/cm2 via a combination of cross-sectional TEM imaging and electron energy loss 

spectroscopy (EELS) analysis (figure 2-21). The amorphisation threshold for ion 

implantation in diamond at room temperature was determined to be 5.2 × 1022 vacancies/cm3.  

The thickness of the damaged layer grew with the ion dose and achieved an equilibrium 

value of 44 nm for continuous 30 keV Ga+ FIB milling [46]. 

   

Figure 2-21: Cross-sectional TEM bright field images of the damage regions in synthetic 

50 nm 50 nm 

(a) (b) 
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type1b diamond after 30 keV Ga+ FIB implantation with doses of: (a) 6.0 × 1014 ions/cm2 and 

(b) 6.0 × 1015 ions/cm2 [46]. 

 

Mckenzie et al. [45] studied the interactions between a single crystal natural conductive 

diamond and 30 keV Ga+ focused ion beam through scanning transmission electron 

microscopy (STEM), EELS, and electron backscattered diffraction (EBSD). The near surface 

microstructure varied with the increase of ion dose, and the critical dose for the 

amorphisition of the diamond substrate was 2.0 × 1014 ions/cm2. A stable amorphous layer 

(thickness of 35 nm) was found at a high dose (1.0 × 1015 ions/cm2) and it swelled up to 31% 

its original volume in order to accommodate a signif icant quantity of implanted gallium 

(figure 2-22). The EELS results further characterized this layer and identified the hydrogen 

and oxygen contents within the amorphous carbon layer [45]. 

 

 

Figure 2-22: Bright field STEM image of a single crystal diamond sample exposed to a dose 

of 4.2 × 1017 Ga/cm2 over the area indicated. The image has been electronically elongated in  

the vertical direction (see scale bars) to highlight the surface profile [45]. 

2.5.2.2 Effect of implantation of Ga 

Apart from the amorphisation in diamond, there might be additional effects which are caused 

by the implantation of ion source atoms. Adding of ion species into the sample can change 

the chemical composition, optical, magnetic, electrical, and mechanical properties of FIB 
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fabricated products. 

Gnaser and co-workers [143] reported a fluence-dependent evolution of the implanted Ga 

concentration in nanocrystalline diamond films by SIMS. A linear increase of the Ga peak 

concentration with fluence was found up to ~2.0 × 1016 ions/cm2 and the Ga content 

approached a saturation level at about 2.0 × 1017 ions/cm2. 

Hamada et al. [140] reported that the accumulation of implanted gallium ions would degrade 

the stability of applicable electric field of micro structures fabricated in an undoped diamond 

substrate. They proposed a process, combining a high temperature annealing in high vacuum 

and a following chemical treatment with acid and alkaline solutions, to remove the implanted 

Ga atoms.  

Similarly, Philipp et al. [144] observed Ga segregation in FIB modified tetrahedral 

amorphous carbon (ta-C) films. Due to the phase separation of Ga and C, the implanted Ga 

was segregated at ta-C surface, and the Ga droplets were transformed into spherical shaped 

dots at a high temperature (above 300 °C). The size and the height of Ga dots segregated on 

the surface increased with the increase of annealing temperature (as shown in figure 2-23).  

 

 

Figure 2-23: Temperature dependence of dot diameter and height after 30 keV Ga+ 

irradiation with 1.0 × 1017 cm-2; insets show SEM images of the segregated gallium [144]. 
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Recently, Kupfer et al. [145] proposed a FIB-only approach for the fabrication of diamond 

micro-cantilevers and pointed out that the contamination with the gallium ions in diamond 

can be effectively eliminated by high temperature thermal treatment (above 500 °C). Xu et al.  

[146] investigated the FIB-induced damage in diamond tool used in nanometric cutting and 

reported that the tool wear may result from the a-C layer created during FIB milling process.  

Through MC simulation, they pointed out that decreasing the FIB processing energy can 

reduce the Ga+ implantation depth as well as the thickness of a-C layer.  

Most recently, Kawasegi et al. [147] reported that the doping of gallium ion in a diamond 

tool (type 1b (1 0 0)-oriented single crystal diamond) can increase the adhesion of work 

materials to the tool surface, which would result in a rapid diamond tool wear at the gallium 

rich area. A combination of 500 °C heat treatment and aluminium deposition was 

demonstrated to be an effective method to remove the gallium ions and to improve the wear 

resistance of the ion-irradiated diamond tool. The transcribed tool shapes using the treated 

tool were uniform, resulting in a smooth surface (figure 2-24). 

 

Figure 2-24: Surface topography of the NiP (nickel phosphorus) surface after machining 

using (a) non-FIB, (b) FIB, and (c) treated tools after a cutting distance of 50,080 m, 

measured using a white light interferometer [147]. 

2.5.3 Atomistic simulations of ion bombardment 

Simulations of energetic ion-solid interaction can be used to predict a large number of 

experimentally observed quantities, and to probe areas outside the range of the experimental 
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observation. In recent decades, different kinds of computer simulation methods have been 

developed to examine the mechanism of ion penetration and ion-induced damage in various 

materials.  

Binary collision approximation (BCA) and molecular dynamics (MD) are the two major 

simulation methods. BCA method approximates the full atomic dynamics of a material by a 

series of binary collisions, neglecting many possible body effects, which provides a 

computationally efficient means for examining the transport of energetic ions [73, 148-150]. 

MD methods describe the interactions between atoms involved in ion collision process more 

realistically, requiring much larger amounts of computer capacity than the BCA method 

[151]. In both BCA and classical MD simulations the interactions between atoms in the 

sample are described with interatomic potentials. The essential difference between these 

methods is how the atom motion is considered. The forthcoming sections will point out the 

principle and problems of BCA simulations in calculating ion collision, and illustrate why 

MD method is suitable for the study of energetic ion bombardment events by reviewing the 

significant results obtained from typical MD simulations. 

2.5.3.1 Binary collision approximation method 

In BCA calculations the movements of incident particles are usually treated as a sequence of 

independent binary collisions. For each individual collision the classical scattering integral is 

solved for a given impact parameter between the moving atom and a stationary atom in the 

target material by numerical integration [152]. The impact parameters of the next colliding 

atom and the atomic type used in the scattering integral are determined either from a 

stochastic distribution (such as the Monte-Carlo algorithm used in programs like 

TRIM/SRIM [72, 73, 150]), or in a way that considers the crystal structure of the matter 

(such as the method used in MARLOWE [153] and Crystal-TRIM [154, 155] where the 

atoms are either frozen at the ordered lattice sites or oscillating with the Debye frequency). 

Because the solution of the integral of motion results in precise scattering angles for both the 
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projectile and the target atoms, a fairly reliable prediction of ions penetration depths and 

formation of point defects in implanted materials can be achieved for almost all cases of 

interest [156]. Owing to its high computational efficiency in defect cascade simulations, it 

stands as a significant method particularly for calculating high-energy (MeV) ion behaviour 

[157]. Most recently, in the newly reported multiscale scheme, the BCA method can be used 

combined with MD simulations to include multiple scales in dimensions during high energy 

ion irradiation [158, 159]. 

Nevertheless, the BAC method has some inherent obstacles in describing the slowing-down 

process of energetic ions realistically. The first and the most important one is the basic 

assumption of binary collisions when trying to build a model taking multiple atomic 

interactions into account. It also makes it impossible to distinguish a cascade when it goes 

from the linear cascade to the heat spike regime [143, 157]. The scattering integral also does 

not allow for incorporating angle-dependent potentials, which significantly limits its capacity 

to describe covalently bonded materials like silicon and diamond [151, 160]. Moreover, 

although basically BCA models can estimate the overall spatial distribution of vacancy-like 

and interstitial-like damage by counting recoils that exceed the threshold displacement 

energy, it cannot distinguish the atomic structure of these defects [156]. In some cases, the 

defect distribution information can be irrelevant or meaningless. For example, the BCA 

simulation is able to predict the production of point defects in diamond created by the heavy 

ion irradiation. However, it is not able to pinpoint the location of a vacancy or interstitial in 

an amorphous zone and cannot identify whether local phase transition takes place.  

Additionally, the algorithm describes the atoms binding at surface in the same way as the 

inside atoms. Therefore, it is problematic when describing the sputtering or other surface 

effects [161].  

In contrast, MD simulation which can describe the non-equilibrium ballistic motion of high 

energy ions as well as the subsequent thermalisation of the ions is ideally suited for the 

modelling of ion bombardment, and have emerged as the main computational tool for the 
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study of irradiation effects [162]. 

2.5.3.2 MD modelling of ion bombardment 

In MD simulation, movements of all atoms are calculated. The full many-body dynamics in 

an atomic system is simulated with the accuracy limited only by the reliability of the 

interaction Hamiltonian employed [148]. The time evolution of an atomic system is 

calculated by numerically solving Newton equations of motion in a step-by-step fashion. 

Ever since MD developed as a technique in the 1950s, it has been widely used to study all 

kinds of atomic-level physics, chemistry and biological issues. In fact, some very first uses 

of MD have already dealt with irradiation effects such as the phase transitions in hard 

spheres system [85], the thermal spike in irradiated metals [163], and many-processes in an 

energetic displacement cascade [164].  

However, the major boom in MD simulations only began in the 1980s when the computer 

capacity was sufficient to monitor a system of thousands of atoms. In the remarkable work 

done by Harrison [165], MD simulations were carried out to investigate the sputtering of 

metals and rare gases. The channelling and blocking mechanisms for ion stopping and the 

emission patterns of particles from single crystals were initially revealed. The thermal spike 

in implanted metals can apparently enhance atom mixing process [166]. In the work by 

Rubia et al. [167], a large scale MD model was built to fully contain the collision cascade. 

The simulation results demonstrated the existence of the local melting in copper cascades 

created by 3 keV and 5 keV collisions. In the mid-1990s, numerous studies examined the 

defect and dislocation production in collision cascades [164, 168, 169] and illustrated local 

melting in a large variety of other materials [170, 171].  

In addition to the thermal spike and its effect, other aspects such as the formation of defects, 

their spatial configuration and properties, and the phase transformations have also been 

widely investigated. In 1994, Averback [164] discussed the distinct mechanism of atom 

mixing in a displacement cascade, such as recoil implantation, cascade mixing, and thermal 
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spike mixing (as schematically illustrated in figure 2-25). The recoil implantation is 

important for the explanation of high energetic ion implantation. The cascade mixing theory 

yields reasonable agreement with experiment, however, the mixing value is far too small for 

those materials where thermal spikes are important. Ghaly et al. [172] further pointed out 

that the formation mechanism of damage product at near surface was different from those in 

the bulk. Their simulations also provided a new insight into the nature of nonlinear 

sputtering in metals. 

 

 

Figure 2-25: Schematic depiction of the three mechanisms of ion beam mixing: recoil 

implantation, cascade mixing, and thermal spike mixing [164]. 

 

Moreover, Rubia et al. [173] simulated the motion and clustering of vacancies and 

interstitials in silicon and showed the formation process of the stable amorphous zone in a 

collision cascade. Nordlund et al. [174] carried out a series of MD simulations to investigate 

the pre-existing point defect movement and annealing in collision cascades. In contrast to the 

annealing effects observed for FCC (face-centred cubic) metals where both interstitials and 

vacancies were pushed toward the centre of the liquid region, in silicon the amount of new 

damage created by a cascade is roughly independent of the number of initial point defects (as 

shown in figure 2-26). Later, they simulated the amorphisation of Si and pointed out that 
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low-energy recoils (about 3–15 eV) can also lead to a significant thermal dynamic 

recrystallization component during ion irradiation [175]. These works contributed a lot 

towards our understanding on the fundamental processes of ion-induced defects production. 

 

 

Figure 2-26: Snapshots of a 5 keV Au cascade (left column), and Si cascade (right column. 

The cascade is clearly less dense and well defined than in gold, and much more damage 

remains afterwards [174]. 

 

However, the spatial and time scales of these models were too small to fully track the whole 

process of multi-particle collision. The rapid progress in developing the computer power 

capacity in recent years, especially the development of parallel computing cluster technique, 
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has largely increased the size of computing domain and enabled the promised elucidation of 

multi-particle ion collision processes. Since then many research papers started to address the 

damage creation in various target materials under different irradiation conditions. 

Kalish and his co-workers [176, 177] simulated the ion-induced damage in diamond and the 

thermal annealing process. The results indicated that the disrupted region (amorphous carbon) 

is rich in sp2-like (graphitic) bonds, and the <1 0 0> split interstitial with a bonding 

configuration resembling graphite is the most stable defect (figure 2-27). The transformation 

depended significantly on the density of point defects created by the implantation. The 

damaged region collapses to graphite when the vacancy density exceeds a critical density of 

vacancies, whereas it regrows to diamond structure upon annealing for lower damage levels 

[178, 179]. Most recently, the formation of nanodiamond and nanographite from molten 

carbon has been emulated by MD simulations [180]. 

 

 

Figure 2-27: (a) Structure of the sample before any displacement (The direction of 

displacement is indicated by the arrow). (b) Structure of the damaged area obtained from 

knocking the marked (in green) atom with energy of 60 eV. Atoms remaining sp3 bonded are 

drawn in blue. The displaced atom, now a member of a split interstitial is drawn in green, 

and sp2 bonded atoms are drawn in brown [176]. 

 

In recent years, Satake et al. [181] studied the influence of computational domain and 

empirical potential function on the accuracy of simulation results (40 keV Ga+ impact 

(a) (b) 
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silicon), and pointed out that a combination of ZBL (Ziegler, Biersack and Littmark) and 

Tersoff potential functions can offer more accurate description of the collision process than 

other tested potentials. Li et al. [182] compared the structural change of amorphous carbon 

when using different potential functions and recommend Tersoff potential for modelling ta -C. 

Large-scale MD computational domain was reported to be able to help express accurately the 

stopping of incident ions [181] as well as fully track the thermal spike [183]. Some recent 

research work also reported the effects of ion fluence and acceleration energy of incident ion 

on the Si surface deformation as shown in figure 2-28 [184, 185].  

 

 

Figure 2-28: Energy of Si substrate versus Ar+ fluence, and visualization of hillock 

structures at three fluence values [185]. 

 

Most recently, many research works were focused on the influence of beam processing 

parameters on the structure and properties of irradiated materials. Burenkov et al. [186] 

investigated the angular distribution of sputtered silicon at tilted gallium ion beam incidence. 

Their simulation results indicated that the variations of the surface structure of the silicon 

target change the total sputtering yield but have only a small impact on the angular 

distributions. Li and co-workers [187] studied the effect of incident angles of energetic 

carbon atoms (0-60°) on the structure and properties of diamond-like carbon (DLC) film. 
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The surface roughness and the porous structure were increased with the incident angle (as 

shown in figure 2-29). A significant reduction of residual compressive stress was found when 

an incident angle of 45° was used, implying the great potential of controlling incident angle 

to improve the adhesive strength of DLC film.  

 

 

Figure 2-29: Snapshots of the films at the incident angles of (a) θ = 0°, (b) θ = 15°, (c) θ = 

30°, (d) θ = 45° and (e) θ = 60°, where blue, yellow, green, gray and red colours represent 

the different coordination numbers of 1, 2, 3, 4 and 5, respectively [187]. 

2.5.4 Challenges in ion-induced damage study  

The previous research work has provided a systematic analysis of ion-induced damage in 

diamond. However, most of the experimental work was concentrated on the CVD or doped 

diamond materials, not on natural single crystal diamond used in cutting tools. This is mainly 

due to the challenges involved in fabricating large, flat, and uniform TEM samples in 

undoped non-conductive diamond, particularly the beam drift caused by electrostatic 

charging of diamond. Moreover, in a typical FIB irradiation experiment, only ion dose is 

measurable during the test. The attempts to detect phase transformation that might occur 

during FIB processing diamond, are often disconnected from physical observations. The 

post-facto-observation leaves a gap in understanding the formation process of ion-induced 

damage, forcing the use of assumptions. In many cases, the average results measured by 
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experiments will hide the fact of dynamic damage processes in target materials under 

different irradiation conditions.  

In contrast, MD simulations of ion bombardment have shed much light on ion beam mixing 

for decades. These activities make it an interesting and important task to understand what the 

fundamental effects of energetic particles on matter are. However, most of the models for 

tracking the evolution of amorphous zones in diamond are either borrowed from the actual 

cascade simulations or created artificially, and thus yield limited insight into the whole ion 

collision process [151, 156, 162]. Additionally, due to the lack of potential function which is 

capable of describing the interactions between incident gallium ions and carbon atoms, the 

previously reported artificial multi-particle self-collision model cannot provide detailed 

information on the motion or spatial distribution of implanted gallium ions. 

2.6 Summary 

This chapter has presented a literature review on the state-of-the-art diamond turning using 

micro- and nanoscale diamond tools. The review indicates that diamond turning using 

multi-tip single crystal diamond tools fabricated by FIB has powerful capacity in the 

fabrication of micro- and nanostructures. However, the lack of support from systematic  

theoretical study has seriously hindered the advance and industrialization of this technique. 

The remaining challenges against the discovery and advancement of this technique for the 

deterministic fabrication of nanostructures has been summarized, including the 

characterization of FIB-induced damage during tool fabrication process, the revealing of 

mechanism of machining nanostructures, the quantification of the tool shape transferability, 

and the development of processing technology. The current research progress and technical 

challenges regarding the study of FIB-induced damage in diamond have also been reviewed. 
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Chapter 3  Development of a random multi-particle collision model for 

MD simulation  

3.1 Introduction 

In recent years, FIB milling techniques have been extended towards the fabrication of micro- 

and nanoscale diamond tools used in ultra-precision machining [34, 53-55, 58]. Several 

pioneering works have initially demonstrated the feasibility of using nanoscale diamond 

tools for scaling up fabrication of nanostructures through diamond turning operation. 

Nevertheless, it is a technique which remains at the immature stage. The exposure of 

diamond tool to FIB will result in the implantation of the ion source material and the 

amorphisation of the milled area at the near surface. The ion-induced damage of cutting 

edges during the tool fabrication process and its effect on the cutting performance of 

nanoscale diamond tools remain uncovered. Investigation of the fundamental physical 

aspects of ion collisions, leading to processing defects in FIB machining, is in high demand 

for a deterministic fabrication of nanoscale diamond tools. 

As compared with other simulation methods, MD simulation method has long been regarded 

as a powerful and effective tool for analysing ion-solid interaction with regard to its capacity 

of tracking atoms dynamically. Unfortunately, due to the limitations of computer power and 

the lack of suitable potential functions to describe the interaction between Ga ions and the 

target materials, many previous MD simulation systems were limited in scale with 

inadequate experimental correspondence, and thus yielding comparatively limited insight 

into the whole ion collision process. 

In this chapter, a novel random distribution multi-particle collision MD model is developed 

to study FIB-induced damage in diamond. This chapter starts with a description of the 

important parameters for a successful MD simulation of energetic ion bombardment, as well 

as the post processing methods used for analysing simulation results. The discussion then 
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turns to how the impulse of each single ion leads to atomic displacements and finally to a 

residual damaged layer at irradiation area. 

3.2 Parameters for an MD simulation of energetic ion bombardment 

MD is a computational method for the simulation of physical movements of atoms and 

molecules. It is a deterministic simulation methodology in which atoms and molecules are 

allowed to interact for a period of time by approximations of known physics, giving a view 

of the motion of the atoms as schematically shown in Figure 3-1. 

 

 

Figure 3-1: Schematic of physical movements of atoms in MD simulation for FIB 

machining. 

 

The key issue in an MD simulation system is to choose the right potential function such as a 

function V (r1, r2, …, rn) of the positions of the nuclei, representing the potential energy of 

the system when atoms are arranged in that specific configuration. Forces can then be 

derived as the gradient of the potential with respect to the atomic displacements. 

