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Abstract 

 

Over the last two decades or so, metal matrix composites (MMCs) have been drawing 

the attention of the industry due to their potentials in fulfilling demands for high 

performance industrial materials, products and advanced engineering applications. On 

the other hand, the high precision machining is becoming one of the most effective 

methods for enabling these difficult-to-machine composites to be applied particularly in 

precision engineering. Therefore, in-depth scientific understanding of MMC precision 

machining is essential and much needed so as to fulfil the gap between fundamental 

issues in precision machining of MMCs and their industrial scale applications. This 

thesis focuses on development of a multiscale multiphysics based approach to 

investigating the machinability of particulate MMCs and the machining process 

optimisation. In order to investigate the surface generation in relation to the process 

variables, this PhD study covers the key fundamental issues including chip formation 

process, dynamic cutting force, cutting temperature partition and tool wear by means of 

combining modelling, simulation and experimental study. 

The chip formation mechanisms and the minimum chip thickness in precision 

machining of SiCp/Al and B4Cp/Al MMCs by using PCD tools are investigated through 

a holistic approach. Minimum chip thickness (MCT) value is firstly identified based on 

the modified mathematical model. The certain threshold of the uncut chip thickness, i.e. 

chips starting to form at this chip thickness point, is then established. The chip 

formation process including the matrix material breakage, particles fracture, debonding, 

sliding or removal and their interfacial interactions are further simulated using finite 

element analysis (FEA). The minimum chip thickness and chip formation simulations 

are evaluated and validated via well-designed experimental trials on a diamond turning 

machine. The chips and surface profiles formed under varied process variables in 

periodic material removals are inspected and measured in order to obtain a better 

understanding on MMC chip formation mechanisms. 

The improved dynamic cutting force model is developed based on the micro cutting 

mechanics involving the size effect, undeformed chip thickness effects and the influence 

of cutting parameters in the micro scale. Cutting process variables, particle form, size 

and volume fraction at different scales are taken into account in the modelling. The 
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cutting force multiscale modelling is proposed to have a better understanding on the 

MMCs cutting mechanics and to predict the cutting force accurately. The cutting forces 

are modelled and analysed in three cutting regimes: elastic recovery zone, ploughing 

zone and shearing zone. A novel instantaneous chip thickness algorithm including real 

chip thickness and real tool trajectory is developed by taking account of the tool runout. 

Well-designed cutting trials are carried out under varied process variables to evaluate 

and validate the force model. In order to obtain the actual cutting forces accurately, 

transfer function technique is employed to compensate the measured cutting forces. The 

cutting force model is further applied to correlate the cutting tool wear and the 

prediction of the machined surface generation. 

Multiphysics coupled thermal-mechanical-tribological model and FE analysis are 

developed to investigate the cutting stress, cutting temperature, tool wear and their 

intrinsic relationships in MMCs precision machining process. Heat generation, heat 

transfer and cutting temperature partition in workpiece, chips and cutting tool are 

simulated. A modified tool wear rate model is proposed, tool wear characteristics, wear 

mechanisms and dominate tool wear are further investigated against the real machining 

process. Cutting tool wear is monitored and assessed offline after machining 

experiments.  

The experimental study on the machined surface generation is presented covering 

cutting force, tool wear, tool life, surface roughness and machining efficiency. Process 

optimisation is explored by considering the variation of cutting parameters, cutting tool 

conditions and workpiece materials in order to achieve the desired outcomes and 

machinability.  
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Nomenclature 

 

Symbols: 

 

a Actual depth of cut (μm) 

𝑎𝑖1 Chip contact length in the cutting direction (μm) 

𝑎𝑝 Minimum chip thickness (μm) 

𝑎𝑝1 Un-deformed chip thickness at matrix material  (μm) 

𝑎𝑝2 Un-deformed chip thickness at tool-particle interaction (μm) 

A Initial yield strength  (MPa) 

𝐴𝑖 Tool-workpiece contact area (μm
2
) 

𝐴𝑝       Elastic recovery area (μm
2
) 

𝐴𝑝𝑎 Elastic recovery area in axial diection (μm
2
) 

𝐴𝑝𝑐 Elastic recovery area in radial diection (μm
2
) 

𝐴𝑝𝑡 Elastic recovery area in tangential diection (μm
2
) 

B Hardening modulus (MPa) 

c Actual feed rate (μm /rev) 

𝐶 Strain rate sensitivity coefficient  

𝐶1 Specific heat capacity (J/K) 

𝐶𝑝 Material heat capacity (J/K) 

𝐶𝑝𝑐 Heat capacities of chip surface (J/K) 

𝐶𝑝𝑡 Heat capacities of tool surface (J/K) 
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𝑑 Depth of cut (μm) 

𝐷1, 𝐷2, 𝐷3, 𝐷4, 𝐷5 Material constants for damage model  

𝑒 Total energy per unit volume (J/m
3
) 

𝑒𝑚𝑎𝑥
𝑐𝑘  Material parameter  

𝑒𝑛𝑛
𝑐𝑘  Crack opening strain  

𝑒𝑀𝑀𝐶  Tool-MMCs material friction coefficient  

𝑒1 Tool-matrix material friction coefficient  

𝑒2 Tool-particle friction coefficient  

𝐸𝑐 heat energy conducted on chip  (J) 

𝐸𝐷 Energy per unit volume consumed for the particle 

debonding from the matrix material 

(J/m
3
) 

𝐸𝑃 Specific energy for plastic deformation in the primary 

shear zone 

(J/m
3
) 

𝐸𝑡 Heat energy conducted on cutting tool (J) 

𝐸𝑆 Specific energy for plastic deformation in the secondary 

shear zone 

(J/m
3
) 

𝑓 Feed rate (μm /rev) 

𝑓1 Fraction of generated heat into top surface  

𝑓2 Fraction of generated heat into bottom surface  

𝐹𝑎 Axial cutting force (N) 

𝐹𝐶  Total cutting force (N) 

𝐹𝐶𝐶  Cutting force during MMCs micro cutting (N) 

𝐹𝐶𝐷 Debonding force of the reinforced particles (N) 
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𝐹𝐶𝑃 Ploughing forces parallel to the cutting tool path (N) 

𝐹𝑐  Radial cutting force (N) 

𝐹𝑓 Total friction force (N) 

𝐹𝑁 Normal loading force (N) 

𝐹𝑁1 Normal force for each fractured particles (N) 