 

1 2( )
ii r NF V r r r  , ,...,                        (3-1) 

 

In the most common versions, the trajectories of molecules and atoms can then be 

determined by numerically solving Newton's equations of motion for a system of interacting 

particles. 

at time t 

at time t+△t 
workpiece 

Fij 

http://en.wikipedia.org/wiki/Motion_(physics)
http://en.wikipedia.org/wiki/Atoms
http://en.wikipedia.org/wiki/Trajectories
http://en.wikipedia.org/wiki/Numerical_integration
http://en.wikipedia.org/wiki/Newton%27s_laws_of_motion
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3.2.1 Boundary conditions and system size 

MD simulations are usually carried out in a 3D cubic box. The atoms of a model are 

allocated into one of three different zones: boundary atoms zone, thermostatic atoms zone, 

and Newton atoms zone. The boundary atoms are kept fixed in their initial lattice positions, 

serving to maintain the symmetry of the lattice. The thermostatic atoms are used to simulate 

the thermostatic effects of the bulk and guarantee the equilibrium temperature to approach a 

desired value. The workpiece is represented by the Newton atoms which are assumed to 

follow the classical Newton’s second law of motion, computed from the interatomic forces 

described by potential functions. 

Since MD was first developed to calculate interatomic forces among all atoms within a 

certain boundary, intensive computational power is required to obtain enough data in a 

reasonable time. For the energetic ion collision process, it is important to make sure that the 

system size is able to track all the stopping processes of incident particles as well as the 

entire collision cascades happening subsequently. In a typical FIB machining process, each 

incident Ga ion will create a damaged region along its trajectory in the target material. As a 

result, small systems cannot be used in a full analysis of collision cascades, and the thickness 

of the substrate built in a MD system needs to be large enough for multi-particle collisions. 

Recently, Smith et al. [183] pointed out that there is no fixed rule for boundary condition and 

system size as long as the lateral cascade never reaches the edges of the system. Thus, the 

boundary influence is negligible when the boundary atoms are sufficiently far away from the 

cascade. Since the kinetic energies of incident ions and the properties of target materials are 

the two major impact parameters determining the actual range of collision cascades, the 

system size and the boundary condition should be calculated by a numerical experimentation. 

In our study, a single ion collision model was built to obtain necessary parameters for 

building a multi-particle ion collision model, which will be discussed in section 3.4. It is 

necessary to contain the cascade fully so that all effects are captured. 
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3.2.2 Potential functions for ion collision study 

The potential function in an MD simulation is a description of the terms by which the 

particles in the simulation will interact. The accurate level of MD simulation results depends 

significantly on the selected potential function. In recent decades, many empirical and 

semi-empirical potential functions have been developed to approximate atomic force fields  

for large atomic aggregates. According to the number of atoms considered in computing the 

interaction atomic forces, the potential functions can be broadly classified into pair potential 

functions and many-body potential functions. 

The pair potential functions representing the non-bonded energy are formulated as a sum 

over interactions between the particles of the system. It is the simplest choice employed in 

many popular force fields, in which the total potential energy can be calculated from the sum 

of energy contributions between pairs of atoms. A classic example of such pair potential 

functions are the non-bonded Lennard-Jones potential function [188, 189] and the Morse 

potential function [190, 191]. 

The many-body potential functions include the effects of three or more particles interacting 

with each other. An example of such a potential for covalent materials is the Tersoff potential 

function [192], which has been used to simulate a wide range of brittle materials such as 

carbon, silicon, and germanium. Other examples are embedded atom method (EAM) 

potentials [193] and Tight-Binding Second Moment Approximation (TBSMA) potentials  

[194] which are widely used to describe ductile metals and alloys. The state of electron 

density in the region of an atom is calculated from a sum of contributions from the 

surrounding atoms, and the potential energy contribution is then a function of this sum.  

The potential functions used in the MD simulation studies of energetic ion collisions 

performed so far have been listed in Table 3-1 with highlighting remarks. It is evident from 

the table that various potential functions have been developed and used in the previous 

research works. Most recently, Satake et al. [181] compared the influence of potential 

http://en.wikipedia.org/wiki/Embedded_atom_model
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functions on the energy transition and indicated that the kinetic energy of gallium ion cannot 

be effectively transferred to silicon when using Tersoff potential as compared with ZBL 

potential function. A combination of the Tersoff potential [192] with the ZBL potential [149] 

(named Tersoff.ZBL potential) has shown the best results among other tested potential 

functions. 

 

Table 3-1: Main potential functions for the simulation of ion collision 

Case 

(Ion source/Workpiece) 

Potential function for  

Ion-workpiece 

Potential function for  

workpiece-workpiece 
Details 

Ga/Si Lennard-Jones Tersoff 
S. Satake et 

al. [181] 
Ga/Si Tersoff Tersoff 

Ga/Si ZBL Tersoff 

Ar/Si ZBL Tersoff 
S. Satake et 

al. [184] 

Ar/4H-SiC ZBL Tersoff 
S. Satake et 

al.  [195] 

Ga/Si Tersoff.ZBL Tersoff.ZBL 
A. Burenkov 

et al. [186] 

Ga/Si ZBL Tersoff.ZBL 
M.F. Russo Jr. 

et al. [196] 

 

 

The Tersoff.ZBL potential function includes a 3-body Tersoff potential with a 

close-separation pairwise modification based on a Coulomb potential and the ZBL universal 

screening function, giving the system energy ETZBL of all atoms as: 

 

1

2
TZBL ij

i j i

E V


                               (3-2) 
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where the 𝑉𝑖𝑗
𝑍𝐵𝐿  and the 𝑉𝑖𝑗

𝑇𝑒𝑟𝑠𝑜𝑓𝑓  indicate ZBL portion and Tersoff portion, respectively. 

The distance between atoms i and j is rij. The fF term is a Fermi-like function used to 

smoothly connect the ZBL repulsive potential with the Tersoff potential. There are two 

parameters used to adjust it: AF and rC. AF controls how "sharp" the transition is between the 

two potentials, and rC is essentially the cut-off distance for the ZBL potential. 

For the ZBL portion, the interaction potential, 𝑉𝑖𝑗
𝑍𝐵𝐿 , between two atoms i and j can be 

written in the form of 
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3.2 0.9423 0.4029 0.2016( ) 0.1818 0.5099 0.2802 0.02817x x x xx e e e e           (3-6) 

 

where Z1, Z2 are the numbers of protons in each nucleus, e is the electron charge (1 for metal 

and real units) and 𝜀0  is the permittivity of vacuum. 𝜙(𝑟𝑖𝑗 𝑎⁄ )  is the ZBL universa l 

screening function and a is the Thomas-Fermi screening radius for collision and is given by 

0

0.23 0.23

1 2

0.8854a
a

Z Z



                            (3-7) 

where a0 is the Bohr radius (typically 0.529 Angstroms). This screening function should be 

applicable to most systems. However, it is only accurate for small separations (i.e. less than 1 

Angstrom). 

For the Tersoff portion, the interaction potential, 𝑉𝑖𝑗
𝑇𝑒𝑟𝑠𝑜𝑓𝑓, between two atoms i and j can be 

computed as follows: 

 

( )[ ( ) ( )]Tersoff
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where i, j, and k label the atoms of the system, rij is the length of the ij bond, rik is the length of 

the ik bond, bij is the bond order term, θijk is the bond angle between the bonds ij and ik, fR is a 

two-body term representing a repulsive pair potential, and fA represents an attractive pair 

potential including three-body interactions. fC merely represents a smooth cut-off function to 

limit the range of the potential, and ζij is the angle potential portion which counts the number 

of other bonds to atom i besides the ij bond. 

For this work, the Tersoff.ZBL potential function is used to describe the atomic interactions. 

Table 3-2 depicts the Tersoff.ZBL potential function parameters for different variants of pure 

Ga and C. 
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Table 3-2: Tersoff.ZBL potential function parameters for pure Ga and C 

Parameters Ga C 

m 1 1 

ce 7.6298 × 10−2 1.9981 × 104 

de 1.9796 × 101 7.0340  

he 7.1459 × 10−1 −3.3953 × 10−1 

n 3.47290 9.9 × 10−1 

βe 2.3586 × 10−1 4.1612 × 10−6 

A[𝑒𝑉] 2.83982 × 103 1.5448 × 103 

B[𝑒𝑉] 1.14786 × 102 3.8963 × 102 

D[Å] 0.1 0.15 

𝜆1[Å−1] 3.2834 3.4653 

𝜆2[Å−1] 1.7154 2.3064  

𝜆3[Å−1] 0 0 

R[Å] 2.8 1.8 

Zi 31 6 

Zj 31 6 

 

For the interaction of C-Ga, the parameters for species i and j can be calculated using the 

mixing rules as listed bellow: 
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where A—cohesion energy of the repulsive pair potential function 

B—cohesion energy of the attractive pair potential function 

D—cut-off distance of tersoff potential in LAMMPS 

Si—cut-off distance for species i in tersoff potential 

Sj—cut-off distance for species j in tersoff potential 

R—radius of first neighbour shell 

m, n—high order constant 

βe—bond order parameter  

λ1—slope parameter of the repulsive pair potential curve 

λ2—slope parameter of the attractive pair potential curve 

λ3—slope parameter of the cut-off potential function 

ce, de,he—elastic constant in Tersoff potential function 

Zi—electron charge of the i-th atom nuclei from the coulomb potential 

Zj — electron charge of the j-th atom nuclei from the coulomb potential 

3.2.3 Equilibrium lattice parameter 

The lattice parameter of a solid corresponds to the length of the unit cell at the equilibrium 

volume. In MD simulations, the lattice parameter may vary with the individual potential 

function. Thus, it is suggested to use the equilibrium lattice parameter for the selected 

potential function in order to improve the accuracy of simulation results. 
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The lattice parameter can be obtained through an energy minimization process of a single 

cell (as shown in figure 3-2). The lattice energy per atom EL is defined as: 

 

cell

p

L

E
E

N
                                (3-21) 

 

where Ep is the potential energy of the lattice, Ncell is total number of atoms in the simulation 

cell. In this study, the minimum lattice energy per atom EL = -7.46909092 eV for diamond 

was observed at a lattice parameter of a1 = 3.567 Å when using the Tersoff.ZBL potential 

function as discussed above. 
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Figure 3-2: The variation of lattice energy with the lattice constant when using Tersoff.ZBL 

potential function.  

3.2.4 Ensembles 

An ensemble is a collection of all possible systems which have different microscopic states 

but have an identical macroscopic or thermodynamic state. There are four most common 

ensembles: micro-canonical ensemble (or NVE ensemble), canonical ensemble (or NVT 

ensemble, isobaric-isothermal Ensemble (or NPT ensemble), and grand canonical ensemble 

(or VT ensemble). 
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 Microcanonical ensemble (NVE): The thermodynamic state characterized by a fixed 

number of atoms, N, a fixed volume, V, and a fixed energy, E. 

 Canonical Ensemble (NVT): This is a collection of all systems whose 

thermodynamic state is characterized by a fixed number of atoms, N, a fixed volume, 

V, and a fixed temperature, T.  

 Isobaric-Isothermal Ensemble (NPT): This ensemble is characterized by a fixed 

number of atoms, N, a fixed pressure, P, and a fixed temperature, T.  

 Grand canonical Ensemble (VT): The thermodynamic state for this ensemble is 

characterized by a fixed chemical potential, , a fixed volume, V, and a fixed 

temperature, T. 

However, since the high energetic ion bombardment event is inherently a non-equilibrium 

process, only the micro-canonical ensemble (NVE) is applicable for the description of the 

collision phase [156]. In this investigation, NVE ensemble is selected for the isolated system 

describing the ion bombardment. The thermodynamic state was characterized by a fixed 

number of atoms (N), a fixed volume (V), and a fixed energy (E). 

3.3 The post-processing methods 

3.3.1 Calculation of the atomistic equivalent temperature 

The characterization of the local temperature at core collision area is important to the 

understanding of defects formation process. According to the law of equipartition of energy, 

the representative temperature of a group of atoms can be calculated from the total atomic 

kinetic energy of the group. However, this averaged temperature has difficulty in identifying 

the feature of temperature distribution at core collision area which is normally laid in several 

nanometres. 

In the current study, a concept of atomistic equivalent temperature  𝑇𝑖, which is calculated 

from the statistical average temperature of neighbour atoms around the atom i, is used to 
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characterize the variation of temperature at core collision area during ion collision processes. 

As the nature of the temperature is statistical, the accurate level of the temperature calculated 

significantly depends on how the atoms are being selected. In general, the larger the cut-off 

distance, the lower the calculated temperature. It was found through trial simulations that, 

the range of ion-induced damage along a single ion trajectory was about 4 nm. In order to 

reflect the local thermal behaviours of diamond under ion irradiation, a critical cut-off of 

radius 𝑟0  = 4 nm was employed in this study to select the neighbour atoms for the 

calculation of temperature  𝑇𝑖 . The translation between the atomic kinetic energy and the 

statistical temperature is calculated using the following equation: 
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j

K m v nk T


                           (3-22) 

 

where KE is the total kinetic energy of a group of atoms, n is the number of atoms within the 

radius 𝑟0 , 𝑚𝑗  and 𝑣𝑗  represent the mass and instantaneous velocity of atom j respectively, 

and 𝑘𝐵 is the Boltzmann constant (1.3806503 × 10-23 J/K). 

3.3.2 Quantification of ion-induced damage 

Many previous researches have reported that the exposure of diamond materials to FIB 

would result in an amorphous carbon layer at near surface [45, 46]. Generally amorphous 

structures can be characterized by a high degree of short range order and an absence of long 

range order. In order to describe the structure of ion sputtered diamond, the coordination 

number analysis (CNA) and the radial distribution function (RDF) are used. 

3.3.2.1 Coordination number analysis 

The CAN is a useful measure of the local crystal structure around an atom. The coordination 

number nc is the number of nearest neighbour atoms. The original CAN method was 

proposed by Honeycutt and Andersen [197]. It was further modified by Faken [198] and 
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Tsuzuki [199]. The method is based on the analysis of the nearest neighbours of an atom 

within a defined cut-off distance. Two atoms are marked as nearest neighbours if the distance 

between them is less or equal to a cut-off distance. 

3.3.2.2 Radial distribution function 

The radial distribution function g(r) describes how density varies as a function of distance 

from a reference particle. Instead of looking at the first nearest neighbours only, the 

algorithm counts the number of atoms that lie at the distance r from a specific atom, 

averaging over all the atoms of the lattice. For a perfect lattice, g(r) will give delta functions 

at characteristic distances of the lattice. 

As illustrated in figure 3-3, considering a homogeneous distribution of the atoms in a space, 

the RDF, g(r), represents the probability to find an atom in a shell dr at a distance r from 

another atom chosen as a reference point. The number of atoms dn(r) at a distance between r 

and r + dr is expressed as follows: 

 

drrrg
V

N
rdn 24)()(                           (3-23) 

 

where N represents the total number of atoms, V is the model volume. 

 

 

Figure 3-3: Schematic diagram of radial distribution function [200]. 
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3.4 Single ion collision 

3.4.1 MD simulation model for a single ion collision 

In order to gain fundamental understanding of the ion damage process and to obtain basic 

parameters for building up a multi-particle collision model, a single ion collision model was 

built as shown in figure 3-4. The free boundary condition is applied in all directions of the 

model. The diamond crystalline lattice and the corresponding coordinate axes are shown in 

figure 3-4 (a). The three orientations of diamond substrate are [1 0 0], [0 1 0] and [0 0 1] in 

the X, Y and Z directions, respectively. As shown in figure 3-4 (b), the target workpiece has a 

computational region size of 50a1 × 50a1 × 60a1, composed of 1,217,161 atoms in total,  

where the lattice constants a1 is 3.567 Å for diamond. Except the ion irradiation surface (top 

surface), all the rest boundary atoms are fixed (thickness of 2a1).  

The voltage of ion beams is assumed to be 8 kV in the simulation and is translated into the 

velocity of gallium atom corresponding to the specific energy. The incident angle is 0°, 

parallel to the Z axis. For the beam energy and materials treated here, the electronic stopping 

power is expected to contribute very little to slow down the gallium ion, and thus it is 

neglected in current study. Since the velocities of atoms at the initial collision cascade are 

extremely high, the time step used for solving the equations of motions has to be short 

enough. It has been found by “trial and error” approach that a time step of 0.1 fs is a good 

trade-off between computational efficiency and velocity insensitivity, and hence it is adopted 

in the simulation. Before the ion collision, the system temperature was adjusted to 297 K 

through 80,000 time step’s relaxation process. The thermostat atoms in thermal layer 

(thickness of 3a1) were kept at a constant temperature of 293 K using the velocity scaling 

method to perform the heat dissipation during the ion collision process [101]. 

Large scale atomic/molecular massively parallel simulator (LAMMPS) [201] was used to 

perform the simulation. The visualization of the results was performed by software named 

Visual molecular dynamics (VMD). The concept of atomistic equivalent temperature [202] 



Chapter 3 Development of a random multi-particle collision model for MD simulation 

67 

 

was employed to analyse the temperature distribution at the core collision area which has a 

size of 40a1 × 40a1 × 35a1 (indicated by the dotted line in figure 3-4 (c)). 

 

Figure 3-4: Single Ga+ collision MD simulation model: (a) The diamond crystalline lattice 

and the corresponding coordinate axes; (b) the dimensions of diamond bulk model (front 

view); and (c) a cross-sectional view of the workpiece (The dotted line indicated the core 

collision area selected for local temperature analysis). 

3.4.2 Ion collision process 

The local temperature and the collision-dynamics during the interaction of a single 8 keV 

gallium ion with the diamond are shown in figure 3-5. Each diamond atom was coloured by 

the atom’s common neighbour analysis (CNA) value. The cyan and purple atoms represent 

the dangling bonded and sp2 bonded C atoms respectively. Moreover, the defect-free regions 

(sp3 hybridization) were removed from the visualizations. As shown in figure 3-5, the single 

ion collision process comprises a temperature spike portion (encircled by the dotted line in 

figure 3-5; magnified and shown in inset (a)) and a relatively long stage of recrystallization 

process (healing the atomic defects). 

When an energetic ion particle enters into the solid, it transfers its energy and momentum to 

the target atoms and creates voids and interstitials in addition to surface sputtering. At initial 

collision stage, the irradiated Ga particle interacts with the C atoms, and a large number of 

atomic defects (vacancies and interstitials) are created by breaking the local sp3 bonds of 
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diamond (inset (b) in figure 3-5). During this period, the Ga particle transfers its kinetic 

energy partly into thermal energy of the target material. At 0.028 ps, the local temperature 

reaches a peak value of 1327.5 K. This highest local temperature region is located at the 

surface facing the ion beam irradiation. Also, the damage zone was observed to grow 

continuously through the displacement cascades. The peak disorder of the local lattice 

structure was found at 0.072 ps at which the local temperature was found to be cooled down 

to 793.8 K (figure 3-5 (c)). Following the growth of the damage zone, there is a long stage of 

relaxation process, during which the local high temperature provides thermal energy for the 

atomic defects to anneal back to diamond structure [203, 204]. After the 

full-relaxation-process, it is noted that more than half of the atomic defects annealed back to 

diamond structure (figure 3-5 (e)), and finally only a few atomic defects remain in the 

sample, mostly sp2 bonded. 

  

Figure 3-5: Molecular dynamics simulations describing the temperature evolution and the 
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recrystallization process for the single Ga particle collision of diamond. Inset (a): the local 

view of the temperature during the temperature spike phase. Inset (b): the initial defects 

created when the local temperature has reached the peak value of 1327.5 K at 0.028 ps; this 

highest temperature region is shown by the encircled line. Inset (c): the defect configuration 

at the stage of the peak disorder of the lattice achieved at 0.072 ps. Inset (d): an intermediate 

phase during the re-crystallization process observed at 0.15 ps; Ga particle stopped inside the 

diamond bulk at this stage. Inset (e): the residual atomic defects after the system cooled 

down to 293 K at 21.5 ps. The cyan and purple atoms represent the dangling bonded and sp2 

bonded C atoms respectively. The atoms in lime colour are interstitials. The C atoms of 

perfect diamond structure are removed from the visualizations. 