𝐹𝑝 Two body rolling abrasive force (N) 

𝐹𝑟 Three body rolling friction force (N) 

𝐹𝑇 Total thrust force (N) 

𝐹𝑡 Tangential cutting force (N) 

𝐹𝑇𝐶  Thrust forces during MMCs micro cutting (N) 

𝐹𝑇𝐷 Fracture force of the reinforced particles (N) 

𝐹𝑇𝑃 Ploughing forces perpendicular to the cutting tool path (N) 

𝑔 Strain in the chip  

𝐺 Shear modulus of the un-cracked material (GPa) 

𝐺𝑐 Fraction of un-cracked shear modulus (GPa) 

𝐺𝑓
𝐼 Energy required for opening a unit area of crack (J/m

2
) 

ℎ Uncut chip thickness (μm) 

𝐻 Height of the particle ploughing zone (μm) 

𝐻𝑡 Hardness of tool  

𝑖 Oblique angle (°) 

𝑘 Thermal conductivity of MMCs workpiece (W/m/C) 

𝑘𝑎𝑠 Axial force coefficient  
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𝑘𝑟𝑠 Radial force coefficient  

𝑘𝑡 Shearing stress for tool material (MPa) 

𝑘𝑡𝑠  Tangential force coefficient  

𝑘𝑡𝑒, 𝑘𝑐𝑒, 𝑘𝑎𝑒 Cutting force coefficients in the elastic recovery zone  

𝐾 Tool teeth number  

𝐾𝑎𝑐 Corresponding cutting constant  

𝐾𝑐 SiC particle fracture toughness (J/mm
3
) 

𝐾𝑟𝑐 Corresponding cutting constant  

𝐾𝑡𝑐 Corresponding cutting constant  

𝐾0 Material recovery constant  

𝐾1 Thermal diffusivity of the workpiece material (W/m/C) 

𝑙 Equivalent cutting edge length (μm) 

𝐿1, 𝐿2 Dimensionless velocity parameter  

m Thermal softening exponent  

n Strain hardening exponent  

𝑁 Numbers of tool teeth of the cutting tool  

Np Total number of the reinforced abrasive particles  

𝑝 Pressure stress effective cutting stress (MPa) 

𝑝′ Volume fraction of particle along the cutting edge  

P Material parameter  

𝑃𝑐 Total energy consumption (J) 

𝑃𝑑𝑒𝑏 Power consumption of particles debonding (J) 
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𝑃𝑒1 Peclet number in tool-workpiece sliding  

𝑃𝑒2 Peclet number in chip formation  

𝑃𝑓𝑛𝑠 Power consumption for the formation of new surfaces  (J) 

𝑃𝑚𝑛𝑐 Power consumption for the minor cutting edge effect (J) 

𝑃𝑝𝑑 Plastic deformation power of MMC workpiece (J) 

𝑃𝑡𝑐 Power consumption at tool-chip interface  (J) 

𝑃𝑡𝑤 Power consumption at tool-workpiece interface (J) 

q Effective cutting stress (MPa) 

𝑞𝑔 Heat flux density generated by the interface element (W/m
−2

) 

𝑞𝑘 Heat flux generated due to conduction (W/m
−2

) 

𝑞𝑟 Heat flux generated due to radiation (W/m
−2

) 

𝑄 Heat source (J) 

𝑟𝑒 Edge radius (μm) 

𝑟𝑓 Heat rate per unit area  

𝑟𝑔 Depth of groove (μm) 

𝑟𝑛 Nose radius (μm) 

𝑟𝑜 Cutting tool runout (μm) 

𝑟𝑝𝑙 Heat rate per unit volume  

𝑟𝑠 Average radius of particle (μm) 

𝑅𝑎 Surface roughness (nm) 

𝑅0 Nominal radius of cutting tool (μm) 

𝑅′ Actual tool tip rotation radius (μm) 



 xiii   

 

𝑅1 ∗ 𝑞1 Heat per unit time per unit area left on the chip in the 

shear zone 

(J/mm
2
s) 

𝑅2 ∗ 𝑞2 Heat per unit time per unit area left on the chip in the 

tool-chip interaction zone 

(J/mm
2
s) 

(1 − 𝑅1) ∗ 𝑞1 Heat per unit time per unit area left on the workpiece in 
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(J/mm
2
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(1 − 𝑅2) ∗ 𝑞2 Heat per unit time per unit area left on the cutting tool in 

the tool-chip interaction zone  

(J/mm
2
s) 

 𝑡𝑎𝑐 Actual chip thickness virus rotation angle (μm) 

𝑡𝑐𝑚𝑖𝑛 Minimum chip thickness (μm) 

𝑡𝑓𝑟𝑖𝑐 Friction force (N) 

T Current cutting temperature (°C) 

Tm Melting temperature (°C) 

T0 Room temperature (°C) 

𝑢𝑛0 Crack normal displacement at the failure point (μm) 

𝑈 Total fracture energy of SiC particle (J) 

𝑉 Cutting velocity (m/s) 

𝑉𝑡𝑟𝑎𝑛𝑠 Velocity of moving part (m/s) 

𝑤 Initial interface crack width (μm) 

𝑊 Total wear height (μm) 

𝑌𝑖 Surface roughness value in the 𝑖𝑡ℎ test (nm) 

𝑌0 Young’s modulus of tool-chip interface (GPa) 

𝑌1 Young’s modulus of MMCs (GPa) 
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𝑌2 Young’s modulus of cutting tool (GPa) 

∅ Shear angle (°) 

𝛼 Rake angle (°) 

𝛼𝑜 Initial runout angle of tool centre (°) 

𝛽 Friction angle (°) 

�̇� Slip rate  

𝛿𝑛  Normal pressure (MPa) 

𝛿𝑝 Critical value of the relative penetration (MMCs/PCD)  

𝛿𝑦  Material initial yield stress (MPa) 

𝜀 Compressive stress (MPa) 

𝜀𝑝𝑙 Effective plastic strain  

𝜀�̅�
𝑝𝑙 Strain at material failure  

𝜀1, 𝜀2, 𝜀3 Compressive stress of MMCs in tangential, radial and 

axial diection 

(MPa) 

𝜀̇ Equivalent plastic strain rate  (s
−1

) 

𝜀0̇ Reference strain rate (s
−1

) 

𝜃 Rotation angle of tool tip (°) 

𝜃𝑝 Apex angle (°) 