3.5 Random multi-particle collision 

3.5.1 The spatial distribution of particles in the ion beam 

A major challenge to simulate the successive FIB milling process is how to describe the 

nature of ion beams under different ion irradiation conditions. The extremely long path 

length of each gallium projectile also requires a large sample size in order to track the whole 

ion collision process. Based on the results obtained from single ion collision, a unique 

scheme was developed to build up a random multi-particle collision model. 

A typical FIB beam profile is usually considered as 2D Guass distribution with a circular 

cross section in nature. The intensity distribution satisfies the following equation: 

2 2

2 2

( ) ( )
( , ) exp

2 2

p px x y yI
J x y

 

   
  

 
                (3-24) 

where J (x, y) is the ion flux density at a point (x, y); I is the ion current and σ is the standard 

deviation of the Gaussian distribution; the centre of the beam is located at point (xp, yp). 

The beam spot size is usually characterized as the full width at half maximum (FWHM) of 

the intensity or e-1 (36.7%) of the maximum intensity. In this study, FWHM was used to 
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calculate the beam size. The beam diameter dbeam can be approximately estimated as: 

8ln2beamd                               (3-25) 

 

In a typical FIB system, the beam diameter is adjusted to control the ion current. An 

illustration of this relationship for the FIB used in current study is shown in figure 3-6.  
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Figure 3-6: The relationship between the ion current and the beam diameter of the FIB 

system used in this study. 

 

The flowchart of a program developed for building the multi-particle collision model is 

illustrated in figure 3-7. First of all, the ion dose is calculated according to the selected ion 

irradiation condition. After selecting the beam current I, the spot size dbeam, the acceleration 

voltage Vbeam and the dwell time td, the total number of incident particles, NGa, can be 

calculated as follows: 

d
Ga

I t
N

e


                            (3-26) 

An algorithm was used to generate the initial coordinates for the NGa points having random 

distribution, and then normalized the coordinates to fit the defined sputter area of the MD 

model. In order to avoid the overlap of atom’s coordinates, the coordinates were selected 

before being input to the system. 
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Further, in order to place the entire beam of particles in the MD simulation system but not 

have them adversely interacting, the incident particles are initially invisible to the system, 

having no mass, velocity, or potential with any of the C atoms in the system. The particles 

were then turned on, one by one, having the correct mass of gallium and the velocity 

corresponding to the energy of beam. 

As discussed above, each ion collision process comprises a temperature spike portion and a 

relatively long stage of recrystallization process. After each bombardment event the system 

is equilibrated via a velocity scaling stochastic layer until a point when the energy of the 

system has relaxed to a corresponding temperature of 293 K. Once this relaxation has 

completed, typically requiring an interval of 20-30 ps depended on the energy of the impact 

ions and the target workpiece materials, the next gallium particle was allowed to impinge 

onto the sample until the last ion collision finished. 

 

 

Figure 3-7: The program flowchart for building the coordinates of incident particles. 
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3.5.2 MD simulation model of multi-particle collision 

The multi-particle collision MD model was built as shown in figure 3-8. The dimensions of 

the diamond bulk are the same as the single ion collision model, i.e. a square box with a 

dimension of 50a1 × 50a1 × 60a1. Free boundary condition was used to avoid the reflection 

effect caused by using fixed or period boundary conditions. At the beginning of ion collision, 

the gallium ions were introduced at a random location above the irradiation area (dbeam = 3.0 

nm) as shown in figure 3-8 (b). The incidence angle is 0° which is perpendicular to the (0 0 1) 

surface of diamond because the (1 0 0) lattice plane is usually used as the rake face of 

diamond cutting tools. The dotted line in figure 3-8 (b) indicates the core collision area 

selected for temperature analysis. 

The interval time between each ion collision was set to 21.5 ps which was determined by the 

single ion collision event as discussed before. The number of incident gallium particles used 

in this simulation is 23 from the irradiation area (figure 3-8 (a)), corresponding to ion fluence 

up to 4.0 ×1014 ions/cm2. 

 

Figure 3-8: Multi-particle collision MD simulation model. (a) The dimensions of the 

diamond bulk model (front view). (b) A cross-sectional view of the workpiece. The dotted 

line in figure 3-8 (b) indicates the core collision area selected for temperature analysis. 
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3.5.3 Results and discussions 

Figure 3-9 shows the inside view of the defects formed in diamond bulk after multi-particle 

irradiation. The cyan atoms represent the dangling bonded C atoms and purple atoms 

represent sp2 bonded C atoms. The defects are found at the first few atomic layers. As shown 

in figure 3-9 (a), the implanted gallium particles create a damage region with a diameter of 

6.0 nm, approximately an area of 28.3 nm2, which is nearly four times the irradiation area 

(defined as 7.065 nm2). The thickness of the residual damaged layer is about 14.9 nm. 

Figure 3-9 (c) shows the distribution of all the implanted gallium particles (yellow colour) 

after the collision. The implanted gallium particles are uniformly distributed in the damaged 

layer. The simulated maximum depth of the implanted Ga was 10.5 nm. No gallium ion was 

found to move deeper into perfect diamond crystal for the current beam voltage used. The 

experimental validation will be introduced in the next chapter. 

 

 

Figure 3-9: The internal images of the damaged area after 8 keV Ga particles collision with 

a fluence of 4.0 × 1014 ions/cm2. (a) Plan view of amorphous region; (b) cross-sectional view 

of amorphous region; and (c) the distribution of the implanted gallium particles. The cyan 

atoms represent the dangling bonded C atoms and purple atoms represent sp2 bonded C 

atoms. The yellow atoms represent the implanted gallium ions. 
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3.6 Summary 

This chapter was dedicated to providing a detailed description on how the multi-particle 

collision MD model was built. After an introduction of the concept and the background of 

the subject, this chapter provided all the important parameters which were required to a 

successful MD simulation of the energetic ion bombardment. By summarising the potential 

functions used in the previous MD studies of ion bombardment, it was shown that a 

combination of the Tersoff potential with the ZBL potential was appropriate for the study of 

FIB-induced damage in diamond. The post-processing tools used to analyse the MD 

simulation results such as the calculation of atomistic equivalent temperature and the 

methods used for the quantification of atomic defects, were also comprehensively described. 

Taking a straightforward example of the single ion collision, the formation of atomic defects 

under energetic ion collision was obtained. Based on the simulation results and the 

characterization of the spatial distribution of ions in the ion beam, a new scheme was 

developed to build up the random multi-particle collision model. The simulation results 

describe the FIB-induced damage process under low ion beam energy of 8 keV. This MD 

model will be used in the coming Chapter 4 to further study the dynamic damage process of 

FIB machining diamond in combined with TEM experiments. 
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Chapter 4  Experimental and simulation study on FIB-induced damage 

in diamond tools  

4.1 Introduction 

In recent decades, a variety of experimental techniques including Raman spectroscopy [131], 

secondary ion mass spectrometry (SIMS) [143], and transmission electron microscope (TEM) 

[45, 46] have been used to study the FIB processing damages in diamonds. In this chapter, 

the focus will be on the nanocharacterisation of FIB-induced damage in a single crystal 

diamond tool. A TEM was used to characterise the damaged layer in the diamond tool 

irradiated by FIB under different irradiation conditions. The multi-particle collision MD 

simulation model developed in Chapter 3 was employed to simulate the ion irradiation 

process. A dynamic ion-induced damage model was proposed based on the obtained 

simulation and experimental results. The analysis will be an important guide for any 

application where a commercial FIB LMIS system is used in processing or analysing 

diamond. 

4.2 Experimental setup 

4.2.1 Facilities for ion-induced damage study 

TEM is a useful technique in studying structural properties and damage effects. 

Energy-filtered transmission electron microscopy (EFTEM) is a technique used in TEM 

equipment, in which only electrons of particular kinetic energies are used to form images or 

diffraction patterns. In current project, the FIB irradiated sample was examined by FEI 

Tecnai T20 transmission electron microscopes (TEMs) operated at 200 keV. The 

microscope's EFTEM lens programme can achieve high magnifications up to 1,000 kx, 

which is suitable for high-resolution imaging of atomic columns. 

In addition, electron diffraction performed in a typical TEM or SEM system is commonly 

http://en.wikipedia.org/wiki/Transmission_electron_microscopy


Chapter 4 Experimental and simulation study on FIB-induced damage in diamond tools 

76 

 

used in solid state physics and chemistry to study the crystal structure of solids. The 

convergent beam electron diffraction (CBED) integrated in the TEM system can reveal the 

full 3D symmetry of the crystal, and thus it was performed to characterize the crystal 

structures of the irradiated region. The essential specification of the TEMs is listed in 

Appendix II. 

4.2.2 Sample preparation and measurements 

In this study a FEI Nova 200 nanolab dual beam FIB system with Ga ion source was used for 

both the ion irradiation of a diamond tool and the TEM sample preparation. The ion 

implantation was carried out normal to the rake face of a diamond tool ((1 0 0) lattice plane) 

with an irradiation area of 2.0 × 0.5 μm2. We chose this angle for analysis because a smooth 

surface and uniform thickness of amorphous carbon layer can be developed. Three 

acceleration voltages, 8 kV, 16 kV, and 30 kV were used to mill the irradiation area to the 

same depth of 0.5 μm. The ion fluences were 9.71 × 1020 ions/cm2, 7.75 × 1020 ions/cm2, and 

7.54 × 1020 ions/cm2 for the acceleration voltages of 8 kV, 16 kV, and 30 kV, respectively. 

TEM sample preparation procedure is summarized in figure 4-1. After the irradiation, the 

diamond sample was covered with Pt stripes deposited through a standard e-beam deposition 

process to protect the created damaged layer from additional Ga+ implantation during the 

following TEM sample preparation procedures. After the e-beam deposition, ion-beam Pt 

deposition was used to further deposit a thick Pt cover to avoid the charging effect and to 

protect the interested area during the TEM sample thinning process. The cross-sectional 

TEM sample was prepared using the standard lift-out technique, described in [205]. 

http://en.wikipedia.org/wiki/Solid_state_physics
http://en.wikipedia.org/wiki/Crystal_structure
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Figure 4-1: The procedure of FIB irradiation and TEM sample preparation. 

 

The secondary ion source damage/pollution is a common problem with TEM sample 

preparation when using gallium LMIS FIB system. In general, the strategies to solve this 

problem can be classified as the followings: (1) low energy ion milling in the range of 1-5 

kV [43, 135, 206]; (2) low power plasma cleaning with Ar [135, 206] or a 4:1 ratio Ar/O 

mixture [207] after FIB etching; and (3) chemical treatment with HCL or HNO3. Because 

the latter two methods are multi-step and will tend to reduce the specimen overall thickness 

due to their abrasive natures, in this study, the sample was further thinned to electron 

transparency with the thickness less than 100 nm through the low energy FIB milling method. 

The final TEM sample is shown in figure 4-2 (a). 

4.3 MD simulation setup 

In order to shed light on the formation mechanism of FIB-induced damaged layer under 

different ion irradiation conditions, the large scale multi-particle collision MD model 

developed in the previous chapter was employed to simulate the ion irradiation process. 

Because the interval time between each ion collision depends significantly on the energies of 
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the incident particles and the properties of target materials, single ion collisions under 

different beam voltages were carried out firstly to determine the time slots used for setting up 

the multi-particle collision model. For the purpose of concision, the simulation parameters 

are listed in Table 4-1 as show below. 

 

Table 4-1: MD simulation parameters for ion collsion under 8kV and 16kV 

Simulation Parameters 8kV irradiation 16kV irradiation 

Workpiece material Diamond Diamond 

Workpiece dimensions 
50a1 × 50a1 × 60a1  

(a1 = 3.567 Å) 

50a1 × 50a1 × 60a1  

(a1 = 3.567 Å) 

Number of atoms 1,217,184 1,217,184 

Sputtered area (dbeam) 3 nm 3 nm 

Incident angle 0º 0º 

Interval time 21.5 ps 26.5 ps 

Time step 0.1fs 0.1fs 

Initial temperature 293K 293K 

Ion fluence 3.0 × 1014 ions/cm2 3.0 × 1014 ions/cm2 

 

4.4 EFTEM observation of the damaged layer 

The cross-sectional EFTEM images of the damage areas in diamond after the FIB irradiation 

are shown in figure 4-2. The FIB sputtered regions under different beam voltages are 

markedly visible below the deposited Pt cover. Because the electrons will be scattered in 

arbitrary directions in amorphous materials, the absence of any diffraction contrast in the 

damage areas indicates that the lattice structures of the damaged layers are amorphous (as 

shown in figures 4-2 (b)-(d)). Moreover, the thickness of ion-induced damaged layer 

increases with the beam energy. The measured thicknesses of the damaged layers were 11.5 

nm, 19.4 nm, and 27.6 nm for the beam voltages of 8 kV, 16 kV, and 30 kV, respectively. 
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Moreover, noticeable dark patches were found at the interface between a-C layer and the 

diamond bulk. These dark regions may result from the increase of local density of that area 

caused by the high concentration of the implanted gallium particles (figures 4-2 (c) and (d)). 

Additionally, the dark region observed inside the diamond bulk might be the aggregated 

form of nitrogen which is usually found in natural single crystal diamonds. 

In addition, elemental mapping was carried out to determine the relative gallium and carbon 

distribution in the damaged regions. As shown in figure 4-3, the visible white areas indicate 

the distribution of the targeted element. Figures 4-3 (a)-(c) represent the mapped carbon 

distributions, and figures 4-3 (d)-(f) represent the mapped gallium distributions. Compared 

with the sharp and narrow Ga signal maps of 16 kV and 30 kV irradiations, a wide fuzzy Ga 

signal (figure 4-3 (d)) was observed for the 8 kV FIB irradiation. This phenomenon might be 

linked to the fact that a larger Ga+ dose is required when sputtering the same volume of 

diamond materials using a low beam voltage. 

 

 

Figure 4-2: EFTEM images of the ion-induced damage areas. (a) The TEM sample after 

thinning; (b)-(d) are the EFTEM images showing the ion-induced damaged layers formed 
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under beam voltages of 8 kV, 16kV, and 30kV, respectively. 

 

 

Figure 4-3: EFTEM images of the mapped elements distributions. (a)-(c) represent the 

mapped carbon distributions; (d)-(f) represent the mapped gallium distributions. (The applied 

beam voltages are 8 kV (left column), 16 kV (middle column), and 30 kV (right column)). 

4.5 Characterization of the damaged region 

As discussed above, the thicknesses of the FIB-induced damaged layers in the diamond tool 

are in a range of tens of nanometres depending on the beam voltage. In order to further 

characterise the lattice structure of the damaged layer, CBED tests were carried out with the 

electron beam focusing onto the centre of damaged regions. The diameter of the spot is 

around 20 nm. For reference, the CBED patterns of the single crystal diamond bulk and the 

deposited Pt cover were measured and shown in figures 4-4 (a)-(c). 
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of 8 kV, 16 kV, and 30 kV, respectively. It is found that the diamond signal in the CBED 
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stronger than that of the high energy irradiation (heavily damaged above 16 kV). The 
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irradiation of the diamond tool at an increasing beam voltage results in a decrease in the 

lattice short-range order, signifying an increase of the number of non-diamond phase. This 

increase is associated with the growth of the number of sp2 bonded C atoms which 

eventually leads to the formation of a stable amorphous layer at the near surface.  

Moreover, since the amorphous signal of the CBED pattern is resonantly enhanced when the 

high beam voltages were used (figures 4-4 (e)-(f)), the muzzy of the diamond signal in the 

CBED patterns proves that the irradiation has created non-diamond clusters in the diamond 

matrix. The highly damaged layer is expected to have lower mechanical properties as 

compared with the bulk of diamond. Thus, a low FIB processing voltage is recommended 

when tailing the diamond tool tip. 

 

 

Figure 4-4: CBED analysis of the damage regions under different FIB irradiation voltages. 

(a) A zero-energy-loss TEM image of FIB irradiated area with the blue spots to schematically 

indicate the electron beam focusing point when carrying out the CBED tests; (b) CBED 

pattern of diamond bulk; (c) CBED pattern of Pt cover; (d)-(f) CBED patterns of damaged 

layers created under beam voltages of 8 kV, 16 kV, and 30 kV, respectively. 
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4.6 Dynamic ion damage in FIB maching 

4.6.1 Damage simulated by multi-particle collision model 

Figures 4-5 and 4-6 compare the inside view of the atomic defects formed in diamond as 

well as the distributions of implanted Ga particles under different beam voltages. The cyan 

atoms represent the dangling bonded C atoms and purple atoms represent sp2 bonded C 

atoms. The simulation results show that the thicknesses of atomic defects formed by 8 keV 

and 16 keV collisions are all around tens of nanometres. Compared with the 8 keV 

multi-particle collision, an apparent larger volume of damaged region was formed by the 16 

keV collision. The diameters of the core damaged regions are 6.0 nm and 7.2 nm for 8 keV 

and 16 keV collisions, respectively. The thickness of the residual damaged layer for 8 keV 

impact is about 14.5 nm, while a larger value of 19.6 nm was found for the 16 keV collision. 

The atomic defects observed at the bottom of diamond were resulted from the channelling 

effects [166]. Thus, the MD simulation results compare closely with the corresponding data 

derived from experiments as discussed above. 

Moreover, the maximum depth of the implanted gallium ions (yellow colour) increased with 

the ion kinetic energy (figure 4-5 (c) and figure 4-6 (c)). The implanted gallium particles 

tend to distribute in the a-C layer towards the interface of a-C and diamond bulk. No 

significant gallium particle was found to move deeper into the bulk diamond crystal for the 

beam voltages applied. As a result of the implantation of gallium particles, the local density 

of the interface of a-C and diamond bulk is slightly larger than the upper surface. This 

phenomenon agreed well with the dark patches located at the interface between a-C layer 

and the diamond bulk observed in the EFTEM images (figures 4-2 (c) and (d)).  
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Figure 4-5: The internal images of the damaged area after 8 keV Ga+ implantation with a 

fluence of 3.0 × 1014 ions/cm2. (a) Plan view of amorphous region; (b) cross-sectional view 

of amorphous region; and (c) the distribution of the implanted gallium particles. The cyan 

atoms represent the dangling bonded C atoms and purple atoms represent sp2 bonded C 

atoms. The yellow atoms represent the implanted gallium particles. 

 

  

Figure 4-6: The internal images of the damaged area after 16 keV Ga+ implantation with a 

fluence of 3.0 × 1014 ions/cm2. (a) Plan view of amorphous region; (b) cross-sectional view 

of amorphous region; and (c) the distribution of the implanted gallium particles. The cyan 

atoms represent the dangling bonded C atoms and purple atoms represent sp2 bonded C 

atoms. The yellow atoms represent the implanted gallium particles. 
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In addition, the radial distribution functions (RDF), g(r), of the damaged zones created 

during the collisions are calculated and shown in figure 4-7. Ideally, for a diamond crystal,  

g(r) is centred at diamond bond length (1.54 Å) for the short-range order. After the collision, 

the peak values of g(r) within a single lattice were reduced and the peak at the shortest 

distance (1.54 Å) becomes apparently broader, signifying the characteristic to the g(r) of 

amorphous structure. The peak value of g(r) was found to be decreased with the increase of 

the energy incident particles, indicating that high energetic collision can create high 

disordered clusters in the diamond matrix. Therefore, the simulation results agree with the 

CBED results discussed before. The nature of FIB-induced damaged layer in the diamond 

tool is a mixture phase of sp2 and sp3 hybridization and accommodates a proportion of the 

implanted gallium. 
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Figure 4-7: The RDF distribution of irradiation area under different beam voltages. 