𝜃1 Maximum rotation angle in elastic recovery zone (°) 

𝜃2 Maximum rotation angle in ploughing zone (°) 

𝜃3 Maximum rotation angle in shearing zone (°) 

𝜆 Initial interface crack length (μm) 
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𝜇  Friction coefficient  

𝜇𝑠 Specific stress of SiC particles fracture (MPa) 

𝜇3 Three body rolling friction coefficient  

𝑣1 Poison ratio of MMCs  

𝑣2 Poison ratio of cutting tool  

 ω Damage parameter  

𝜌1 Density of MMCs (kg/m
3
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𝜎 Material flow stress (MPa) 
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Chapter 1 Introduction 

1.1 Background of the research 

In the last two decades or so, metal matrix composites (MMCs) have been gradually 

drawing the attention of the industry due to the MMCs have the potential to fulfil the 

industrial demands for high performance components, products and advanced 

engineering applications. Substantial progress in developing MMCs has been achieved 

as shown in Figure 1-1 [1]. The increasing demands for high performance components 

and products enable these advanced heterogeneous materials to be considered in 

numerous industrial fields especially for aerospace, optics, energy, automotive, medical, 

military defence and nuclear industries [2-5]. Conventional industrial materials such as 

plastics, metals and ceramics have their own strengths and weakness through horizontal 

comparison; however, MMCs are observed as the combination of conventional 

materials associating with their advantages to make better use of their virtues and also 

avoid their deficiencies as shown in Figure 1-2. Due to their attractive physical and 

mechanical properties such as light weight, specific high strength and stiffness, high 

wear and creep resistance, long fatigue life, high corrosion/oxidation resistance, low 

thermal expansion, excellent corrosion and heat resistance [6-8], MMCs have been 

increasingly developed and gradually replace the conventional homogeneous materials 

in various engineering areas [9] as shown in Figure 1-3. 

 

Figure 1-1 The relative development and importance of composites [1] 
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Figure 1-2 Relationship between conventional materials and composite materials 

On the other hand, the MMCs miniaturised components under appropriate 

circumstances and micro featured surfaces with high accuracy and outstanding 

performance shown in Figure 1-4 have been witnessed in various areas. MMCs 

precision machining process is then substantially developed and highly required in 

varied engineering industries. Conventional metal cutting methods such as turning, 

milling, drilling and grinding have been widely applied to composite materials by using 

a variety of cutting tools under varied cutting conditions. However, the difficult-to-

machine property of MMC accompanied with poor surface generation and extremely 

high wear of cutting tools is becoming the most critical issues [10-13]. These 

difficulties associate with high precision and efficient composites machining are 

urgently need to be solved [14]. Thus, high precision machining with high performance 

tooling system, as an enabling and effective technology, not only bridges the gap of 

industrial knowledge between macro-scale and nano-scale [15] but also increases the 

accuracy of machined parts down to micro-scale.  

According to the aforementioned requirements, both outstanding properties and 

miniature size with high surface performance are required in MMCs industrial 

applications. MMCs, particularly for aluminium alloy matrix strengthened by micro or 

nano particles (i.e. SiC and B4C), have been extensively investigated and utilised in 
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various applications. In order to achieve the industry-driven requirements on MMCs, 

the precision machining process has been investigated. Although MMCs machining is 

kinematically similar to the machining of conventional homogeneous materials, the 

cutting mechanisms particularly in MMCs precision machining is much more 

complicate. In addition, various factors affect the MMCs precision machining 

mechanisms that invalidate the knowledge and physics laws against conventional 

material machining [16-17]. Thus, it is critical to have a better understanding on the 

MMCs precision machining process, particularly for the fundamental cutting 

mechanisms, in order to increase the MMCs machinability. 

 

Figure 1-3 (a) Turbofan constructed using MMC materials providing a lightweight but 

still strong design with higher efficiency for whole aircraft [18] (b) Friction brakes for 

motorcycles, race cars and high-performance sports cars [19] (c) Satellite structures [20] 

 

 

Figure 1-4 (a) SiCp/Al electronic package for a remote power controller [21] (b) Micro 

machined electrospray atomizers [22] (c) Partial short fibre reinforced light metal diesel 

pistons [23] 

 

 

 

(a) (b) (c) 

(a) (b) (c) 
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1.2 Scientific and technological challenges in machining MMCs 

MMCs are highly competitive compared with conventional materials for many 

engineering applications due to their outstanding performance. However, the typical 

inhomogeneity, anisotropy and low ductility of particulate MMCs lead to their hard-to-

machine property and high costs in manufacturing [24]. The investigation on the macro 

and micro machining of conventional homogeneous materials and fibre composite 

materials has been massively done. In addition, the cutting mechanics, system 

dynamics, process dynamics, tool wear mechanism, machining performance and even 

machinability optimisation of these kinds of materials have been extensively 

understood. Differentiate from these, hard and brittle particles reinforced metal matrix 

composites machining process and their cutting mechanisms are currently intricate and 

less understood. In addition, the remarkably enhanced mechanical performance of 

particulate MMCs leads to a great challenge in precision machining. Rapid tool wear, 

higher energy requirement, and the associated poor machinability and surface integrity 

are observed as the potential drawbacks. These drawbacks are hindering the industrial 

scale applications of MMCs [25, 26]. Thus, the scientific understanding on the 

following aspects in MMCs precision machining is still limited. 

(1) Cutting mechanisms in MMCs precision machining 

Considering the inhomogeneous properties of MMCs and the micro scale cutting 

parameters, investigation and analysis on the fundamental cutting mechanics of MMCs 

is of great importance. Although the investigation on MMCs machining processes has 

been extensively developed [27], most research and development work are focused on 

an individual application case study. Furthermore, the cutting mechanics particular for 

the chip formation and surface generation are still less understood. In addition, few 

researches present the role that these reinforced particles play during chip formation and 

the way in which the particles are removed or fractured, which can be very useful data 

and information for the materials design and fabrication particularly towards having 

much improved machinability performance. 

(2) Cutting force modelling 

Cutting force, as the most efficient and effective signal, is able to interpret the chip 

formation, cutting dynamic, cutting temperature, tool wear and even surface generation 
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in MMCs precision machining process. The existing cutting force models are 

effectively utilized to analyse on homogeneous material in conventional cutting process. 