4.6.2 Dynamic damage process under different beam voltages 

The phase transition of diamond under energetic ion irradiation has received increasing 
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interest in recent years [42, 178, 179, 208]. Currently, it is extremely difficult to perform a 

real-time TEM observation of the dynamic damage process. In contrast, the MD simulation 

offers an alternative approach in providing both a qualitative and quantitative description of 

damage production in solids. 

Figure 4-8 shows the local temperature evolution of the first ion collision. As compared with 

the 8 keV collision, a higher peak value of the local temperature (1454.6 K) and a longer life 

time of the local high temperature spike (above 800 K) were observed for the 16 keV 

collision. This difference enabled the incident Ga particle with a higher impulse to move 

deeper into the diamond bulk, and thus generated a thicker atomic defects layer after 

multi-particle collision. The high local temperature would also soften the C-C bond strength 

of diamond and provide the necessary thermal energy required by the phase transition from 

sp3 hybridization to sp2 hybridization.  
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Figure 4-8: The evolution of local temperature for the first ion collision. 

 

Moreover, the high local temperature would also result in a local recrystallisation of the 

atoms in non-diamond phase. Figure 4-9 compares the evolution of the number of atomic 

defects for the first ion collision with different energies. It is found that the number of atomic 

defects reaches a peak value and then partly re-crystallises back to diamond structure. More 
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atomic defects are created under 16 keV collision. The whole recrystallisation process 

completed in about 0.8 ps, and the numbers of the residual defects are 271 and 416 for 8 keV 

and 16 keV collisions, respectively.  
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Figure 4-9: The variation of the number of defects during the first ion collision. 

 

Furthermore, with the increase of ion dose, the defects created inside the diamond matrix 

undergo an accumulation process. The yields of sp2 bonded atoms per ion were summarized 

in figure 4-10. It is found that the yield gradually decreases with the increase of ion dose. 

This might be due to the fact that the atomic defects created by the former ion collision will 

be annealed in part during the subsequent ion collision process. It is anticipated that as a 

result of the multiple energetic Ga+ collisions, a stable a-C layer can be formed when a 

threshold of damage density was reached [131]. 
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Figure 4-10: The yield of the sp2 bonded atoms for each ion collision. 

 

Indeed, the non-liner increment of atomic defects indicated that the damaged layer is not a 

simple accumulation of the defects created by each ion collision. As shown in figure 4-11, 

the total number of atomic defects is essentially increasing up to an ion fluence of 2.0 × 1014 

ions/cm2; above this ion fluence the curve gradually tends to approach a stable state, 

depending on the kinetic energy of the incident ion. The reason might be that with the 

increase of the number of defects, the density of the non-diamond phase’s layer increased. 

The saturation of the non-diamond phase would suppress the formation of new defects. The 

formation of atomic defects would also result in the alteration of the local physical and 

chemical properties of diamond, and change in the ion sputter yield. It is therefore 

anticipated that after reaching a critical ion dose, at which the increased material removal 

rate reaches the damage formation rate, a stabilization of the a-C layer is likely to be 

obtained. 
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Figure 4-11: The variation of the number of the atomic defects with the ion fluence. 

 

Most recently, few attempts have been made to study the ion-induced amorphisation of 

diamond. Mckenzie et al. [45] studied the near-surface microstructure of a single crystal 

natural conductive diamond under 30 keV Ga+ irradiation. Their results show that the 

near-surface microstructure varies with the increase of ion dose and the critical dose for the 

amorphisation of the diamond surface is 2.0 × 1014 ions/cm2. A stable amorphous layer 

(thickness of 35 nm) was found at a high ion dose of 1.0 × 1015 ions/cm2. For another study 

of 30 keV Ga+ sputtered nanocrystalline diamond films, the thickness of the damaged layer 

was found to grow with the ion dose and achieved an equilibrium value of 44 nm [143]. A 

linear increase of the Ga peak concentration with fluence was found up to ~2.0 × 1016 

ions/cm2 and the Ga content approached a saturation level at about 2.0 × 1017 ions/cm2 [143]. 

Their results qualitatively support the dynamic equilibrium damage process observed in 

present MD simulations. Therefore, it is concluded that the FIB machining is a dynamic 

equilibrium material damage and removal process. The thickness of the stable damaged layer 

depends significantly on the beam voltage. 

4.6.3 Discussions on optimal fabrication of nanoscale diamond tools 

Figure 4-12 shows the P-T phase diagram of carbon. The stable bonding configuration of 
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carbon at room temperature conditions is graphite [209]. However, the transition from 

diamond to the stable phase of graphite at normal conditions is extremely slow because of 

the high energetic barrier between diamond and graphite. The phase transition from sp3 

hybridization to sp2 hybridization can occur more rapidly when the diamond is exposed to 

energetic ion irradiation or a high temperature.  

 

 

Figure 4-12: P-T phase diagram of carbon [209]. 

 

In present study, under all the tested beam voltages, the FIB processing resulted in the 

amorphisation of diamond. There are two specific amorphous forms of carbon: diamond-like 

amorphous carbon and graphite-like amorphous carbon. The former has a higher density, and 

is transparent and much harder than the latter. The EFTEM and CBED measurements 

indicate that the FIB-induced damaged layer is closer to graphite-like amorphous carbon, 

especially when the high beam voltage of 30 kV was applied. As a consequence of the large 

difference in bond strength between the sp3 hybridization and the sp2 hybridization, the 

macroscopic and microscopic properties of the amorphous carbon are quite different from 

the diamond bulk. Upon cutting, this damaged layer is expected to wear first. 

Most recently, Kawasegi et al. [147] reported that doping of gallium ion in a diamond tool 
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(type 1b (1 0 0)-oriented single crystal diamond) can increase the adhesion of work materials 

to the tool surface and will result in a rapid diamond tool wear. A combination of following 

heat treatment and aluminium deposition can effectively remove the implanted gallium and 

improve the tool life of treated tool. However, the wear resistance of the treated tool was still 

lower than that of a non-irradiated diamond tool, which is mainly due to the residual 

amorphous layer left on the diamond tool surface. 

The present study on ion-induced damage in diamond indicates that the FIB-induced 

damaged layer should be paid more attention when shaping the cutting edges of diamond 

tools. The energy-dependent thickness of the damaged layer suggests that finishing the 

diamond tool with a low beam voltage can minimise the FIB-induced damaged layer during 

the tool fabrication process. An effective post-processing method is in high demand to 

further remove the amorphous layer after FIB machining. Future research work is needed to 

fully explore the advancement of FIB fabrication/shaping technique of diamond tools. 

Nevertheless, as the maximum thickness of the damaged layer in diamond tool is about 30 

nm, which is 1 part in 104 of the functional dimension of a micro cutting tool, the ion 

damage might be neglected for micro scale applications.  

4.7 Summary 

In this chapter, a series of experimental works and MD simulations have been carried out to 

characterise the features of FIB-induced damaged layer in a single crystal diamond tool 

under different beam voltages. The thickness of ion-induced damaged layer obtained from 

experiments and simulations has good accordance, which demonstrates the high accuracy 

achieved by the proposed MD model. The EFTEM measurements of the thickness of the 

ion-damaged layer, the elemental mapping of the carbon and gallium distribution, and the 

CBED patterns of the damaged layer demonstrated that the nature of FIB-induced damaged 

layer in the diamond tool is a mixture phase of sp2 and sp3 hybridization and accommodates 

a proportion of the implanted gallium. The thickness of damaged layer and the 
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amorphization level of diamond increase with the applied beam voltage. 

The MD simulation results informed the interpretation of experimental results by providing 

both qualitative and quantitative descriptions of the dynamic structural damage production in 

diamond under different irradiation energies. Compared with the low energy collision, the 

relatively higher local temperature and the longer life time of thermal spike observed in the 

high energy collision accelerated the incident Ga particles to move deeper into the diamond 

bulk, and thus resulted in a thicker damaged layer. The non-liner increment of the atomic 

defects with the increase of ion fluence signifies that after reaching a critical ion dose, a 

stabilization of the a-C layer is likely to be obtained. Since the a-C layer will result in early 

tool wear upon cutting, it should be minimized during the tool fabrication process. 
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Chapter 5  MD simulation of nanometric cutting of copper by using 

multi-tip and single tip diamond tools 

5.1 Introduction 

Although a few introductory reports can be found in the literature describing the high form 

accuracy and throughput of diamond turning using nanoscale multi-tip diamond tools, the 

machining mechanisms of nanostructures when using multi-tip tool has not been fully 

understood up to date. As the tools and the machined structures are in a range of sub-microns 

or even nanometres, the influence of surface effects such as material side flow and elastic 

recovery on the integrity of machined nanostructures cannot be ignored. In addition, some 

critical questions also need to be addressed including the evaluation of the advantages, 

disadvantages and applicability of this novel technology. The lack of support from a 

systematic theoretical study has seriously hindered the advance and industrialization of this 

technique. 

As reviewed in section 2.3, the MD simulation method has been effectively used to address 

some fundamental issues related to nanometric cutting processes of copper such as the 

emulation of the material removal process [101, 105], the cutting heat generated at different 

cutting speeds [96], the effect of the depth of cut [210] and the feed rate [101] on the form 

accuracy of nanostructures, as well as the role of friction in tool wear [95, 96, 104]. 

Undoubtedly, the theoretic results obtained through simulations will provide valuable 

feedback and guidance for further development of this new technique. 

In this chapter, the nanostructure generation processes, when using a single tip and a 

multi-tip diamond tool, are modelled by MD simulation method. In order to benchmark the 

advantages and disadvantages of diamond turning using nanoscale multi-tip diamond tools, a 

comparison between using single tip and multi-tip nanoscale tools in nanometrc cutting is 

made from the viewpoint of nanostructure generation, cutting forces and cutting temperature.  
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5.2 MD nanometric cutting model 

5.2.1 Geometric model for MD simulation 

The geometry of the cutting tools is shown in figures 5-1 (a) and (b). Both the single tip and 

the multi-tip diamond tool are created based on perfect diamond crystal structure. The 

tool-tip width is Wa = 15a1 (a1 = 3.567 Å) with the tool rake angle α being 0º and the tool 

clearance angle β being 12º. To save the computational time, a nanoscale double-tip diamond 

tool with a pitch of L = 10a1 is employed in current research to represent the nanoscale 

multi-tip tool. Since the radius of cutting edge of diamond tool is usually larger than the 

minimum depth of cut in nanometric cutting, in our large-scale MD simulations, all the tool 

models are built with a round cutting edge with the edge radius of r = 5a1 instead of a sharp 

cutting tool.  

The workpiece has a dimension of 50a2 × 80a2 × 40a2 (a2 = 3.615 Å is the lattice constant of 

copper) and consists of a boundary layer and a thermostat layer with thicknesses of 2a2 and 

3a2, respectively (as shown in figures 5-1 (c) and (d)). The three orientations of the 

workpiece are [1 0 0], [0 1 0] and [0 0 1] in the X, Y and Z directions. Free boundary 

conditions are applied in all directions. Both the nanosized workpiece and the diamond 

cutting tool were modelled as deformable bodies. During nanometric cutting, the bottom and 

outer sides of the substrate (atoms in pink colour) are fixed as it has been suggested to be an 

appropriate configuration to simulate the nanometric cutting process [104, 210]. 

 

 

Figure 5-1: Models of MD nanometric cutting simulation. (a) Front view of the multi-tip 

tool model; (b) right hand end elevation of the tool tip model; (c) single tip tool cutting 
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model; and (d) multi-tip tool cutting model [211]. 

5.2.2 Potential functions 

In nanometric cutting, hybrid potential functions can be used to describe the interactions 

between the tool and the workpiece as well as the quantum interactions between electron 

shells and represent the physical properties of each atom type being simulated, such as 

elastic constants and lattice parameters. Balamane et al. [212] and Smith et al. [183] have 

presented a comprehensive review of the potential energy functions that have been used in 

recent decades.  

In nanometric cutting of copper, there are three different atomic interactions in the MD 

simulation: (1) the interaction between copper atoms (Cu–Cu) of the workpiece; (2) the 

interaction between diamond atoms (C–C) of the tool; (3) the interaction between workpiece 

and tool (Cu–C). For the Cu–Cu interaction the embedded atom method (EAM) potential 

proposed by Foiles et al. [193] is used since it has been widely used in description of 

metallic materials [96, 105, 213]. As it is shown in Eq. (5-1), the total energy Eeam of the 

atomistic system comprises summation over the atomistic aggregate of the individual 

embedding energy Fi of atom i and pair potential 𝜙𝑖𝑗  between atom i and its neighbouring 

atom j, which can be expressed as: 

,

1
( ( )) ( )

2

n
ii ij ij

eam ij
i j i ij i j

E F r r 
 

                      (5-1) 

where the Eeam is the total energy of the atomistic system which comprises summation over 

the atomistic aggregate of the individual embedding energy Fi of atom i and the pair potential 

𝜙𝑖𝑗  between atom i and its neighbouring atom j. The lower case Latin superscripts i and j 

refer to different atoms, 𝑟 𝑖𝑗is the distance between the atoms i and j, and 𝜌𝑖(𝑟 𝑖𝑗) is the 

electron density of the atom i contributed by atom j. 
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For C-C atoms, we adopt the Tersoff potential [192] computed as follows: 

( )[ ( ) ( )]ij C ij R ij ij A ijV f r f r b f r                       (5-2) 

 

where Vij is the bond energy, i and j label the atoms of the system, rij is the length of the ij bond, 

bij is the bond order term, fR is a two-body term and fA includes three-body interactions, and fC 

represents a smooth cut-off function to limit the range of the potential.  

The Morse potential function [190] was used to describe the interaction between Cu-C and the 

total energy Etot is expressed as: 

 
2 ( ) ( )

0 2p pr r r r

tot
ij

E D e e
                            (5-3) 

 

where r is the instantaneous distance between atoms i and j. The cohesion energy D0, the 

elastic modulus α, and the equilibrium bond distance rp are 0.087eV, 5.14 Å-1, and 2.05 Å 

respectively [190]. 

5.2.3 MD simulation set up 

All of the cutting tools are applied along the [-1 0 0] direction on the (0 0 1) surface of the 

copper at a constant cutting speed of 200 m/s. Of course, the simulation may have its own 

limitations including the need to run at very high cutting speeds, but this may not be a 

serious limitation as long as we are interested in the general nature of the process without 

consideration of the speed effects [94]. The main computational parameters used in the MD 

simulations are summarized in Table 5-1 for reference. 

Table 5-1: MD simulation parameters for nanometric cutting of copper [211]. 

 Single tip with multi-pass Multi-tip with single pass 

Workpiece material Copper Copper 

Workpiece dimension 50a2 × 80a2 × 40a2  

(a2 = 3.615 Å) 

50a2 × 80a2 × 40a2  

(a2 = 3.615 Å) 

Number of atoms 760, 355 894, 870 
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Tool tip width 15a1 (a1 = 3.567 Å) 15a1 (a1 = 3.567 Å) 

Tool rake angle 0º 0º 

Tool clearance angle 12º 12º 

Time step 1 fs 1 fs 

Initial temperature 293 K 293 K 

Depth of cut 1 nm 1 nm 

Cutting speed 200 m/s 200 m/s 

 

The equations of atoms motion were integrated using velocity-verlet algorithm with a time 

step of 1 fs. Moreover, 85,000 time steps were carried out as the relaxation process to adjust 

the system to 293 K before cutting. During cutting and the thermal annealing processes, the 

systems were controlled by NVE ensemble and the thermostat atoms were kept at a constant 

temperature of 293 K through a velocity scaling method to perform the heat dissipation [101]. 

The velocity scaling method controls the temperature by rescaling the thermal atoms 

velocities to 293 K if the temperature departs more than 5 K from the specified temperature 

at a certain time step. Thus, this algorithm allows the heat transferring from shear region to 

the bulk of the workpiece which conforms to experimental observation. 

Figure 5-2 shows the simulation procedure of nanometric cutting and traces of the tool. For 

single tip tool, it scratched the surface in X-Y plane along the OC direction for the first 

cutting pass (as shown in figure 5-2 (a)). Then the tool followed trace (C–C1) in the Y–Z 

plane. The tool moved along line C1A1 and moved down to point A. At last, the tool 

scratched the second groove along the line AB with same depth of cut (as the dotted line 

shows). For multi-tip tool, only single pass was taken with the same cutting distance as 

shown in figure 5-2 (b). All the simulations were performed by high performance computing 

cluster (HPC) using 24 cores. 
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Figure 5-2: Schematic diagram of nanometric cutting traces. (a) Single tip cutting with two 

passes; (b) Multi-tip cutting with single pass [211]. 

5.2.4 The post processing methods 

5.2.4.1 Calculation of the stresses and cutting forces 

In LAMMPS, the stress for each atom is attributed to its interaction with all other atoms in 

the simulation, and the stress tensor for an atom i can be calculated from equation 5-9. 
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       (5-4) 

where a and b denote x, y, z to generate 6 components of the symmetric stress tensor. The 

first term of the equation is a contribution due to the kinetic energy of atom i. The second 

term is a pair-wise energy contribution where n loops over the Np neighbours of atom i and r1 

and r2 are the positions of the two atoms in the pair-wise interaction. F1b and F2b are the 

forces on the two atoms resulting from the pair-wise interactions. The third term is a bond 

contribution over the Nb bonds of atom i. There are similar terms for Na angle, Nd dihedral, 

and Ni improper interactions. Kspace term represents long-range Coulombic interactions. 
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The tensor for each atom has 6 components and is stored as a 6-element vector in the 

following order: σxx, σyy, σzz, τxy, τxz, τyz. However, it is noted that the per-atom stress is really 

a stress-volume formulation. In order to generate continuous matter, it would need to be 

divided by a per-atom volume to have units of stress. The hydrostatic stress (σhydro) and von 

Mises stress (σvon) can be further computed using the following equations: 

 

3

xx yy zz

hydro
  


 

                          (5-5) 
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


            (5-6) 

 

For cutting forces, action and reaction are opposite and equal. Since it is quite difficult to 

accurately measure the volume of the workpiece in cutting zone, the cutting forces were 

obtained by summing the forces of tool atoms. In LAMMPS, this can be done using 

“stress/atom” command followed by a “reduce sum” command. A schematic diagram of the 

forces directions is shown in figure 5-3 (b). 

  

Figure 5-3: Schematical diagrams of the stresses and cutting forces. (a) Stress directions; 

and (b) the direction of cutting forces. 

5.2.4.2 Calculation of the cutting temperature 

Cutting heat has been regarded as one of the key factors to influence the quality of the 
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generated nanostructures as well as the tool life in nanometric cutting process. According to 

the law of equipartition of energy, the representative temperature of a group of atoms can be 

calculated from the total atomic kinetic energies of the group. As the nature of the 

temperature is statistical, the instantaneous kinetic energy of each atom during nanometric 

cutting differs significantly from the temperature of the bulk. Therefore, the measurement of 

cutting temperature is not straight forward. 

In order to more accurately characterize the variation of temperature during the cutting 

process, we employed the concept of atomistic equivalent temperature  𝑇𝑖  discussed in 

section 3.3.1 to analyse the cutting temperature. A cut-off distance 𝑟0  = 4a0 was used to 

select atoms as it can reflect the thermal feature of the short-range structure of copper lattice 

during nanometric cutting processes. It is noted that only the thermal velocities of atoms are 

used to compute the temperature. The kinetic energy contributed by the advection movement 

of the tool should be subtracted beforehand. 

5.2.5 CSP 

Dislocations play a crucial role in governing the plastic response of ductile materials. The 

thermal vibration of atoms at finite temperatures makes it difficult to observe dislocations in 

a thermal sensitive environment. The widely used methods for tracing such dislocations and 

other lattice defects are coordinate number analysis, slip vector, and centro-symmetry 

parameter (CSP). It has been reported that centro-symmetry parameter (CSP) is less sensitive 

to the temperature increase compared with other methods such as atomic coordinate number 

and the slip vector [50]. The CSP method proposed by Kelchner et al. [214] quantifies local 

deviations from centro-symmetry in a given centro-symmetric structure such as FCC and 

BCC (body centred cubic). The centro-symmetry parameter Pi is defined as follows,  

 
6

6

1

2

i ii

i

P R R 



                           (5-7) 



Chapter 5 MD simulation of nanometric cutting of copper by using multi-tip and single tip diamond tools 

100 

 

where iR  and 6iR   are the position vectors corresponding to the six pairs of opposite 

nearest atoms. The parameter Pi increases from 0 for perfect FCC lattice to positive values 

for defects and for atoms close to free surfaces. In the case of the single crystal copper, the 

default value of Pi corresponding to those atomic defect structures and its representing colour 

are indicated in Table 5-2. 

Table 5-2: The default value of atomic structural defects in CSP [211]. 

CSP value P Lattice structure Represent atoms colour 

P < 3 Ideal FCC structure Yellow 

3 < P < 5 Partial dislocation Cyan 

5 < P < 8 Stacking fault Blue 

8 < P < 21.5 Surface atoms Orange 

P > 21.5 Surface atomic step atoms Pink 

 

5.3 Results and discussions 

5.3.1 Nanostructure generation process 

We first simulated the generation process of nanostructures on the copper surface using the 

single tip tool with two cutting passes. The nanostructure in this thesis means a nano-groove 

machined on the copper surface by the tools. It should be noted that the distance between 

two cutting passes is specified as 10a1 (a1 = 3.567 Å) according to the pitch of the multi-tip 

tool. Figure 5-4 shows the snapshots of nanometric cutting process as well as the atomistic 

dislocation evolutions in the workpiece when using the single tip tool under a depth of cut of 

1.0 nm. Every workpiece atom was coloured by its CSP value. It should be pointed out that 

the isolated atoms with green colour inside the workpiece are not lattice defects. Those 

atoms with CSP above three are caused by thermal vibration at a finite temperature [105, 

210]. Moreover, the defect-free atoms were removed from the visualizations.  
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At initial cutting stage, with the penetration of the tool, the lattice of workpiece deformed as 

buckled, and the outer kinetic energy of tool transmitted onto the workpiece and converted 

into potential energy stored in the deformed lattice. When the energy or shear stress of 

copper atoms exceeds a specific level, the atoms tend to re-arrange into lower energy lattice 

to relax lattice strain through dislocation nucleation (as shown in figure 5-4 (a)). As the tool 

advances, more dislocations initiate and propagate in preferred (1 1 1) crystal slip planes 

systems. The pile-ups of atoms in front of the tool rake face lead to the formation of cutting 

chip (as shown in figure 5-4 (b)). At the same time, dislocations that penetrated the 

workpiece migrate out towards the machined surface and create atomic sized steps (atoms in 

pink colour) on the machined surface, which represents the best surface roughness possible. 

These results agreed well with other analyses on the evolution of dislocation nucleation and 

propagation during the nanometric cutting process of copper [96, 102]. 

The second cutting pass was taken along line AB with the same processing parameters (as 

shown in figure 5-2 (a)). After two consecutive cutting passes, two nano-grooves were 

machined by the single tip tool (as shown in figure 5-4 (c)). However, it is found that at the 

end of the second pass, there were some disordered atoms moved into the first nano-groove. 

This resulted in re-shaping of the right side of the first machined groove due to the lack of 

support of that side. This phenomenon is recognised as the feed rate effect in the nanometric 

cutting [101]. When the distance between two passes is less than a critical value, there is a 

strong possibility that the material plastic side flow (in terms of dislocations movements) 

created in the second pass will extend to the machined surface of the first cutting, and thus 

re-shape the first nano-groove. It is noted that this critical value is not fixed as the dislocation 

nucleation and movements are affected by the tool geometry, depth of cut, cutting speed and 

local cutting temperature [210].  

Similar phenomenon has been reported by Yan et al. [101] in their MD study of the AFM 

scratching of copper. The tool model was built with a round-edged regular three sided 

pyramid with a hemisphere at the end (radius of the tool cutting edge of 1 nm). Their 
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investigation showed that the cross-sectional shape of first scratch was very close to that of 

the second one when the feed reached 3.62 nm [101]. Fang et al. [213] qualitatively 

compared the feed effect behaviour predicted by the MD simulations with the AFM 

experiments (a diamond AFM tip with radius of 10 nm). Our results agree with their 

conclusions and further confirm that the feed rate effect also occurs in the rectangular shape 

tool-tip cutting.  

 

 

Figure 5-4: Snapshots of cutting process and dislocation evolution of workpiece using a 

single tip tool with multi-tip passes. (a) Dislocation nucleation; (b) first cutting pass; and (c) 

the second cutting pass [211]. 

 

 

For multi-tip tool cutting, it can be seen from figures 5-5 (a) and (b) that the initial cutting 

stage was almost the same as that of single tip tool cutting. The dislocations initiated under 
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the tool-workpiece contact surface due to the compressive stress induced by the initial 

impact of the tool tips, and then propagated along the (1 1 1) crystal slip planes. The atoms 

accumulated and piled up in front of the multi-tip tool, resulting in the formation of two 

independent initial chips. The increasing of the chip volume indicated that the material 

deformation states for all cutting conditions were dominated by cutting and accompanied by 

plough [102].  

However, unlike the single tip tool cutting, where the nano-grooves were formed through 

two cutting passes separately, interactions between the dislocations around tool tips were 

observed when using the multi-tip tool (as shown by figure 5-5 (b) and (c)). Because two 

nano-grooves were synchronously generated through a single cutting pass, the effect of feed 

rate observed in single tip tool cutting can be completely eliminated when using the multi-tip 

tool. Compared with the nano-grooves machined by the single tip tool cutting, the 

nano-grooves generated by the multi-tip tool are closer to ideal centre line symmetry (figure 

5-5 (c)).  
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Figure 5-5: Snapshots of cutting process and dislocation evolution in workpiece when using 

the multi-tip tool at cutting distances of: (a) 2.55 nm; (b) 3.95 nm; and (c) 15.45 nm [211]. 

5.3.2 Cutting force 

The variations of cutting forces during the steady cutting process were summarized in figure 

5-6. The comparison was made between the first and the second cutting pass of the single tip 

tool cutting and the multi-tip tool cutting. The results show that the tangential cutting force 

Fx and normal cutting force Fz in all simulations are fluctuating around an approximately 

constant value at the steady cutting stage. The dynamic equilibrium of the tool-workpiece 

contact area and the activities of dislocations accompanying the material removal process are 

responsible for the fluctuations. Both the normal and tangential cutting forces of the multi-tip 

tool cutting were larger than those of the single tip tool cutting (for the first and the second 

cutting pass). However, the cutting forces in the Y direction were found to have an average 
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value near zero because of the balanced forces contributing from each side. 

 

 

Figure 5-6: The force-displacement curves under a depth of cut of 1.0 nm. Fx, Fy and Fz 

represent the cutting forces of using the multi-tip tool; Fx1, Fy1, Fz1 and Fx2, Fy2 and Fz2 

represent the forces for 1st and 2nd passes when using the single tip tool, respectively [211]. 

 

In order to further quantify the difference of cutting forces between using the single tip and 

the multi-tip tool, the average tangential cutting forces and normal cutting forces at the 

steady cutting state were calculated (as shown in figure 5-7). It was found that the tangential 

cutting forces of the first and the second cutting pass when using the single tip tool were 

nearly the same, but the normal cutting force of second pass was smaller than that of the first 

pass. The drop of the normal cutting force resulted from the feed rate effect which appeared 

at the end of the second cutting pass (as shown in figure 5-4 (c)). The material side flows in 

terms of the dislocation extension released the extra stress during the second pass, and thus 

lead to a drop of the normal cutting force. For multi-tip tool cutting, while the tangential 

cutting force per tip has a value of 33.3 nN which is slightly smaller than that of using a 

single tip tool, the normal cutting force per tip of 54.1 nN is much larger than those observed 

when using the single tip tool (46.9 nN for the first pass, 38.5 nN for the second pass). The 

significant dislocations pile-ups beneath the tool tips resulted in a local strengthening of the 
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material in the normal direction during the multi-tip cutting process.  

 

 

Figure 5-7: The average cutting forces for the single tip tool and multi-tip tool cutting [211]. 

 

Moreover, the ratio of tangential cutting force to normal cutting force (μ = Fx/Fz) is used to 

assess the alteration of local physical property during the nanometric cutting process. From 

the average forces at the steady stage, we obtain μ ≈ 0.61 for multi-tip cutting and a larger 

average value of 0.82 for the single tip tool cutting. Lin et al. have measured the cutting 

forces in their scratching copper test, and found that the actual tangential cutting force Fx is 

2,780.2 nN and the normal cutting force Fz is 5,686.2 nN [104]. The ratio of tangential 

cutting force to normal cutting force from their experimental data is 0.49. It is noted that our 

calculated ratio of Fx/Fz is larger than the experimental result because the value also depends 

on the tool rake angle, and surface smoothness and the crystal structure of materials used.  

Komanduri et al. [215] have investigated the atomic-scale friction at extremely fine scratch 

depths (from 0.8 nm to almost zero) and pointed out that for tool built with zero rake angle, 

the force ratio of Fx/Fz can be as large as 1.170. 

Recently, Luan and Robbins have argued that the atomic-scale surface roughness produced 

by discrete atoms had significant effect on the coefficient of friction, and the contact areas 

and stresses may be changed with the local alteration of friction and lateral contact stiffness 
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in an order of magnitude [216]. Thus, the difference of the ratio of Fx/Fz observed in the 

nanometric cuttings between using the single tip tool and the multi-tip tool, may be attributed 

to the different local tool-workpiece contact status. 

5.3.3 Temperature distribution 

Figure 5-8 shows the cross-sectional view of the atomistic equivalent temperature 

distribution for the single tip tool and the multi-tip tool cuttings. Atoms are coloured 

according to their atomistic equivalent temperature. For better visualization, the white dotted 

lines are used as the boundaries between the low and high temperature zones (> 550K). It 

was found that in all simulations, the temperature in shear zone was around 650 K. The range 

of high temperature region (> 550 K) when using the multi-tip tool was apparently larger 

than that of using the single tip tool. The highest temperature regions were found at the 

tool-chip interface slightly towards the workpiece side.  

Unlike traditional metal cutting, in this study the diamond tool material is significantly 

harder than the workpiece material i.e. copper. It is a common knowledge that when the 

cutting tool material is significantly harder than the substrate, the plastic deformation of the 

softer work material will be the main heat source [217]. In our MD model, the energy 

transfer between copper and diamond is described by the selected potential functions. At the 

interface of the diamond tool and copper substrate, there is an atomic layer (with a thickness 

of several atoms) which transmits the energy between C and Cu atoms. Copper and the 

diamond materials both have high thermal conductivity. However, the thermal conductivity 

of the natural diamond is about 22 W/(cm·K) which is five times more than that for copper. 

As a result, a large temperature gradient towards the cutting tool was observed in figure 5-8. 

Moreover, the large diamond cutting tool model built in present study also helped to release 

the cutting heat at the tool cutting edge. Therefore, the diamond cutting tool would have 

lower temperature than the copper substrate, and the highest temperature regions were found 

at the tool-chip interface slightly towards the workpiece. 

http://en.wikipedia.org/wiki/Copper
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Figure 5-8: The cross-sectional views of the temperature distribution at a depth of cut of 17 

nm. (a) Single tip cutting (1st pass); (b) Single tip cutting (2nd pass); (c) Multi-tip cutting with 

single pass. 

 

In order to further quantify the difference in cutting heat when using different kinds of tools, 

detailed analysis has been done by comparing the number of atoms in different temperature 

ranges. For a better comparison, only the workpiece atoms within the cutting zone (z 

coordinate larger than 20a2) were taken into account and the numbers of atoms in different 

temperature ranges were normalized by the total number of atoms selected (as shown in 

figure 5-9). It was found that the proportion of atoms with atomistic equivalent temperature 

larger than 500 K in the multi-tip tool cutting was 8.01% which was apparently larger than 

that of the single tip tool cutting (being 3.3%). This result quantitatively demonstrated that 

the cutting heat generated while using the multi-tip tool was much higher than that of the 

single tip tool cutting.  

In addition, the higher cutting temperature observed in the multi-tip cutting also explained 

the feature of cutting forces discussed in the above section. Although the normal cutting 

force per tip of the multi-tip cutting was larger than that of using the single tip tool, the 

tangential cutting force per tip is slightly lower than that of using the single tip tool. This is 

mainly due to the fact that the much higher local temperature generated during the multi-tip 

cutting process would result in local weakening of the Cu-Cu bond force, and thus lead to a 

lower tangential cutting force per tip. 

 

(c) (b) (a) 
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Figure 5-9: The normalized atoms numbers in different temperature ranges [202]. 

5.3.4 Thermal annealing at machined surface 

It has been widely accepted that re-crystallization happens during local annealing process, not 

only in ductile metallic materials [96] but also in brittle materials such as silicon [174] and 

diamond [179]. In macro machining practice, after the tool has left the machined region, there 

is a macroscopic time (~ms) for the machined surface to relax [96]. And by that time, the 

subsurface atomic defects might be able to get annealed partly. In a nanometric cutting, the 

thermal effects happen in such a short timescale that to accurately detect and measure the 

temperature distribution, it requires a thermal measurement system with extremely short 

response time and high resolution. However, the spectral wavelength of sensors used in most 

current commercial infra-red thermography are ranging from 0.8 μm to 14 μm with the 

response time ranging from 2 ms to 120 ms. It is therefore very difficult to detect and monitor 

the cutting heat accurately by current temperature measurement systems. On the other hand, 

MD simulation provides an alternative way to solve this problem by allowing the atomistic 

insight into the material thermal behaviour during nanometric cutting processes. 

In present work, in order to investigate the thermal effects when different kinds of tools were 

used, time relaxations of the machined work material were further performed for both the 
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single tip and multi-tip tool cuttings. It was found through trial simulations that a period of 50 

ps relaxation process was enough for the present system to cool down to 293 K. The CSP and 

the RDF were used to identify the changes in the lattice structure during the relaxation 

process.  

Figure 5-10 shows the cross-sectional views of the defect zones at 0 ps and 50 ps. It can be 

seen that before the relaxation, there are large number of dislocations and atomic defects 

beneath the tool tip (figures 5-10 (a) and (c)). The thickness of the atomic defect layer formed 

in the multi-tip tool cutting is about ~ 6 nm which is nearly twice the thickness created by the 

single tip tool cutting (being ~ 3.5 nm). However, as shown in figure 5-10 (b), most of atomic 

defects and dislocations in the machined area were annealed after 50 ps for the single tip tool 

cutting. For multi-tip tool cutting, the atomic defects and dislocations were also remarkably 

annealed after the relaxation process (as shown in figure 5-10 (d)), leaving behind an almost 

dislocation-free machined workpiece.  

 

 

Figure 5-10: The cross-sectional views of the defect zones after 0 ps and 50 ps relaxation 

(c) Multi-tip (0ps)                       (d) Multi-tip (50ps) 
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process. Cyan and blue atoms represent particle dislocation and stacking fault, respectively 

[202].  

 

In order to further identify the lattice integrity of the machined structure, the RDFs of the 

machined nano-grooves were calculated. Compared with the single tip cutting, before 

relaxation a slightly smaller RDF peak value was found for the nano-grooves machined by the 

multi-tip tool (figure 5-11 (a)), which indicates that the atoms are in a higher short range 

disorder in the multi-tip tool cutting. However, after the relaxation process, there is an 

increase of the first peak value of RDF for both the single tip and the multi-tip tool cutting, 

and the two RDF curves have nearly the same shape (as shown in figure 5-11 (b)). This result 

is in good agreement with the CSP result as discussed above and indicates that local 

re-crystallization takes place on the machined surface during the relaxation process.  

Nevertheless, it is noted that the local re-crystallization observed in the multi-tip tool cutting 

is more noticeable than the single tip tool cutting. Although the thickness of the atomic 

defect layer before relaxation when using the multi-tip tool was much larger than that of 

using the single tip tool, most of the defects were annealed and left almost an ideal FCC 

lattice structure after the relaxation process. As evident from figures 5-10 (b) and (d), the 

thickness of the residual atomic defect layers are 3.0 nm and 3.9 nm for the single tip and the 

multi-tip tool cuttings, respectively. Because the dislocation movement is more easily 

activated at a high temperature, the high local temperature produced during the nanometric 

cutting process can provide the thermal energy for the defects to get partly annealed. 
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Figure 5-11: RDF of machined nano-grooves. (a) Before the relaxation; and (b) after 50 ps 

relaxation [202]. 

5.4 Summary 

This chapter was dedicated to provide a detailed understanding on the nanostructure 

generation processes when using a single tip and a multi-tip diamond tool. To this purpose, 

this chapter has provided the important parameters which are required for a successful MD 

simulation of the nanometric cutting process. The post-processing tools of a MD simulation 

have also been comprehensively described which included the calculation of the cutting 

forces, the cutting temperature, and the methods used for tracing the atomic defects. 

Two large-scale MD nanometric cutting models have been built to simulate the nanometric 

cutting process when using a single tip and a multi-tip diamond tool, respectively. Compared 

with the single tip cutting, the new features of multi-tip tool cutting such as the improved 

centre line symmetry of machined nanostructures, the high cutting temperature, and the high 

normal cutting force per tip have been identified. The simulation results indicate that, in 

addition to the high machining efficiency, the effect of feed rate and the alignment issues on 

machining accuracy associated with the use of separate single tip tool can be completely 

eliminated when using nanoscale multi-tip tools. The next chapter will further study the 

shape transferability of nanoscale multi-tip diamond tools in machining nanostructures with 

various cross-sectional shapes.  
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Chapter 6  Shape transferability of nanoscale multi-tip diamond tools in 

nanometric cutting 

6.1 Introduction 

In the previous chapter, the advantages and disadvantages of diamond turning using the 

multi-tip tool have been initially addressed with reference to the single tip tool cutting. 

Nevertheless, the relationship between the geometry of nanostructures pre-fabricated on the 

tool tip and the form accuracy of nanostructures replicated on the work substrate remains 

unclear, which has become a significant barrier to the realization of the deterministic 

nanomanufacturing capability. As the nanostructures are formed synchronously within a 

single cutting pass, the interactions of the deformed layers created by each tool tip might 

influence the material removal process and result in unpredictable machining defects. The 

characterization of the shape transferability of this technique is needed before 

standardization and commercialization of the nanocale multi-tip diamond tools. 

This chapter therefore reports systematic research on the shape transferability of nanoscale 

multi-tip tools with different designed tool geometries. A hypothesis of a minimum designed 

ratio of tip distance to tip base width (L/Wf) of the nanoscale multi-tip tool is proposed based 

on a theoretical study of the effect of tip distance, tip angle, and the tip configuration on the 

quality of machined nanostructures. Nanometric cutting experiments using nanoscale 

multi-tip diamond tools are then conducted to verify the hypothesis. The potential of using 

nanoscale multi-tip diamond tools for the deterministic scale-up fabrication of period and 

non-periodic nanostructures are discussed in the subsequent section. 