However, the process behaviours in MMCs precision machining cannot be sufficiently 

explained by using these theories or force models. Substantial development of MMCs 

cutting force models and also the better understanding on the cutting behaviours of 

particle reinforced heterogeneous materials has been obtained using analytical or 

empirical methods. These have been proposed by various researchers [27-30]. However, 

these numerical, simulation and experimental based models are mainly focused on the 

prediction of force magnitude on specific time points or consistent chip load conditions. 

In addition, the 3-dimensional milling processes, taking continued-changed chip 

formation, the real chip formation conditions and also their significant effects on the 

cutting force into account, are still less understood in these proposed models. In 

addition, there is also few understanding on explicit modelling of cutting forces for 

particles reinforced MMCs. Thus, a force model to illustrate the insight characteristics 

of force transforms and force amplitude by considering the size effects of cutting tool, 

un-deformed chip thickness effects,  microstructure of target material and process 

variables comprehensively in MMCs precision machining process is a challenge need to 

be addressed. 

(3) Cutting tool wear and cutting temperature partition 

In MMCs precision machining, the cutting force magnitude is normally much smaller 

than that in conventional machining process due to the conservative small-scaled cutting 

parameters. However, the extensive tool wear can be significantly observed. This occurs 

due to the extremely high hardness and high abrasive property of reinforced particles 

and also the specific cutting force including cutting force on unit length, unit area or 

unit volume is still quite large. Thus, the machining process in term of tool wear 

mechanisms can be better understood by using specific cutting force rather than the 

absolute force value [31]. Abrasive tool wear, as the primary wear mechanism, is still 

significant when rubbing on the hard particles and seriously affect the machining form 

accuracy and machined surface quality. In addition, the temperature partition on the 

cutting tool is another factor that accelerates the wear speed. The poor cutting tool 

performance results in the burr formation and surface defects which have further effects 

on the surface roughness and surface functionality. In continuous cutting process, the 

maintenances of on-machine tool wear, cutting temperature and the utilization of high 
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performance cutting tools with long life are of great importance. The previous methods 

that analysing the tool wear according to the cutting force model or Johnson-Cook stress 

model with different algorithms are not reliable and accurate under this condition [32, 

33]. Thus, a multiphysics coupled thermal-mechanical-tribological analysis is required 

to predict tool wear and cutting temperature effectively and accurately and further 

maintain the MMCs machining in a higher accuracy and consistency level. 

(4) Machinability assessment of MMCs 

The MMCs precision machining is observed as a holistic process. Due to the machining 

behaviour of MMCs is complicated, machinability which can be assessed on the basis 

of criteria such as material removal, surface finish and tool life is of great importance 

for industrial engineers [34]. The higher surface roughness value and also the 

deterioration and defects of the machined surface that significantly affect the 

machinability and functional performance of engineering components is becoming one 

of the major reasons that limiting the widespread application of MMCs in high precision 

industries. Considering the surface roughness is observed as a key factor in the 

evaluation of surface quality and machining accuracy, better surface generation with 

lower surface roughness is required. However, precision machining on particles 

reinforced MMCs is observed as a scientific challenge. Although various non-traditional 

processes of material removal from MMCs to produce parts even with intricate shape 

and profiles have been extensively introduced [35], conventional machining process is 

still indispensable during finish machining [36]. An improved approach for 

ultraprecision and micro machining towards high producible, predictable and productive 

is shown in Figure 1-5. This holistic approach indicates that machine tools, cutting tool 

properties, workpiece properties and machining process variables are the main factors 

that involved in the precision machining process and obviously influence the machining 

qualities. According to the industrial demands on machining efficiency, cost-effective, 

accuracy and consistency, the assessment of tool life, achievable surface finish, surface 

integrity and material removal rate, and also the machining process optimisation are 

then becoming of great economic importance for the improvement of material 

machinability and final products quality. 
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Figure 1-5 Improved machining approach towards ultraprecision manufacturing  

1.3 Aim and objectives of the research 

This research aims to investigate the fundamental micro cutting mechanics in MMCs 

precision machining and the associated tool wear and surface generation, so as to 

achieve the scientific understanding on MMCs machinability and the process 

optimisation. The distinct objectives of the research are:  

 To develop a multiscale multiphysics based approach to precision machining of 

metal matrix composites (MMCs). 

 To investigate the cutting mechanics in precision machining of metal matrix 

composites (MMCs) particularly for its chip formation mechanisms. 

 To develop the improved dynamic cutting force model for MMCs machining 

process. 

 To investigate on the cutting temperature partition, tool wear and tool 

performance through thermal-mechanical-tribological coupled analysis. 

 To undertake machinability assessment and process optimisation in MMCs 

precision machining. 

1.4 Scope of the dissertation 

Figure 1-6 illustrates the scope of the dissertation. The chapters consisted in this thesis 

are further demonstrated in details as below. 
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Figure 1-6 Thesis scope 

Chapter 1 introduces the research background and briefly history of machining metal 

matrix composites (MMCs). The scientific and technological challenges are involved in 

this chapter. The scope of the full thesis is presented after the aim and objectives of this 

research. 

Chapter 2 briefly introduces the state-of-art characterisation of MMCs machining. The 

fundamental cutting mechanics issues in current MMCs machining community are 

reviewed. The detailed chip formation, cutting force, cutting temperature, tool wear, 

surface generation and process optimisation are further conducted respectively.  
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Chapter 3 illustrates the development of a multiscale multiphysics based integrated 

approach to modelling and analysis the MMCs precision machining process. Research 

methodology, associate software package, experimental facilities utilized in this 

research and experimental set-up are further elaborated. 

Chapter 4 investigates the characterisation of MMCs in precision machining process 

and its manifestation of cutting mechanics. Theoretical analysis is conducted to identify 

the minimum chip thickness of particulate MMCs in precision machining. Multiscale 

multiphysics phenomena and their implications are performed through Abaqus/Explicit 

based finite element analysis in order to study the MMCs chip formation process 

including the matrix material breakage, particles fracture/debonding/dislocation and 

their interfacial reaction in details. Theoretical and simulation results are evaluated and 

validated through well-designed experimental trials conducted on high precision 

machine using PCD tools. 

Chapter 5 proposes a new modified dynamic cutting force model in MMCs precision 

machining. The innovated multiscale based force model illustrates the full 3-

deminational cutting force flows. The cutting forces are modelled and analysed in three 

cutting regimes: elastic recovery zone, ploughing zone and shearing zone. A novel 

instantaneous chip thickness algorithm including real chip thickness and real tool 

trajectory is developed by taking account of the tool runout. Experimental trials are 

carried out to evaluate and validate the dynamic cutting force model. 