6.2 Tool model and MD simulation parameters 

In order to obtain in-depth understanding of the shape transferability of nanoscale multi-tip 

diamond tools, four categories of diamond tool used to machine periodic and non-periodic 
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nanostructures were studies in this work. The cross-sectional shapes of the tools and the tip 

configurations are shown in figures 6-1 (a)-(d) (L is defined as the tip distance; θ is the tip 

angle; Wa and Wf are used to represent the width of the top and bottom of the tool tip 

respectively). For the purpose of concision, the four types of multi-tip tools are generally 

labelled as T1, T2, T3, and T4 in this work. All of the tool models built here are based on a 

deformable body with a round cutting edge radius r of 5a1 (a1 = 3.567 Å), a tool rake angle α 

of 0º, and a tool clearance angle β of 10º (as shown in figure 6-1 (e)). To save computational 

time, the tools were built with a double-tip to represent the multi-tip tool. The cutting 

processes using 24 diamond tools with different combinations of cross-sectional geometrical 

parameters (listed in Table 6-1) are simulated in this study.  

The MD nanometric cutting model using multi-tip single crystal diamond tool is developed 

as shown in figure 6-1 (f). The copper workpiece has dimensions of 50a2 × 80a2 × 40a2 (a2 = 

3.615 Å). It consists of the boundary layer and the thermostat layer with thicknesses of 2a2 

and 3a2, respectively. The three orientations of the workpiece are [1 0 0], [0 1 0], and [0 0 1] 

in the X, Y, and Z directions respectively.  

 

Figure 6-1: MD nanometric cutting models using multi-tip diamond tools. The front view of 
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multi-tip tool models are (a) periodic tips configuration with rectangular cross-sectional 

shape (T1), (b) periodic tips configuration with trapezoidal cross-sectional shape (T2), (c) 

non-periodic tips configuration with a mixture of cross-sectional shapes (T3), and (d) 

non-periodic tips configuration with a rectangular cross-sectional shape (T4). (e) Right hand 

end elevation of multi-tip tool models. (f) The nanometric cutting model [35]. 

 

Table 6-1: Dimensions of nanoscale multi-tip diamond tool models [35]. 

 Tip distance (L) Tip angle (θ) Tip base width (Wf) 

T1 3a1, 6a1, 9a1, 12a1, 14a1 0° 9a1 

T2 
3a1, 6a1, 9a1, 12a1, 14a1 14.0° 9a1 

6a1 16.3°, 14.0°, 11.8°, 9.46°, 7.13° 9a1 

T3 3a1, 5a1, 7a1, 9a1, 12a1 0°(left tip); 14.0°(right tip) 9a1 

T4 4a1, 6a1, 7a1, 9a1, 12a1 0° 9a1 (left tip); 6a1 (right tip) 

 

 

The potential scheme described in section 5.2.2 of Chapter 5 is used in this study. The EAM 

potential, the Tersoff potential, and the Morse potential function are employed to describe the 

interactions between Cu-Cu atoms, C-C atoms, Cu-C atoms, respectively. 

Due to the limitation of computational power, a high cutting speed was adopted as other 

researchers to speed up the MD simulation. In this study all of the cutting tools were applied 

along the minus X direction at a constant speed of 200 m/s with a depth of cut of 2.5 nm. 

Two nano-grooves were formed synchronously by a single cutting pass. MD simulations 

were implemented by using an open source code, LAMMPS, compiled on a high 

performance computing (HPC) workstation using 32 cores. Before cutting, 85,000 

computing time steps were carried out to freely relax the system to 293 K. During cutting 

processes, the systems were controlled by NVE ensemble and the thermostat atoms were 

kept at a constant temperature of 293 K through using the velocity scaling method [101] to 

perform the heat dissipation. After the cutting, all of the models were allowed to relax for 

50,000 time steps (50 ps) by holding the tool in the fixed loaded position in order to obtain 
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the accurate form of nanostructures after elastic/plastic recovery of materials. The 

visualization of atomistic configurations was realized by VMD software. 

6.3 Formation of periodic and nonperiodic nanostructures 

Figure 6-2 shows the nano-grooves fabricated by using the four types of nanoscale multi-tip 

diamond tools with the designed tip distance L being 12a (L/Wf = 1.33). The atoms with cyan 

and blue colour represent the particle dislocations and stacking faults, respectively. As is 

evident from figure 6-2 (the left and middle columns), nano-grooves with different 

cross-sectional shapes were formed synchronously within a single cutting pass through 

material plastic deformation dominated by the dislocation nucleation and the extension of the 

stacking faults. The quality of the machined nanostructures was characterized by both the 

form accuracy of the machined nanostructures achieved in depth direction and the thickness 

of the deformed layers. The shape transferability was assessing by quality of machined 

nanostructures. It is found that the thicknesses of the deformed layer are 4.8 nm and 4.5 nm 

for type T1 and T2 tools, respectively. However, slightly larger values of 5.0 nm and 5.3 nm 

were found when type T3 and T4 tools were applied. The results suggest that tools of 

periodic tip configuration might have better shaping performance than tools with 

non-periodic tip configuration. 

Moreover, the pictures located at the right column of figure 6-2 show the cross-sectional 

views of the machined nano-grooves after a full relaxation process. The form error was 

calculated as a deviation of depth of the machined nano-groove from the designed depth. It is 

found that the form errors of using different types of multi-tip tools are all less than 7.3%, 

which demonstrates the high machining capacity of using this technique for the fabrication 

of periodic and non-periodic nanostructures. Further, material elastic recovery was observed 

when the trapezoidal tips were used (figures 6-2 (b) and (c)). These results signify that 

employing a tool tip angle would create a heterogeneous distribution of the compressive 

stress at the side walls of the machined nano-grooves. The effect of tool tip angle on the 
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integrity of the machined nanostructures will be further discussed in the following section. 

 

 

Figure 6-2: Photographs of the nanostructures generated (left), the cross-sectional views of 

the deformed layer (middle), and the cross-sectional views of the shape of the machined 

nano-grooves after relaxation (right) when using four types of nanoscale multi-tip diamond 

tools, labelled as: (a) T1, (b) T2, (c) T3, and (d) T4. Tip distance L = 12a1, depth of cut = 2.5 

nm, cutting speed 200 = m/s. Cyan and blue atoms represent particle dislocation and stacking 

fault, respectively [35]. 

 

Additionally, the averaged cutting forces at a steady cutting state are summarized in figure 

6-3. It was found that both the tangential cutting force Fx and normal cutting force Fz when 

using rectangular cross-sectional shape tools (T1 and T4) were larger than when using 
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trapezoidal cross-sectional shape tool (T2). The value of Fx when using the multi-tip tool 

with the mixture of tool tip shapes (T3) was 68.2 nN, which was slightly larger than the 

mean value of the tangential cutting forces (being 65.6 nN) when the T1 and T2 type tools 

were used . Moreover, the ratios of Fx/Fz were around 1.42 when the T1 and T4 type tools 

were used. The large ratio of Fx/Fz was attributed to the large depth of cut used with respect 

to the cutting edge radius. Similar phenomenon has also been observed in [210]. However, 

the ratios of Fx/Fz reduced to about 1.0 when T2 and T3 type tools were used. The results 

indicate that trapezoidal tips can minimize the tangential cutting forces and thus reduce the 

ratio of Fx/Fz. The apparently smaller cutting forces when using the T2 type tool suggest that 

the periodic trapezoidal cross-sectional shape multi-tip tool offers the best shape 

transferability among the tools studied in the this work.  

 

 

Figure 6-3: The averaged cutting forces when using different types of cutting tools [35]. 

6.4 Dependence of the shape transferability on the tool 

6.4.1 Effects of tool tip distance 

The cross-sectional shape of the tool tip and the tip distance are two major geometrical 
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simulations were carried out while varying the tip distance of diamond tools (as summarized 

in Table 6-1).  

Figure 6-4 shows the photographs of cross-sectional views of nano-grooves generated by 

multi-tip diamond tools with different tool tip distances (type T1 tools). It is found that the 

quality of the machined nano-grooves improves with the increase of the ratio of L/Wf. As 

shown in figures 6-4 (a) and (d), a large form error was found when L is 6a (L/Wf = 0.67). 

Similar results were observed when L equals 3a (not shown in the thesis for the purpose of 

concision). However, the nano-grooves can be well formed when the tip distance is equal to 

or greater than 9a1 (L/Wf ≥ 1). Moreover, as shown in figures 6-4 (e)-(f), the thickness of 

the deformed layer was found to be decreased with the increase of tool tip distance. The 

results preliminarily suggest that, for the nanoscale multi-tip tool cutting, there exists a limit 

of the ratio of L/Wf which can be used to achieve high form accuracy in a single cutting pass. 

 

 

Figure 6-4: Photographs of cross-sectional views of deformed layers when using multi-tip 

tools with different tip distances: (a) L = 6a1, (b) L = 9a1, (c) L = 12a1; and the corresponding 

views of machined nano-grooves ((d)-(f)). Cyan and blue atoms represent particle 

dislocation and stacking fault, respectively [35]. 
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6.4.2 Effects of tool tip angle 

The cross-sectional views of nano-grooves generated by tools with different tip angles (tool 

type T2) are shown in figure 6-5. In order to quantify the effect of the tip angle, the tools  

were built with the same ratio of L/Wf (0.67). Similarly to the rectangular cross-sectional 

shape tool cutting, large form errors were found when a tip angle of 7.13° was used. 

However, as is evident from figures 6-5 (e) and (f), the nano-grooves can be accurately 

formed when the tip angle is equal to or greater than 11.8°. The deformed layers were found 

to be decreased with the increase of the tip angle. Thus, applying a multi-tip diamond tool 

with the proper tool tip angles, the shape transferability can be improved significantly. 

 

 

Figure 6-5: Photographs of deformed layer during nanometric cutting process when using 

multi-tip tools with different tip angles: (a) 7.13°, (b) 11.8°, and (c) 16.3°; and the 

corresponding views of machined nano-grooves ((d)-(f)). The ratios of L/Wf of the tools are 

0.67. Cyan and blue atoms represent particle dislocation and stacking fault, respectively [35]. 

6.4.3 The critical ratio of L/Wf for different tool geometries 

Moreover, the variation of the form errors of the machined nano-grooves against the ratio of 

L/Wf for the four types of multi-tip tools is summarized in figure 6-6. It was found that the 

form errors all decreased with the ratio of L/Wf. A critical form error of 10 % can be defined 

as the upper limit of the deviation of the machined nano-grooves (as indicated by the dashed 
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line in figure 6-6), and the corresponding critical ratios of L/Wf are 0.93, 0.53, 0.76, and 0.97 

for T1, T2, T3, and T4 type tools respectively. The results indicate that the multi-tip tools 

with trapezoidal tips (T2) have better shape transferability than rectangular cross-sectional 

shape tools (T1 and T4); and multi-tip tools with periodic tip configuration (T1 and T2) have 

better shape transferability than those with non-periodic tip configuration (T3 and T4). The 

shape transferability for tools with mixed shape tips (T3) depends significantly on the 

geometry of the two adjacent tool tips. The critical ratio of L/Wf lies between the L/Wf ratio 

of the two adjacent tips calculated from the periodic tip configurations (T1 and T2). 

The reasons accounting for the difference are as follows. Since the nano-grooves are formed 

synchronously in the nanoscale multi-tip tool cutting, the overlap of the deformed layers 

created by cutting tips should be well controlled. When the tool cuts into the workpiece, each 

tip will create a deformed layer in its immediate vicinity (also named as work-affected layer). 

The range of the plastically deformed region is two to ten times the indention radius [218]. 

Because the trapezoidal cross-sectional shape tip has a smaller contact radius in the YOZ 

plane as compared to the rectangular cross-sectional shape tip, a smaller region of 

work-affected area is formed [218, 219]. Thus the overlap of the deformed layer can be 

effectively minimized when using tools with trapezoidal cross-sectional shape tips. Moreover, 

the material side flow made a significant contribution to the formation of the nanostructures 

[211, 219]. As the tool with periodic tip configuration has better central symmetry properties 

than the tool with non-periodic tips configuration, a uniform material side flow is easily 

achieved and therefore a smaller critical ratio of L/Wf is required. Additionally, under the 

same cutting conditions, smaller cutting forces were observed when using trapezoidal 

cross-sectional shape tips with periodic tips configuration (as discussed in section 6.4.1). 

Thus, it is concluded that the tool geometry of nanoscale multi-tip diamond tools has 

significant influence on the quality of machined nanostructures. The tool tip angle can 

effectively control the material side flow and minimize the interactions of deformed layers 

beneath the tool tips during the machining process. A minimum ratio of L/Wf should be met 
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for the high precision machining of nanostructures, based on the MD simulation results as 

discussed above. The next section will further verify this hypothesis through nanomet ric 

cutting trials using nanoscale multi-tip diamond tools. 

 

 

Figure 6-6: The variation of the form error of machined nano-grooves with the ratio of L/Wf 

for the four types of multi-tip diamond tools [35].  

6.5 Inital experimental verification 

6.5.1 Tool fabrication 

In order to verify the simulation results, two nanoscale multi-tip diamond tools (with 

different L/Wf) were fabricated by FIB (FEI Quanta3D FEG) using the divergence 

compensation method proposed by [53]. The FIB machining procedure for nanoscale 

multi-tip tools is schematically shown in figure 6-7. An ion beam current of 50 pA was 

applied in rough shaping process. After the rough shaping, a low ion beam current of 10 pA 

was used to finely trim the profile of the structures as an ion beam cleaning process (beam 

diameter of 13 nm). 

Since the MD simulation results show that the periodic trapezoidal cross-sectional shape 

offers the best shape transferability, two nanoscale multi-tip diamond tools with such 

configuration were used in the cutting trials. As shown in figures 6-8 (a) and (b), one is a 
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four-tip tool with a ratio of tip distance to tip base width (L/Wf) of 1.54, and another one is a 

seventeen-tip tool with L/Wf of 0.33. They both have trapezoidal cross-sectional shape (tip 

angle θ of 14.0°) which is the same shape as the corresponding tool tip used in the MD 

simulations. The ratio of the tool tip distance to the tip base width (L/Wf) is employed as an 

indicator when comparing the MD simulation and experimental results qualitatively. 

 

 

Figure 6-7: The FIB machining procedure for nanoscale multi-tip diamond tools with 

periodical chisel structures: (a) fabrication of trapezoidal structures on the diamond tip; (b) 

the ion beam cleaning process; and (c) cutting off the vertexes of the triangular tips [53]. 

6.5.2 Experimental set up 

The nanometric cutting trials on an oxygen free copper (OFC) surface using the nanoscale 
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multi-tip diamond tools were carried out on a diamond turning machine (Precitech Nanoform 

250). In all tests, the same cutting conditions were applied (cutting speed = 0.03 m/s, depth 

of cut = 100 nm). The nanometric machining process and the fabricated samples are 

illustrated in figures 6-8 (c) and (d). The machined nanostructure patterns were measured by 

a SEM integrated in FEI Quanta3D FEG instrument. 

 

 

Figure 6-8: Diamond turning using nanoscale multi-tip diamond tools: (a) SEM image of 

multi-tip tool with L/Wf of 1.54; (b) SEM image of multi-tip tool with L/Wf of 0.33; (c) 

nanometric cutting operation; (d) the machined surfaces with nanostructures. 

6.5.3 Experimental results and discussion 

Two sets of experiments were carried out to evaluate the hypothesis proposed based on the 

MD simulations. In the first experiment, a series of four parallel nano-grooves were 

successfully formed by the multi-tip tool with L/Wf ratio of 1.54 (as shown in figure 6-9 (a)).  

The form accuracy of the machined nano-grooves is preliminarily characterized as the 

deviation of the measured width of nano-grooves (averaged width is 203 nm) to the width of 

the multi-tip tool (the tip width is 207 nm at the tip height of 100 nm). The divergence value 

of 4 nm is mainly due to the elastic recovery of the work material after the tool tip is released 
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from the machined surface. The small form error demonstrates the high machining capacity 

of using the nanoscale multi-tip tool to cut well-defined trapezoidal nano-grooves on a 

copper surface. The same cutting operation was then applied for the second multi-tip tool 

cutting (L/Wf = 0.33). As is evident from figure 6-9 (b), nano-grooves were fabricated with 

serious machining defects in terms of side burrs and structural damage. Thus, the 

experimental results qualitatively confirm the hypothesis predicated by MD simulations.  

 

 

Figure 6-9: SEM images of the nanostructures fabricated by nanoscale multi-tip diamond 

tools with different ratio of tip distance to tip base width (L/Wf): (a) L/Wf 1.54; (b) L/Wf 0.33. 

(Cutting speed = 0.03 m/s, depth of cut = 100 nm) [35]. 

 

Nevertheless, it is noted that the critical value of the ratio of tool tip distance to tool tip width 
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in the same spatial and time scale. The difficulties in answering this fundamental question 

1 μm 

957 nm 

203 nm 

(a) 

(b) 

0.5 μm 

Structure 

damage 

Burrs 



Chapter 6 Shape transferability of nanoscale multi-tip diamond tools in nanometric cutting 

126 

 

from experimental side have been the limitation of using FIB to fabricate multi-tip diamond 

tool in several nanometres, and the time resolution that is needed for a detection equipment 

to capture the transient process of defects formation which evolve on time scales of some 

nanoseconds. On the MD simulation side the difficulties lie in developing a super high 

performance computing system for solving a highly inhomogeneous many body problem in 

the same spatial and time scales as experiments, as well as an effective visualization 

technique for analysing the MD simulation results.  

In order to overcome these limitations, in this study the ratio of tool tip distance to tool tip 

width (L/Wf) was employed as an indicator when qualitatively comparing the results between 

the MD simulation and the experiments focusing on the dimensional accuracy of machined 

nanostructures. As the plastic deformation zone below the cutting tool tip also increases with 

the increase of the size of the tool tip, this assumption is reasonable at current spatial scale.  

Moreover, Komanduri et al. [94] commented that the effect of high cutting speed used in 

MD simulations can be minimized when analysing the general nature of the process. In the 

present study, the phenomenon of formation of nanostructures observed in the MD 

simulation is in good agreement with the initial experimental test.  

Theoretically, based on Hill’s elastic—plastic theory Taniguchi has proposed a method of 

using c/a, the ratio between the radii of the plastically deformed zone and the indentation, to 

determine the extent of plastically deformed zones as schematically shown in figure 6-10. 

The value of c/a is calculated as follows [218]: 

 
3

3(1 )

cEc

a Y

 
 

 
                           (6-1) 

 

where Ec is the modulus of elasticity, Y is the yield stress, and ʋ is the Poisson’s ratio. For a 

ductile metal material such as copper, the measured c/a ratio is around 8.0 [218] which 

theoretically predicts that the deformed layer during the nanometric cutting of copper would 

have a thickness of up to eight times the contact radius of the tool tip. For single tip tool 
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cutting, it is reported that the deformed layer of the subsequent cutting pass will reshape the 

former machined nanostructures if the distance between the two cutting passes is smaller 

than a critical value [99, 101]. For multi-tip tool cutting, the feed rate issue can be avoided 

because the nanostructures are formed synchronously by the multi-tip tool with a single 

cutting pass [211]. However, this advantage only works when the ratio L/Wf of the multi-tip 

tool is larger than a critical value. Below this value, the overlap of the deformed layers 

created by each tool tip might affect the material plastic flow and degrade the form accuracy 

of the machined nanostructures. Because a tool with trapezoidal cross-sectional shape tips 

would create a smaller region of the deformed layer than a tool with rectangular tips, a 

smaller tip distance can be used in the tool design process. The overlap of the deformed 

layers has been vividly evidenced by the MD simulation results, showing the dislocation 

pile-ups beneath the tool tips (as shown in figures 6-4 and 6-5).  

 

 

Figure 6-10: Schematic illustration of the overlap of the deformed zone during a multi-tip 

tool cutting process based on Hill’s shell expansion theory. 