Chapter 6 studies the cutting temperature and cutting tool wear by means of thermal-

mechanical-tribological coupled FE analysis and experimental evaluation respectively. 

The cutting temperature partition in MMCs precision machining is simulated under 

varied cutting conditions. Tool wear mechanisms are investigated through the 

experimental work. The potential parameters that affect the cutting tool wear are 

identified and tool wear rate is predicted in application of tool wear monitoring. 

Chapter 7 introduces the process optimisation by focusing on the cutting parameters, 

tool conditions and workpiece material microstructures, and their effects on the cutting 

force, tool wear, tool life, surface quality, material removal rate and form accuracy and 

further the machinability improvement of particulate MMCs.   
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Chapter 8 makes concluding remarks for this research work and draws the 

recommendations for the future research work. 
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Chapter 2 Literature review 

Metal matrix composite materials are designed in light of the material requirements for 

high precision engineering and proposed as the alternative in various engineering 

applications. However, the potential drawbacks of MMCs precision machining 

significantly hinder its widespread applications. The scientific and technical challenges 

mentioned in Chapter 1 are urgently need to be solved in order to obtain the industrial 

demands on machining efficiency, cost-effective, reliable, accuracy and consistency. 

This chapter surveys the research background and the previous research achievements 

in MMCs machining particularly for the MMCs material removal characterisation and 

the state of the art machining technology. In addition, the knowledge gaps for the 

previous investigations are identified subsequently. 

Precision machining of particle reinforced MMCs is different from conventional 

machining of homogeneous materials in various aspects. Thus, the fundamental 

understanding on the cutting mechanics of MMCs precision machining is crucial. 

MMCs properties, size effect, chip formation mechanisms, cutting force model, cutting 

temperature generation, tool wear, surface generation, machinability assessment and 

process optimisation, as the crucial aspects in MMCs machining process, are 

investigated respectively as below. 

2.1 Particle reinforced metal matrix composites 

2.1.1 Fabrication  

Conventional and developed fabrication methods for mass production of high 

performance composites have been previously reported and reviewed in many research 

studies. Solid-phase processes and liquid-phase processes shown in Figure 2-1 are 

commonly used for MMCs fabrication in industrial level [37, 38]. Powder metallurgy 

(PM) processing, which is blending of powder followed by isostatic pressing, spray 

deposition techniques and diffusion bonding, is the well-established method used in 

solid-phase processes [40]. Melt stir casting, melt infiltration, spray casting, and in situ 

reactive processing are mainly used as liquid-phase processes [40]. The main fabrication 

techniques and categories for composites including fabrication processing, application, 

cost and key features are illustrated in Table 2-1. 
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Figure 2-1 Fabrication routes of MMCs [39, 40] 

Table 2-1 Comparison of MMCs fabrication techniques [41] 

 

PM, as a promising and versatile method, is seen as the best suitable technique for the 

fabrication of these particle reinforced MMCs [42, 43]. The detailed schematic diagram 

of processing steps for the MMCs workpiece fabrication is shown in Figure 2-2. Spray 

deposition technique followed by diffusion bonding is applied to ensure that each 

individual reinforcement is coated along with the matrix material afterwards. This 

fabrication process can be carried out at much lower temperature around 550-650 

degree, as compared to the conventional sintering which is normally 750-975 degree, 

resulting in material with lower densities [46]. The MMCs fabricated by PM method 

have more homogeneous microstructure along with favourable mechanical and 

structural properties compared to other fabrication techniques [47]. This is due to the 

constituents of MMCs are mixed into solid-state diffusion and the desired shape has 

been formed as the composite. In addition, there is no other by-product or unwanted 

layer formed between reinforcement and matrix material by using the PM technique 

[48]. Normally, 95–98% of the reinforcements are even distributed in the matrix 
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material [42, 43]. For a given set of constituents, the fundamental link between 

properties and cost is determined by the fabrication method [49]. 

 

Figure 2-2 Schematic of typical powder metallurgy composites processing [44, 45] 

2.1.2 Mechanical properties and applications 

Due to the outstanding physical and mechanical properties, particle reinforced MMCs 

have already replaced the conventional homogenous materials in some industry area and 

also have the potential to replace the light weight metallic materials such as aluminium, 

titanium and their alloys [50]. The features of the MMCs microstructure are influenced 

by the interaction between matrix material and reinforcements, which normally include 

their type, size, distribution, microstructural defects and interfacial characteristics. Thus, 

the mechanical properties of MMCs are significantly affected by these factors [51].  

In term of the MMCs composition, it has been noted that there is an increasing trend to 

use aluminium alloy based matrix material due to its ductility and low density [52]. In 

addition, oxides, carbides and nitrides, which have excellent properties like specific 

strength and stiffness at both high and ambient temperatures, are normally used as the 

reinforced materials in metal matrix composites [53, 54]. Thus, SiC/Al and B4C/Al 

MMCs are usually performed as the new functional material with excellent properties in 

high precision areas. The particle size of reinforcement is another factor that detrimental 

to the mechanical properties of MMCs. Reinforced particles with smaller size provides 

better mechanical properties and thermal stability, while reinforcements with large size 

and higher volume fraction provide better wear resistance [48]. The MMCs properties 

and its industrial applications are extensively shown in Figure 2-3 and Table 2-2. 
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Figure 2-3 Applications of MMCs in engineering industries [55] 

Table 2-2 Current and future industrial applications of advanced MMCs [55-57] 
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2.2 Characterisation of machining metal matrix composites and chip 

formation mechanisms  

From the theory of metal cutting, it is well known that the study of chip formation is the 

most effective method to understand the machining characteristics of a material. 

However, numerous researches have revealed that MMCs machining is significantly 

more difficult than those of conventional homogeneous material due to the joint of 

action of adhesion and abrasion resulting from the reinforcing elements [58-62]. 

Meanwhile, the machining characterisation particularly for the chip formation 

mechanisms in MMCs precision machining are quite unique [63]. Thus, the underlying 

chip formation mechanisms in MMCs precision machining is investigated 

fundamentally in this section. 

2.2.1 Size effect 

In the applicability of micro machining, the well-known size effect has been extensively 

discovered [64-68]. The size effect is recognized as the decreases in un-deformed chip 

thickness results in the non-linear increase of specific cutting forces especially for 

extremely small depth of cut down to regime of the minimum chip thickness. A variety 

of explanations on the size effect have been proposed in several aspects. It is initially 

ascribed to the relative increase of friction energy or to the reduced probability to find 

stress reducing defects in the shear zone [69]. The hardening effects due to strain 

gradients that result in the variation of material strength with specimen volume have 

extensively drawn the attention on the size effect aspect [70]. The change of heat 

distribution in the workpiece for smaller dimensions, especially for higher cutting 

velocities [71], is another factor that affects the size effect [72]. Strain rate hardening, as 

another critical factor, results in the increase of the yield stress when the system size 

decreases. This leads to the increase of the specific cutting force [73]. The effective rake 

angle, which is affected by the ratio of the uncut chip thickness to the effective cutting 

tool edge radius, is another reason of size effect investigated by Denkena et al [74]. In 

recent research, size effect is also found that influenced by the cutting parameters in 

micro machining [75]. 

The size effect also plays an important role in precision machining of particle reinforced 

MMCs. This performs the similar phenomenon to the size effect in conventional 
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homogeneous material machining due to the chip thickness is in the same order as the 

cutting tool edge radius and also the grain size of workpiece material [75]. Thus, the 

size effect that attributed to the above mentioned cutting tool edge radius effect, 

material microstructure effect including dislocation density and availability, material 

strengthening effect due to strain, strain rate, strain gradient, and subsurface plastic 

deformation and material separation effect [75] can be observed as the most significant 

factor influencing the cutting performance [76]. The speculation on size effect has 

already gained wide attentions in the following research studies. 

For the size effect in MMCs machining process, Liu et al [76] proposed that the ratio of 

particle size to the uncut chip thickness, and the volume fraction of reinforcement have 

significant effects on the cutting performance of MMCs. In their study, the experimental 

based investigation on the specific cutting energy trends for machining pure Mg and 10 

Vol.% Mg-MMCs has been done respectively. The experimental results indicate that the 

specific cutting energy trends, due to size effect in MMCs machining, are in the same 

order as those in machining of pure Mg. However, the size effect has slightly difference 

as shown in Figure 2-4 due to the present of reinforced particles.  

 

Figure 2-4 (a) Specific cutting energy vs. nominal feed/tooth for Pure Mg (b) Specific 

cutting energy vs. nominal feed/ tooth for 10 Vol.% Mg-MMCs [76] 

Teng et al [77] carried out the experiments on micro machining of MMCs and the size 

effect was found and characterised by studying the specific cutting energy, cutting force 

and surface morphology in their research. With the ratio of feed per tooth to the cutting 

edge radius increases, the specific cutting energy decreases dramatically and transit to a 

stable value afterwards. In addition, the cutting force is relatively large when machining 

with a small feed per tooth. Moreover, more defects on the slot edges and machined 

surfaces can be found when the feed per tooth is relative small. 
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2.2.2 Minimum chip thickness effect 

Due to the existence of unneglectable cutting tool edge radius and the reinforced 

particles, chips will not be formed at a large negative angle when machining with an 

extremely small depth of cut; only when the uncut chip thickness reaches a certain 

critical value, chips start to produce. This minimum chip thickness effects can be 

illustrated schematically in Figure 2-5. As the minimum chip thickness plays an 

important role in precision machining, theoretical analysis, simulations and 

experimental methods have been adopted to determine the minimum chip thickness in 

large numbers of researches [78-81]. 

 

Figure 2-5 Minimum chip thickness in orthogonal cutting [82] 

In MMCs precision machining, the chip formation model has been developed by Liu et 

al [76]. In this study, it can be observed that when the machining process takes place at 

an extremely small DOC, composite materials including matrix material and particles 

experience pure elastic deformation and then recover to their original position. With the 

continue increase of uncut chip thickness, the elastic-plastic deformation occurs on the 

matrix material when the DOC value beyond the elastic recovery threshold. In this 

situation, particles will experience fracture or displacement rather than recover to the 

original position. Only when the DOC is larger than the minimum chip thickness 

threshold, chips start to form. Matrix material will not experience the elastic recovery 

process any more, accompanies with the particles either removed with chips or fracture 

and displacement in the separation zones. The value of minimum chip thickness is also 

determined by carrying out the investigation on size effect according to the specific 

cutting energy and resultant surface morphology [77]. In the research from Teng et al, 

the stable value of transition for the specific cutting energy approaching to is expected 

as the minimum chip thickness value. In addition, at a certain value of uncut chip 

thickness, the workpiece material at the same position is cut more than once, which 
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results in overlapping tool mark; over this value, this machining phenomenon disappear. 

Thus, this uncut chip thickness value is observed as the minimum chip thickness. 

2.2.3 Chip formation and morphology 

The chip formation process has intrinsic relationship with size effect and minimum chip 

thickness effect. According to these effects, it can be observed that workpiece material 

undergoes pure elastic deformation when the DOC is extremely small; then plastical 

deformation will occur when increasing the DOC; only if the DOC value is larger than 

the minimum chip thickness, chips start to be removed. However, material deformation 

and material removal mechanisms in precision machining of particle reinforced MMCs 

are different from that of conventional monolithic metals even in micro scale due to the 

existence of reinforcements [14, 83]. The chip formation cannot be explicitly predicted 

by only using a threshold value in micro machining of MMCs due to the complex 

physics [22]. On the other hand, even minor change on chip formation in MMCs 

machining will significantly affect the tool life, machined surface finish and form 

accuracy [84]. Hence, the in-depth understanding on the chip formation mechanism is 

necessary for efficient chip control, further used to improve the machinability of 

composites and also enhance their applicability [85, 86]. In this part, the investigation 

on chip formation and chip morphology, which is observed as the result of specific chip 

formation mechanisms presenting the MMCs machining process [87], is concluded.  