 

In general, any complex tool face geometry is possible. As the tools and the machined 

structures are in a range of sub-micrometres or dozens of nanometres, even tiny machining 

defects caused by the improper design of the tool geometry might seriously degrade the form 

accuracy of machined nanostructures. Nevertheless, as evidenced by both the experimental 
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results and the simulation data presented here, when the value of L/Wf of the tool is 

sufficiently large, the side effect of the overlap of deformed layers can be minimized or even 

totally overcome. This result indicates the great potential for improving the form accuracy of 

nanostructures by minimizing the overlap of work-affected layers through an optimal design 

of the geometry of nanoscale multi-tip diamond tools. 

6.6 Summary 

This chapter has explored the potential of using nanoscale multi-tip diamond tools for the 

deterministic fabrication of periodic and non-periodic nanostructures with different 

cross-sectional shapes. In order to identify the effect of tool geometrical parameters on the 

shape transferability of the nanoscale multi-tip tool, four categories of multi-tip diamond 

tools have been designed. The nanometric cutting processes of using these tools have been 

modelled and simulated by large-scale MD simulations method. 

Based on the theoretical study of the effect of the tip distance, the tip angle, and the tip 

configuration on the quality of machined nanostructures, a hypothesis of a minimum 

designed ratio of tip distance to tip base width (L/Wf) of the nanoscale multi-tip tool has been 

proposed. The hypothesis has been qualitatively validated by nanometric cutting experiments.  

The MD nanometric cutting model developed in this chapter and a new nanoscale multi-tip 

diamond tool fabricated with L/Wf of 1.54 were used in Chapter 7 to study the influence of 

processing parameters and tool wear in diamond turning using nanoscale multi-tip tools. 
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Chapter 7  Influence of processing parameters and tool wear during a 

nanoscale multi-tip tool cutting 

7.1 Introduction 

In diamond turning using nanoscale multi-tip diamond tools, as the tools and the machined 

structures are in a range of sub-micron or even dozens of nanometres, even tiny (nanometre 

level) machining defects can degrade the form accuracy and the integrity of machined 

nanostructures. In-depth understanding of the machining process, especially knowing the 

nanomanufacturing capability under different cutting conditions is of great significance to 

full exploration of the advancement of this technique. 

In Chapter 6, we demonstrate that the tools having trapezoidal cross-sectional shape had the 

best shape transferability among other tool designs. In this chapter, the focus will be on the 

influence of processing parameters on the accuracy and the integrity of machined 

nanostructures as well as the tool wear. A series of nanometric cutting trials (under 15 

different cutting conditions) on copper substrates are carried out using the nanoscale 

multi-tip diamond tool fabricated with L/Wf of 1.54. In order to reveal the underlying 

mechanism for machining defects and the initialization of tool wear observed in experiments, 

MD simulations are carried out to gain atomistic insight into the work material behaviour 

during the nanometric cutting process. 

7.2 Experiment setup 

7.2.1 Facilities for diamond turning experiments 

The nanometric face cutting trials using a nanoscale multi-tip diamond tool were carried out 

on a diamond turning machine (Precitech Nanoform 250). The configuration of the cutting 

trials is shown in figure 7-1. The cutting tools were mounted on a tool holder. An optical tool 

setter with a 20x long working distance objective lens was used to set the tools. 
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Figure 7-1: Experimental configuration and tooling set up. 

7.2.2 Workpiece material for diamond turning trials 

Nanometric machining was conducted on an oxygen free copper (OFC) wafer. It had a 

diameter of 50 mm and the following properties: hardness 89HV50, density 8.94 g/cm3, shear 

modules 44.0 GPa, Poisson’s ratio 0.31, annealing temperature 375-650 °C. 

7.2.3 Cutting tools 

Three diamond cutting tools were used in the experiment. Before the multi-tip diamond tool 

cutting, a flat copper substrate surface was prepared by face diamond turning using two 

normal diamond tools. One conventional roughing tool was used for rough cutting of the 

copper surface. After the rough cutting, a controlled waviness diamond tool was used to 

generate the surface with mirror finish. The cutting fluid (CLAIRSOL 330 special kerosine) 

was applied in these steps. Then, the multi-tip diamond tool was used to generate 
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nano-grooves on the flat copper surface. The multi-tip tool had a tip height of 589.8 nm, a tip 

width of 152.9 nm and a tip base width of 458.5nm with the tip distance being 706 nm. The 

geometrical features of the cutting tools are listed in Table 7-1. 

 

Table 7-1: Geometric features of the cutting tools used in the cutting trials 

 
Tool nose 

radius (mm) 

Rake angle 

(°) 

Clearance 

angle (°) 

Cutting 

edge radius 

Roughing tool 0.5 mm 0° 10° Standard 

Controlled 

waviness tool 
0.5 mm 0° 10° Standard 

Nanoscale 

Multi-tip tool 
— 0° 10° 40 nm 

 

7.2.4 Plan for nanometric cutting 

Three spindle speeds tested were 12 rpm (low), 60 rpm (medium), and 120 rpm (high). For 

each spindle speed, the value of depth of cut was set at five different levels, from 100 nm to 

500 nm with an increment of 100 nm. The parameters are list in Table 7-2.  

 

Table 7-2: Operational variables and their levels in face turning trials. 

Face 

cutting 

No. of 

cut 

Depth of 

cut (nm) 

Spindle 

speed 

(rpm) 

Radius of 

start point 

(mm) 

Cutting 

speed (m/s) 

Feed rate 

(µm/re) 

  

 

Group A 

  

  

1st 100 12 23.0 0.02890  9 

2nd 200 12 22.5 0.02827  9 

3rd 300 12 22.0 0.02765  9 

4th 400 12 21.5 0.02702  9 

5th 500 12 21.0 0.02639  9 

Group B  

6th 100 60 19.0 0.11938  9 

7th 200 60 18.5 0.11624  9 

8th 300 60 18.0 0.11310  9 

9th 400 60 17.5 0.10996  9 

10th 500 60 17.0 0.10681  9 

 Group C 

 

11th 100 120 15.0 0.18850  9 

12th 200 120 14.5 0.18221  9 
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Group C 

   

13th 300 120 14.0 0.17593  9 

14th 400 120 13.5 0.16965  9 

15th 500 120 13.0 0.16336  9 

 

The procedure of the diamond turning using the nanoscale multi-tip diamond tool and the 

fabricated samples are illustrated in figure 7-2. After the machining trials, the machined 

surface roughness and the nanostructure pattern were measured by using a white light 

interferomter (Form TalySurf CCI 3000) and a Scanning Electron Microscope (FEI 

Quanta3D FEG), respectively. 

 

 

Figure 7-2: Procedure of diamond turning using nanoscale multi-tip diamond tools. 
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7.3 MD simulation setup 

The MD nanometric cutting model was developed as shown in figure 7-3. The geometrical 

parameters of the tool were built according to the shape of the multi-tip tool tips fabricated 

by FIB. The tool had a tip width Wa of 3a1 (a1 = 3.567 Å), a tip base width Wf of 9a1, a tool 

rake angle α of 0º, a tool clearance angle β of 10º, a tip angle θ of 14º, and a cutting edge 

radius r of 5a1. To save the computational time, a double-tip nanoscale diamond tool with the 

tool tip distance L of 14a1 was employed in present work to represent the nanoscale multi-tip 

diamond tool (as shown in figure 7-3 (a)). The systems were controlled by NVE ensemble 

and the thermostat atoms were kept at a constant temperature of 293 K through a velocity 

scaling method to perform the heat dissipation [101]. The other computational parameters 

used in the MD simulations are summarized in Table 7-3 for reference. 

 

 

Figure 7-3: Molecular dynamics simulation model. (a) Front view of the multi-tip tool 

model; (b) right hand end elevation of the multi-tip tool model; and (c) nanometric cutting 

model. 

 

Table 7-3: Simulation parameters of MD nanometric cutting model. 

Workpiece materials Copper 

Workpiece dimensions 50a2 × 80a2 × 40a2  (a2 = 3.615 Å) 

number of atoms 714,707 

Time step 1 fs 
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Initial temperature 293 K 

Depth of cut (cutting speed = 200 m/s) 2.0 nm, 2.5 nm, 3.0 nm, 3.5 nm, 4.0 nm 

Cutting speed (depth of cut = 2.0 nm) 10 m/s, 50 m/s, 100 m/s, 160 m/s, 200 m/s, 250 m/s 

 

7.4 Results and discussions 

7.4.1 Nanostructures formed under different cutting conditions 

As shown in figure 7-4 (a), the surface roughness Sa of the copper substrate was 1.85 nm 

prepared by the face diamond turning. The surface was then machined by the nanoscale 

multi-tip diamond tool with a depth of cut of 100 nm (a cutting speed of 0.03 m/s, a feed rate 

of 9 μm/rev). 

The SEM images of several machined grooves using different depths of cut are shown in 

figure 7-5. In general, the periodic nanostructures on the diamond tool tip were successfully 

replicated on the surface of the copper substrate when the depths of cut of 100 nm and 200 

nm were used. As shown in figure 7-5 (a), the measured bottom widths of the nano-grooves 

generated under the depth of cut 100 nm ranged from 142.3 nm to 150.2 nm, which are 

slightly less than the tool tip width of 152.9 nm. The deviation is mainly due to the elastic 

recovery of the work material after the tool tip released from the surface. Moreover, the 

surface roughness Sa of the region between each cutting pass was found to be slightly 

increased to 2.50 nm (as shown in figure 7-4 (b)), which is mainly caused by the material 

squeezed from the adjacent cutting passes. 

However, the form accuracy and integrity of the machined nano-grooves were found to be 

degraded with the increase of depth of cut. Lots of side burrs were observed when the depth 

of cut was equal or larger than 300 nm (figure 7-5 (c)). Structure damage was found when a 

depth of cut of 400 nm was used (figure 7-5 (d)). The results indicate that there exists an 

upper limit of depth of cut when machining nano-grooves using nanoscale multi-tip diamond 

tools. 
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Figure 7-4: The surface roughness of workpiece (a) before nanoscale multi-tip tool cutting, 

and (b) after nanoscale multi-tip tool cutting (the lens was focused on the surface region 

between each cutting pass). 

 

   

Figure 7-5: SEM images of nano-grooves machined using different depth of cut. (a) 100 nm; 

(b) 200 nm; (c) 300 nm; (d) 400 nm. (Cutting speed = 0.03 m/s, feed rate = 9 μm/re). 
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nano-grooves degrades with the increase of the cutting speed. No visible defect was found in 

the case of cutting speed being 0.03 m/s and 0.12 m/s. However, side burrs were observed 

when the cutting speed increased to 0.18 m/s. A similar cutting speed effect was observed 

when a depth of cut of 200 nm was used (figure 7-7). However, under a large depth of cut of 

300 nm (figure 7-8), the increase of high cutting speed finally resulted in a seriously 

structure damage.  

Therefore, it can be concluded that the burr and the structure damage are the two major types 

of machining defects when improper processing parameters are used in the nanoscale 

multi-tip tool cutting. The atomistic insight into the work material behaviour responsible for 

the formation of the machining defects will be discussed in the next section. 

 

 
 

Figure 7-6: SEM images of nano-grooves machined under different cutting speed. (a) 0.03 

m/s; (b) 0.12 m/s; (c) 0.18 m/s. (Depth of cut = 100 nm, feed rate = 9 μm/re). 

 

 
 

Figure 7-7: SEM images of nano-grooves machined under different cutting speed. (a) 0.03 

m/s; (b) 0.12 m/s; (c) 0.18 m/s. (Depth of cut = 200 nm, feed rate = 9 μm/re). 
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Figure 7-8: SEM images of nano-grooves machined under different cutting speed. (a) 0.03 

m/s; (b) 0.12 m/s; (c) 0.18 m/s. (Depth of cut = 300 nm, feed rate = 9 μm/re). 

7.4.2 Atomistic observation of the machining defects 

7.4.2.1 Effects of depth of cut 

In order to reveal the underlying mechanism for machining defects, an MD nanometric 

cutting model was built to simulate the nanometric cutting process when using a nanoscale 

multi-tip diamond tool. For better comparison, a ratio of depth of cut to tip height (d/h) was 

employed when comparing the simulation results with the experimental results. The quality 

of the machined nanostructures was characterized by both the form accuracy of the machined 

nanostructures achieved in depth direction and the thickness of the deformed layers. The 

form error was calculated by the deviation of the depth of machined nano-groove to the 

design dimension. 

The machined nanostructures under different depths of cut are shown in figure 7-9. Two 

nano-grooves were successfully generated when a depth of cut of 2.0 nm (d/h = 0.46) was 

applied (figure 7-9 (a)). However, as evident from figures 7-9 (b)-(e), the form accuracy is 

degraded with the further increase of the depth of cut. Apparent side burrs were observed on 

both edges of the machined nano-grooves. The form error of nano-grooves in the depth 

direction is 4.0% when a depth of cut of 2.5 nm was used. It increased to 20% when cutting 

under the depth of cut of 4.0 nm.  

Moreover, the wedge of cutting tool resulted in material pile-ups around tool tips. Visible 

(c) 

Structure 

damage 

(b) 

burrs 

(a) 

burrs 
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material bulge between the machined nano-grooves was found when a depth of cut of 2.5 nm 

was used (figure 7-9 (b)), mainly due to the overlap effect of the multi-tip tool cutting. 

However, with further increase of the depth of cut, the height of bulge reduced and it 

disappeared when a depth of cut of 3.5 nm (d/h = 0.81) was applied (figure 7-9 (d)). 

Apparently structure damage was found when a depth of cut of 4.0 nm (d/h = 0.93) was used 

(figure 7-9 (e)).  

The thicknesses of the deformed layer when using different depths of cut are shown in the 

middle column of figure 7-9. Significant dislocation pile-ups were observed beneath the tool 

tips. The larger the depth of cut, the larger the range of the deformed layer and the 

dislocations pile-ups were observed. The dislocation pile-ups would result in local 

strengthening of the work material in the normal direction. The resistance force makes work 

materials in front of each tip and between the tips flow up. This trend resulted in the built up 

volume of each cutting tip merging into one big chip as shown in figures 7-9 (c)-(e). Due to 

the chip merging, the volume of chip and the height of the tool-chip separation point 

significantly increased. When the static friction force between the inner side of tool tip and 

the workpiece is large enough, adhesion slip takes place, and results in burrs and structure 

damage between the tool tips. 

In the experimental work (figure 7-5), the visible machining defects are observed when the 

depth of cut is equal and larger than 300 nm (d/h = 0.51). In the MD simulation, the critical 

value of d/h for the onset of visible form errors (larger than 13.3%) is 0.70. It is larger than 

the experimental result which is mainly due to the ideally perfect single crystal structure of 

copper material and the cutting tool assumed in the MD simulation model. In practice, a 

small depth of cut is usually a necessary condition of improving the machining precision 

[220]. The current experimental and simulation results indicate that this rule also works for 

the nanoscale multi-tip diamond tool cutting.  
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Figure 7-9: MD simulation results of machined nanostructures (left), the cross-sectional 

views of deformed layers (middle), and the cross-sectional views of machined nano-grooves 

(right) using different depth of cut: (a) 2.0 nm, (b) 2.5 nm, (c) 3.0 nm, (d) 3.5 nm, (e) 4.0 nm. 
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7.4.2.2 Effects of cutting speed 

In order to obtain in-depth understanding of the effect of cutting speed observed in the 

experiments, simulations of a nanometric cutting process using a multi-tip tool were 

performed over a wide range of cutting speeds (10–250 m/s) using the same depth of cut of 

2.0 nm. 

As shown in figure 7-10, nano-grooves were indicated when the cutting speed was lower 

than 160 m/s. With the wedge of cutting tool, each tip created a built up volume around tool 

tip. Although the tiny bulge of materials was observed when the cutting speed increase to 

100 m/s, visible side burrs were found when the cutting speed was equal or higher than 200 

m/s (figure 7-10 (e)). Moreover, dislocation pile-ups were found when the cutting speed 

increased to 160 m/s (right column of figure 7-10). This phenomenon indicates that the 

overlap effect took place when a high cutting speed was used.  

Figure 7-11 summarizes the distributions of local cutting temperatures under different cutting 

speeds. As expected, the range of the high temperature region (> 450 K) significantly 

increases with the cutting speed. The high cutting temperature indicated in the high speed 

cutting would soften the work material at the cutting zone and extend the range of material 

plastic deformation zone, finally resulting in the overlap effect between the tool tips and the 

formation of the side burr. Although the range of the cutting speed used in simulations is still 

higher than the cutting speed used in experiment, the trend of the cutting speed effect 

obtained from simulations agreed with the experimental results qualitatively. The form 

accuracy of the machined nano-grooves degraded with the increase of cutting speed due to 

the formation of side burrs. 

Nevertheless, it is noted that the form errors of the machined nanostructures in depth 

direction are all less than 5% for the cutting speed applied. Visible side burrs were observed 

only when the dislocation pile-ups took place. Thus it is predicted that, in nanoscale multi-tip 

tool cutting, there is a critical cutting speed below which the overlap effect can be ignored in 
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machining nanostructures under a certain acceptable accuracy. More nanometric cutting 

experiments need to be carried out in the future for a fully quantitative validation. 

 

Figure 7-10: The MD simulation results of nanostructures formed using the cutting speed of: 
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(a) 10 m/s; (b) 50 m/s; (c) 100 m/s; (d) 160 m/s; (e) 200 m/s; (f) 250 m/s. The left column 

shows the surface of machined nanostructures; the middle column shows the cross-sectional 

view of formed nanostructures; the right column shows the inside view of the dislocation 

distribution under the cutting tool tips. 

 

 

Figure 7-11: Temperature distribution under different cutting speed. (a) 10 m/s; (b) 50 m/s; 

(c) 100 m/s; (d) 160 m/s; (e) 200 m/s; (f) 250 m/s. 

7.4.3 Tool wear 

The SEM images of the nanoscale multi-tip diamond tool before and after the cutting trials 

are shown in figure 7-12. Unlike the conventional single tip diamond tool cutting where the 
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initial tool wear was mostly found at the clearance face near the tool cutting edges, the tool 

wear in the multi-tip tool cutting was found on both the clearance face and the sides of the 

tool tips after a cutting distance of 2.5 km. No visible wear marks were observed at the rake 

face of the tool tips. The measured tip distance enlarged from 706 nm to 743 nm because of 

the wear on the sides of the tool tips. The main reason of tool wear is that for multi-tip tool 

cutting, the nanostructures are formed synchronously within a single cutting pass. The sides 

of the tool tips are involved in the formation of nanostructures. The compressive stress 

produced at the sides of the tool tips results in the friction between the tool tip and workpiece, 

and thus results in the initiation of tool wear in this region. 

 

 

Figure 7-12: SEM images of the nanoscale multi-tip diamond tool. (a) SEM image of the 

tool before cutting; (b) SEM image of the tool cutting edges after cutting; and (c) a close up 

view of the shape of tool tips after cutting. 

 

Moreover, the tool wear is closely related to the local cutting temperature. Many research 

works have emphasized the significance of thermal effects on tool wear and suggested that 

an important way to control the tool wear is to reduce the cutting temperature in the cutting 

zone [92, 95, 202]. Figures 7-13 (a)-(c) suggest the temperature distributions of tool tips for 

different depths of cut. It is found that the temperature was uniformly distributed at the tool 

tip when a small depth of cut of 2.0 nm was used. However, when cutting under a depth of 

cut of 3.0 nm, a high local temperature (> 620 K) was generated both at the cutting edges 

and the side edges of the tool tips. Similar results were observed when the depth of cut 

increased to 4.0 nm. This high local temperature would soften the C-C bonds and accelerate 
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the tool wear process in these regions. 

In addition, it has been shown that a high cutting speed will apparently increase the cutting 

temperature at the cutting zone. It is anticipated that the tool wear rate will increase with the 

cutting speed as well. 