Experimental based chip formation analysis has already done by large numbers of 

researchers [88-92]. In order to have a better understanding on the machining 

characteristics of Al/SiCp composite material, Monaghan [88] studied the fundamental 

aspects of chip formation and chip breaking during orthogonal machining. In his study, 

the chip formation is considered as the combined fracture/rupture/crumbling process 

with higher shear plane angle. This is further investigated by Joshi et al [89], which 

demonstrates that the chips showed a systematic breaking pattern depending upon the 

volume of reinforcement. It is found that chip curl is depended on the tool rake angle; 

initial radius of formed chip increases when the volume of reinforcement decreases 

especially at lower rake angles. On the other hand, the chip breaking can be observed 

that strongly related to the mechanical properties by a chip breaking criterion. This is 

helpful to develop the tool geometries. He further developed a microstructural analysis 

on the chip formation, which found that outer surfaces of chips produced showed a 
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significant variation ranging from prominent saw-tooth profile to light waviness. In 

addition, the profile becomes prominent when the volume of reinforcement increases as 

shown in Figure 2-6. However, when increasing the cutting speed, the trend reverses. 

The chip formation mechanism in the machining process shows that initiation of gross 

fracture occur at the chip free surface toward the cutting edge and the remaining portion 

of material on the shear plane are removed by flow-type deformation as shown in Figure 

2-7. 

 

Figure 2-6 Chip formation at different volume of reinforcement [89] 

 

Figure 2-7 Chip formation mechanism in the machining process of MMCs [90] 

A quick-stop study on the aluminium matrix composites is developed by Karthikeyan et 

al [91]. The experimental results revealed that continuous chips are formed when 

machining MMCs with lower volume fraction of reinforcements. In addition, 

discontinuous chips are formed when machining MMCs with larger volume fraction of 

reinforcements. The cracks on the workpiece occur at the free surface and extend 

towards the tool tip. The shear band spacing across the chip decreases when increasing 

the particle volume fraction, feed rate and depth of cut. In addition, the spacing also 

increases when the cutting speed increased. Moreover, chip thickness ratio and shear 
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angle will also decrease when increasing the cutting time cutting speed and depth of cut, 

or reduce the feed rate and volume fraction of reinforced particle due to the chip 

disposability decreases. 

Gallaba and Skladb [92] investigated the chip formation mechanism by machining 

Al/20%SiC particulate metal-matrix composites (PMMC). The experimental results 

indicate that the matrix material deforms and the reinforced particles are aligned along 

the maximum shear bands. Increase of the cutting speed leads to ductile tearing of chips. 

In term of the reinforced particles, some of them are pulled-out while others are 

fractured. In addition, voids and cracks are observed around the particles due to the 

matrix material plastic deformation. Moreover, the voids surrounding the particles join 

up and cause chip segmentation when the feed rate and depth of cut increase.  

The chip formation is further investigated experimentally by considering the effects of 

reinforced particles in MMCs machining. From Pramanik’s research, chip breakability 

is found improved due to the existence of particles. As a result, short chips are formed 

under almost all conditions. In addition, chips with different shapes are found under 

various conditions. This is due to the chips formation is strongly related to the material 

properties and cutting parameters such as speed and feed, etc. [14]. Dabade and Joshi 

[93] achieved the similar results by studying the chip formation mechanism during 

machining of Al/SiCp composites. In their research, needle type and segmented chips 

are formed at lower cutting speed; whereas semi-continuous, continuous, scrambled 

ribbon and tubular helix chips can be observed at higher cutting speed. In addition, 

when increasing the feed rate, both the length of chip and the number of chip curl 

increase. Moreover, the chip formation mechanism is significantly affected by the size 

and volume fraction of reinforcement. In case of finer reinforcement, the chip segments 

are longer and gross fracture only occurs at outer surface of the formed chips. Meantime, 

secondary crack formation is evident at inner surface due to its higher ductility as 

shown in Figure 2-8. However, in case of coarser reinforcement, the complete gross 

fracture of chip formation results in smaller chip segments. In addition, the coarser 

reinforcement particles act as a chip breaker that produce both segmented and small 

curled chips and finally improve the machined surface roughness. 
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Figure 2-8 Chip formation mechanisms during machining of Al/SiCp composites [93] 

Based on the researches mentioned above, it can be observed that little effort has been 

given to characterising the chip formation mechanism and chip morphology through 

experimental abased analysis in MMCs precision machining. Previous researches 

indicate that finite element analysis (FEA) is applied to better illustrate the material 

removal mechanism including matrix material removal and particle fracture or de-

bonding. Thus, FEA is observed as the principal technique for modelling and predicting 

the chip formation with reasonable accuracy [94-99].  

In the chip formation modelling for particulate heterogeneous materials, Monaghan and 

Brazil [94] developed a complex micromechanical process for effectively modelling the 

machining of particle-reinforced metal matrix composite (PRMMC) using FEA sub-

modelling. The flowing chips are formed in this model. In addition, particles are partly 

debonded and subsequently rotated and ploughed on the machined surface. Another FE 

model, which applies a shear failure model by comparing effective plastic strain with 

the damage plastic strain value, is developed to simulate the machining of 

aluminium/aluminium oxide particulate composite [95]. Tool/particle contact 

mechanisms along interface is investigated in this research and the simulation results 

shown in Figure 2-9 indicate that the debonded or partly debonded hard particles due to 

the failure of interface are sliding and scratching on the tool rake face. The hard particle 

is then pushed inside the chip after a certain moving distance. 
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Figure 2-9 Machining of aluminium/aluminium oxide particulate composite [95] 

A modelling strategy by integrating the microstructure-level material model and the 

failure model is developed and implemented by Dikshit to investigate machining of 

polycarbonate carbon nanotube composites. A modified version of the Gearing and 

Anand failure model for polycarbonate is used by taking the competition between 

ductile and brittle failure into account. In addition, the carbon nanotubes are modelled 

by using a strain-to-failure criterion [85, 86]. The simulated and experimental results of 

chip formations are shown in Figure 2-10. 

 

Figure 2-10 Simulated and experimental chip formations in machining of polycarbonate 

carbon nanotube composites [85, 86] 

Pramanik and Zhang investigated the behaviour of tool–particle interaction during 

orthogonal cutting metal matrix composites [96]. The simulation results reveale that 

particles in the lower part of the cutting edge are debonded and leaving a cavity on the 
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machined surface. These particles further take part in ploughing of the machined 

workpiece surface. The particles in the upper part of the cutting edge are partially 

debonded and moves up with chips sliding over the rake face. 

Zhou et al developed a thermal-displacement coupled FE model for the simulation of 

SiCp/Al composites orthogonal cutting. The simulation results show when the cutting 

tool faces the upper part of the particle, the tool will plough over the hard particle; when 

the tool faces the middle part of the particle, cracking in the middle of the reinforcement 

will occur and further plough through it; when the tool encounters the lower part of the 

SiC particle, the continue approaching promoting the failure of bonding interface of 

reinforcement and matrix, as a result, particles are pulled out [97]. 