 

 

Figure 7-13: MD simulation results of the temperature distributions on the nanoscale 

multi-tip diamond tools for different depths of cut. (a) 2 nm; (b) 3.0 nm; and (c) 4.0 nm. 

 

Usually, the progressive thermo-chemical wear of diamond tool is mainly attributed to the 

oxidation, graphitization, diffusion, and carbide formation during the long term cutting 

process. For FIB-shaped diamond tools, the ion irradiation induced doping and defects will 

also degrade the property of cutting tools. As a final note, previous study on ion-induced 

damaged layer during tool fabrication process (section 4.4-4.6 of Chapter 4) has shown that 

the energetic ion collision can result in an amorphous carbon layer around the tool tips. This 
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damaged layer would increase the adhesion between tool and work materials [147]. As 

schematically shown in figure 7-14, during the nanometric cutting process, the FIB-induced 

damaged layer was expected to worn away firstly because of its non-diamond phase. Most 

recently, similar phenomenon has been reported in micro machining of NiP using a 

FIB-irradiated single tip diamond tool [147, 221]. The present study, for the first time, 

provides significant information about the initial tool wear in the nanometric cutting of  

copper using a nanoscale multi-tip diamond tool. More research work needs to be carried out 

in the future to obtain a sufficient data for building a rigorous tool-life management and 

prediction program. 

 

 

Figure 7-14: Schematical illustration of the early tool wear region of a multi-tip diamond 

tool resulting from FIB-induced damage. 

 

To sum up, due to the limitation of current computational power, performing molecular 

dynamics (MD) simulation on nanometric cutting with the same physical size and small 

cutting speed used in experiments remains a big challenge, especially for the large scale MD 

model built in present work. However, this does not affect our analysis of the general nature 

of machining. Although it is not possible to have quantitative comparison to the 

experimental measurement, the MD nanometric cutting model allows the atomistic insight 

into the work material behaviour and reveals the underlying mechanisms for the machining 

defects as well as the tool wear during nanometric cutting process. The research findings 

obtained from MD simulations can help interpret the experimental data. The present analysis 
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will be valuable to any nanomanufacturing practice where a nanoscale multi-tip diamond 

tool is used. Therefore, if the full advantages of nanometric cutting using multi-tip diamond 

tool predicated by the MD simulations are to be realized, selection of parameters used in tool 

fabrication, optimal design of tool geometry, and optimization of processing parameters used 

in nanometric cutting practice, are critical to provide high performance and efficient 

machining when using nanoscale multi-tip diamond tools. 

7.5 Summary 

In this chapter, nanometric cutting experiments and MD simulations have been carried out to 

study the processing capability of diamond turning using a nanoscale multi-tip diamond tool. 

The operational parameters significantly affect the quality of the machined nanostructures. 

The high precision nanostructures were successfully produced by diamond face cutting under 

a depth of cut of 100 nm and a cutting speed of 0.03m/s. Under the studied cutting conditions, 

the burr and structure damage are the two major types of machining defects. The formation 

of machining defects has been emulated by MD simulations. The investigation showed that 

with the increase of the depth of cut and the cutting speed, the increasing overlap effect 

between the tool tips is responsible for the formation of side burr and structural damage. 

Moreover, the multi-tip tool wear has been initially characterized. The FIB-induced damaged 

layer, the cutting speed, and the depth of cut have significant effects on the tool wear. Based 

on the obtained results, it is reasonable to anticipate that, in nanoscale multi-tip tool cutting, 

high precision nanostructures can be achieved under an optimal cutting condition where the 

overlap effect can be ignored in the nanostructure generation process. More nanometric 

cutting experiments need to be carried out in the future for a fully quantitative validation. 
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Chapter 8  Conclusions and recommendations for future work  

8.1 Assessment of the research 

This research primarily aims at providing a fundamental understanding of the nanometric 

cutting using nanoscale multi-tip diamond tools fabricated by FIB. With this aim, atomic 

scale simulations and well-designed experiments have been performed to deliver a thorough 

investigation of the FIB-induced damage during the tool fabrication process, the 

geometry-dependent shape transferability of the nanoscale multi-tip diamond tools, and the 

multi-tip tool cutting technologies for nanostructures. The thesis has provided state-of-the-art 

insight in the development of manufacturing of nanostructures using nanoscale multi-tip 

diamond tools. 

The novelty and contribution to knowledge from this research lie in: 

 The development of a new multi-particle collision MD model to simulate the 

energetic ion irradiation process, which can provide both qualitative and quantitative 

descriptions of the dynamic structural damage produced in diamond under different 

FIB irradiation conditions. 

 The nanocharacterization of FIB-induced damaged layer in a single crystal diamond 

tool, and the quantification and analysis of the effects of the beam voltage on the 

characteristics of the damaged layer. 

 The development of the large scale MD simulation model to simulate the nanometric 

cutting process, which can represent the advantages and disadvantages of machining 

nanostructures between using a single tip and a multi-tip diamond tool. 

 A comprehensive investigation and clarification, concerning the tool 

geometry-dependent shape transferability of nanoscale multi-tip diamond tools, has 

demonstrated the high processing capacity of using multi-tip diamond tools to 

fabricate high precision periodic and non-periodic nanostructures with various kinds 
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of cross-sectional shapes. 

 The in-depth investigation of diamond turning using nanoscale multi-tip diamond 

tools under various cutting conditions, and the quantification of the influence of 

processing parameters on the formation of machining defects, the integrity of 

machined nanostructures, and the initialization of tool wear. 

8.2 Conclusions 

Using parallel molecular dynamics simulations in junction with TEM experiments, this 

thesis provides quantitative understanding of the dynamic damage process of FIB machining 

and the characteristics of the FIB-induced damaged layer in a single crystal diamond tool 

under different beam voltages. 

The nanometric cutting processes using nanoscale multi-tip diamond tools are modelled and 

simulated by MD simulation method. The distinct MD algorithm developed in this work 

provides an in-depth understanding of the nanostructure generation process, the cutting 

force, the thermal effect, the tool geometry-dependent shape transferability, and the influence 

of machining parameters on the integrity of the machined nanostructures and tool wear. The 

simulation results have been qualitatively validated by nanometric cutting experiments using 

nanoscale multi-tip diamond tools. 

The major results meeting the research objectives can be summarised as follows: 

(a) During FIB processing of cutting tools made of natural single crystal diamond, the 

energetic Ga+ collision will create a damaged layer (a mixture phase of sp2 and sp3 

hybridization carbon and a proportion of the implanted gallium) around tool tips. For 

the tested beam voltages in a typical FIB system (from 8 kV to 30 kV), the 

thicknesses of the damaged layers formed on a diamond tool surface increased from 

11.5 nm to 27.6 nm. Because the residual damaged layer around tool tips will wear 

first during nanometric cutting, low-energy FIB polishing is recommended when 

milling the diamond tool tip by FIB. 
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(b) Through MD simulation of energetic ion collisions with diamond, it is found that the 

thickness and the amorphization level of the damaged layer in diamond depend 

significantly on the kinetic energy of incident gallium particles. The formation of 

atomic defects, the thermal spike, and the local recrystallization of atomic defects 

indicate the dynamic nature of diamond amorphization. 

(c) The MD simulations results show that the mechanisms of nanostructure formation 

by using single tip tools and multi-tip tools are different. Compared with the single 

tip tool cutting, a higher cutting temperature and a higher average normal cutting 

force per tip were found in the multi-tip tool cutting. Since the nanostructures are 

synchronously formed by a single cutting pass, the effect of feed rate and the 

alignment issues associated with the use of single tip tools can be completely 

eliminated when using nanoscale multi-tip tools. This unique feature makes the 

multi-tip tool cutting more practicable and applicable than the single tip cutting for 

scale-up fabrication of periodic nanostructures. 

(d) The MD simulation results indicate that tool geometrical parameters have significant 

influence on the shape transferability of the nanoscale multi-tip diamond tool. The 

ratio of L/Wf should be carefully considered when designing nanoscale multi-tip 

diamond tools. A multi-tip tool with a tip angle equal to or greater than 11.8° can 

improve the form accuracy of the nanostructures by reducing the cutting force and 

the interactions of the deformed layers beneath the tool tips. The periodic tip 

configuration has better shape transferability than the non-periodic tip configuration.  

(e) The overlap of the work-affected layers significantly affects the shaping capacity of 

the nanoscale multi-tip tools. The MD simulation results show that, in nanometric 

cutting process, the significant dislocation pile-ups beneath the tips would result in a 

local strengthening of the work material in the normal direction. The resistant force 

drives the material to flow plastically in the upward direction. When the ratio of L/Wf,  

or the depth of cut, or the cutting speed exceed their critical values, the overlap of 
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the material plastic deformation will cause the formation of side burrs and structure 

damage. The side burr and structure damage are the two major types of machining 

defects found in this study. 

(f) The tool wear is initially found at both the clearance cutting edge and the side edges 

of tool tips after a cutting distance of 2.5 km. The FIB-induced damaged layer and 

the friction produced at each side of the tool tip are responsible for the tool wear. 

(g) The operational parameters significantly affect the quality of the machined 

nanostructures. The high precision nanostructures were successfully produced by 

diamond face cutting under a depth of cut of 100 nm and a cutting speed of 0.03m/s. 

An optimization of the cutting conditions, by which the overlap effect can be ignored 

in the nanostructure generation process, is recommended in the future work to obtain 

high precision nanostructures when using nanoscale multi-tip diamond tools.  

8.3 Limitations of the research 

Currently, it is still quite difficult to compare MD simulations with experimental results in 

the same spatial and time scale. From the MD simulation side, the difficulties lie in 

developing a super high performance computing system for solving a highly inhomogeneous 

multi body problem having the same spatial and time scales as experiments, as well as an 

effective visualization technique for analysing the large-scale MD simulation results. The 

difficulties from experimental side have been the limitation of using FIB to fabricate 

multi-tip diamond tool with tool tips in several nanometres, and the time resolution that is 

needed for a detection equipment to capture the transient process of defects formation which 

evolve on time scales of some nanoseconds. 

In this research work, the cutting speeds used in the MD simulations are much higher than 

those applied in the experiments in order to speed up the MD computations. The tip 

geometry of the tool model is a scaled down version of the tools used in experiments. The 

ratio of tool tip distance to tool tip base width (L/Wf), and the ratio of depth of cut to tool tip 
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height (d/h) were employed as indicators when comparing the MD simulation results with 

the experiments. By considering these geometrical details, the simulation results of the shape 

transferability of a nanoscale multi-tip diamond tool were qualitatively verified by the 

nanometric cutting experiments. However, due to the high cutting speeds used in simulations, 

the thermal effects on the formation of nanostructures and tool wear obtained from the MD 

simulations could not verified by experiments. More experimental tests are needed in the 

future to determine the critical values of tool geometrical parameters and processing 

parameters to be used in practice for specific applications. 

8.4 Recommendations for future work 

8.4.1 Developing an effective post-processing method for tool fabrication 

The present study on FIB-induced damage in diamond has demonstrated that the energetic 

ion collision can result in a damaged zone (a mixture phase of sp2 and sp3 hybridization and 

the implanted gallium), which is much larger than the defined ion irradiated area, even under 

the low beam energy of 8 kV. Most recently, it has been reported that the doping of gallium 

ions at tool rake face would result in a rapid diamond tool wear due to the increase of the 

adhesion of work materials to the tool surface [147]. Thus, the ion irradiation induced doping 

and defects will unavoidably degrade the cutting performance of the micro- and nanoscale 

diamond tools fabricated by FIB. An effective post-processing method which is able to 

remove/minimize the damaged layers after FIB machining is in high demand. The 

minimization of the FIB-induced damaged layer will become more important when the 

dimensions of a multi-tip diamond tool are approaching their ultimate values. 

8.4.2 Optimization of the design of multi-tip diamond tools  

It is widely known in conventional cutting that the tool geometrical parameters such as the 

rake angle, clearance angle, and the cutting edge radius can influence the material removal 
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process. As shown in this study, the unique tool geometrical parameters of a multi-tip tool 

including the tool tip distance, tip angle, and tip configuration can play an important role in 

achieving high the accuracy of the machined nanostructures. It seems to be a complex 

interplay of all these variables in order to obtain a deterministic fabrication of high quality 

nanostructures. Therefore, an optimization of the tool design by considering all these 

parameters, can further improve the shape transferability of multi-tip diamond tools in an 

SPDT operation. 

8.4.3 Setting up a processing database of the multi-tip tool cutting 

The processing parameters such as depth of cut and cutting speed significantly affect the 

attainable integrity of machined nanostructures as well as the tool life. Due to the limitations 

of time and the high research cost of using relevant equipment, the experimental results 

obtained in the present study were not sufficient to set up a processing database for the 

nanometric cutting of copper using nanoscale multi-tip diamond tools. Currently, the 

processing parameters such as the maximum feed rate, depth of cut, and cutting speed for a 

specialized workpiece material have not yet been established. For the commercialization of 

this technique in industry, more research work needs to be carried out in the future to obtain 

sufficient database for building a rigorous tool-life management and predication program, 

and eventually an expert system for intelligently selecting optimal processing parameters for 

the cost effective scale-up manufacturing of nanostructures. 
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Appendix I 

Essential specification of FEI Quanta 3D FEG FIB system 

 

FEI Quanta 3D FEG FIB system in Heriot-Watt University. 

 

Electron beam resolution 

 High-vacuum 

1.2 nm at 30 kV 

2.9 nm at 1 kV 

 Low-vacuum 

1.5 nm at 30 kV 

2.9 nm at 3 kV 

 Extended low-vacuum mode 

1.5 nm at 30 kV 
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Ion beam resolution 

 7 nm at 30 kV at beam coincident point 

(5 nm achievable at optimal working distance) 

Electron optics 

 High-resolution field emission SEM column optimized for high brightness or 

high-current 

 60 degree objective lens geometry with through-the lens differential pumping and 

heated objective apertures 

 Accelerating voltage 200 V – 30 kV 

 Probe current up to 200 nA – continuously adjustable 

 Magnification 30x – 1280kx in “quad” mode 

 

Ion optics 

 High-current ion column with Ga liquid-metal ion source 

 Source lifetime: 1000 hours guaranteed 

 Acceleration voltage: 2 kV – 30 kV 

 Probe current: 1 pA – 65 nA in 15 steps 

 Beam blanker standard, external control possible 

 15-position aperture strip 

 Magnification 40x – 1280kx in “quad” mode at 10 kV 

 Charge neutralisation mode for milling of non-conductive samples 

 

Chamber vacuum 

 High-vacuum: < 6e-4 Pa 

 Low-vacuum: 10 – 130 Pa 

 ESEM-vacuum: 10 – 4000 Pa 

 Pump-down time: (high-vacuum) < 3 minutes 
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Digital image processor 

 Dwell time: 50 ns – 25 ms adjustable in steps of 100 ns 

 Up to 4096 × 3536 pixel resolution 

 256 frame average or integration 

 

Chamber 

 379 mm left to right 

 21 ports 

 10 mm electron and ion beam coincidence point 

 Angle between electron and ion columns: 52º 

 

5-axis motorized stage 

 Eucentric goniometer stage 

X = 50 mm 

Y = 50 mm 

Z = 25 mm 

 Maximum sample height: 50 mm 

 Tilt angle: –15º to + 75º 

 Rotation angle: n × 360° 

 Minimum step: 300 nm 

 Repeatability @ 0º tilt: 2 µm 

 Repeatability @ 52º tilt: 4 µm 

 

Gas chemistry 

 Platinum metal deposition 

 Insulator deposition (SiO2) 

 Selective Carbon Mill 
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Appendix II 

Essential specification of the FEI Tecnai T20 transmission electron 

microscopes (TEMs) 

 

FEI Tecnai T20 transmission electron microscopes (TEMs) in Glasgow University. 

 

Accelerating Voltage: 200 kV 

Electron Source: LaB6 filament 

Objective Lens: FEI Supertwin 

 Cs = 1.2 mm 

 Point resolution = 2.4 nm 

 Line resolution = 1.5 nm 

 Atomic resolution possible in many materials 

 Allowable goniometer tilt about 40/30 (double tilt) 

 

Alternative Lorentz objective lens for magnetic studies 
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 Objective lens current can be reverse for magnetization studies 

Gatan Image Filter, GIF 2000 

 CCD Camera for image acquisition 

 Elemental mapping via energy filtered imaging 

 Zero-loss filtering of images and diffraction patterns 

 Using the microscope's "EFTEM" lens programme can achieve magnifications from 

< 10 kx to > 1000 kx 

 Suitable for all kinds of image from low-magnification microstructural imaging to 

high-resolution imaging of atomic columns 

 

SIS Megaview III CCD camera 

 High acquisition rate imaging of images and diffraction patterns 

 Can be controlled from within TIA 

 Mounted at the 35 mm camera port providing a wide field of view ideal for low 

magnification imaging or imaging of low camera length diffraction patterns 

 

Gatan off-axis TV-rate camera 
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Appendix III 

Essential specification of Precitech Nanoform 250 UltraGrind machine 

tools 

 

Precitech Nanoform 250 UltraGrind machine tools in Huddersfield University 

 

Machine Base and Control 

 Machine Base 

Natural, high-stability, sealed granite, with flood coolant stainless steel enclosure 

 Machine Type 

Ultra precision, two, three or four axes CNC contouring machine 

 Vibration Isolation 

FEA optimized dual sub-frames for the ultimate in environmental isolation 

 Control System 

UPx™ Control System with Optional Adaptive Control Technology 

 Operating System 

QNX real time operating system 

 Programming Resolution: 0.01 nanometre linear / 0.0000001° Rotary 
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 Performance  

SPDT: Surface Roughness (Ra) < 1.5 nm, Form Accuracy (P-V) < 0.1 μm 

Grinding: Surface Roughness (Ra) < 10 nm, Form Accuracy (P-V) < 0.15 μm 

Tungsten carbide 

 

Linear Hydrostatic Slideways 

 Type 

Hydrostatic oil bearing slideways with symmetrical linear motor placement 

 Travel: X and Z: 220 mm (8.6") 

 Maximum Feedrate: 4,000 mm/min. (157 "/min) 

 Drive System: AC linear motor 

 Position Feedback Resolution: 16 picometers (0.016 nanometres) 

 X-axis Straightness 

Horizontal: 0.2 μm (8 μ")  

Full travel 0.05 μm/25 mm (2 μ") 

 Z-axis Straightness 

Horizontal: 0.2 μm (8 μ")  

Full travel 0.05 μm/25 mm (2 μ") 

 Vertical Straightness 

Full travel 0.375 μm (15 μ")  

 

Work holding/Positioning Spindle  

 Type   

High Performance SP150 Spindle, Slot-type thrust bearing 

 Standard Swing Capacity: 250 mm (9.8") diameter 

 Motor: Integral brushless motor 

 Load Capacity: 60 Kg (133 lbs) 50mm (2") out from spindle nose 

 Axial Stiffness: 230 N/μm (1,314,000 lbs./in.) 
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 Radial Stiffness: 130 N/μm (743,600 lbs./in.) 

 Motion Accuracy: Axial/Radial ≤ 15 nm (0.6μ") 

 Thermal Control Optional: Liquid cooled chiller +/- 0.1C Accuracy 

 C-axis Feedback Resolution: 0.026 arc-sec 

 C-axis Position Accuracy: +/- 2 arc-sec 

 C-axis Max Speed: 3,000 RPM 

 Work Holding Spindle Max Speed: 7,000 RPM 

 

Facility Requirements 

 Power 

208 +/-10% or 230 +/-10% VAC - 3.0 KVA 1 phase - 50/60 Hz 

 Air Supply 

Typical: 12 SCFM @100 PSIG 

 Machine Footprint 

914 mm × 2120 mm × 1700 mm (36" × 83.5" × 67") 
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