Chip formation in MMCs machining is also studied by Fathipour et al through FEM 

[98]. In this study, saw-tooth shapes are common features of the chip formation in 

MMC machining. Distance among saw-tooth and size of these saw-tooth formed on 

chips are increased by increasing the cutting speed. While only the size of saw-teeth 

increases by increasing feed rate. Chip shape obtained from simulation is shown in 

Figure 2-11. 

 

Figure 2-11 Chip shape obtained from simulation in MMCs machining [98] 

In order to explore the influence of the SiC particles on chip formation mechanism, the 

simulation of machining aluminium and SiCp/Al composites with different composition 

are conducted under the same cutting conditions. As for the chip morphology, the 

simulation results indicate that continuous chips are formed in machining aluminium, 

while discontinuous chips are formed for MMCs reinforced by both rounded SiC 

particles and polygonal SiC particles. In addition, some particles even totally deboned 
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from the matrix material as shown in Figure 2-12 when the volume fraction of the SiC 

particle is high. 

 

Figure 2-12 Chip formation in the simulation of machining aluminium and SiCp/Al 

composites [99] 

2.2.4 Modelling of MMCs machining 

A tremendous amount of studies have been arisen to have better understanding on the 

cutting mechanics associated with MMCs machining process. Empirical and analytical 

methods have been extensively applied in studying the machining process. However, 

finite element modelling (FEM), molecular dynamics (MD) studies and multi-scale 

modelling are more powerful that allowed researchers to study MMCs machining 

process through sophisticated numerical techniques. FEM, to some extent, is preferred 

for macro-scale machining, where continuum mechanics principles are applicable. On 

the other hand, MD technique is suitable for nano-metric simulation, where capture 

atomic interactions are applicable. Thus, in order to bridge the gap between these two 

scales, multiscale methods have been proposed [100]. The review and comparison of 

modelling techniques in MMCs precision machining are provided in Table 2-3. 

Table 2-3 Review and comparison of modelling techniques in precision machining of 

metal matrix composites 

No. Constitutive 

materials 

modelling 

Software/ 

Model type 

MMCs Output variables REF. 

1 

 

 

 

 

 

Norton–Hoff 

model 

FORGE2/ 

ANSYS/ 

2D 

 

SiC 

PRMMC 

Chip formation, 

Interfacial debonding, 

tool wear/ Matrix 

flow, tool wear and 

residual stresses 

94, 

101 

Rounded particles Polygonal particles 
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2 Johnson–Cook 

model 

ABAQUS/ 

2D 

60 μm, 

56%, 

Al/SiC 

Cutting forces and 

stress distribution and 

tool-particle 

interaction 

97 

3 Cowper–

Symonds model 

ANSYS/LS-

DYNA/2D 

18 μm, 

20%, 

Al/SiC 

Stress distribution and 

particle debonding 

96 

4 Johnson–Cook 

model 

ABAQUS/ 

2D 

20 μm, 

5,15,20%, 

Al/SiC 

Chip formations and 

machining forces 

98 

5 Johnson–Cook 

model 

ABAQUS/ 

2D 

10 μm, 

65%, 

Al/SiC 

Defect formation 

mechanisms 

99 

6 Johnson–Cook 

model 

ABAQUS/ 

2D 

5 μm, 

45%, 

Al/SiC 

Particle behaviour and 

surface formation 

103 

7 Equivalent 

Homogeneous 

Material (EHM) 

model 

Third Wave 

Systems 

AdvantEdge/ 

ABAQUS/ 

2D/3D 

28 μm, 

20%, Al/ 

SiC 

Cutting forces, stress 

distribution and 

subsurface damage 

102 

8 Johnson–Cook 

model 

ABAQUS/ 

2D 

(ALE) 

Al/Al2O3 Temperature and 

stress distribution 

95 

9 Johnson–Cook 

model 

ABAQUS/ 

2D 

(ALE) 

Al/SiC Tool-reinforcement 

particle interaction, 

reinforcement particle 

debonding, cutting 

forces, chip 

morphology, stresses 

and temperature 

distributions 

104 

10 Johnson–Cook 

model 

ABAQUS/ 

2D 

(ALE) 

15 μm, 

10%, 

Al/Al2O3 

Cutting force, 

interaction between 

tool and particles, 

particle debonding 

and fracture 

105 

11 Johnson–Cook 

model 

ABAQUS/ 

2D 

(ALE) 

23 μm, 

20%, 

Al/Al2O3 

Effect of cutting speed 

on the tool–particle 

interactions as well as 

the stress and 

temperature 

106 

12 Tvergaard-

Needleman 

damage model 

ABAQUS/ 

2D 

7 μm, 

20%, 

Al/SiC 

Matrix damage, 

particle cracking and 

interface debonding 

107 
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2.3 Cutting force  

2.3.1 Cutting force models in machining MMCs 

Due to the abrasive nature of reinforced particles that bring up the rapid tool wear, poor 

surface quality and high machining cost [108], MMCs precision machining is 

considerable difficult and machining mechanism is observed as complex phenomenon. 

As the surface quality and machining cost can be improved via machining optimisation 

process, cutting force modelling that close relate to the machining quality and efficiency 

is becoming critical [22]. Thus, cutting forces generation, which highly depends on the 

microstructure of composite material including matrix material, reinforcement 

properties and their interfacial reaction [109], plays a significant role. It is expected to 

reflect most of micro machining phenomenon collectively including size effect, chip 

formation, cutting temperature and tool wear status, and also has potential to optimise 

the machining conditions and cutting tool conditions. A number of researchers have 

focused on the investigation of MMCs micro cutting mechanisms, and therefore the 

dynamic cutting force models based on theoretical assumptions and experimental 

observations have been developed or improved. The extensive cutting force models for 

MMCs precision machining have been summarised as follows. 

(1) Cutting force model based on the energy consumption 

The analytical force model is firstly developed by Kannan et al. [110]. The cutting 

forces are estimated based on the energy consumption in primary, secondary shear zone, 

and reinforcement particle displacement and fracture. According to this model, the total 

energy per unit volume (𝑒) of metal removed can be expressed as: 

 𝑒 = 𝐸𝑃 + 𝐸𝑆 + 𝐸𝐷 (2.1) 

where, 𝐸𝑃 is the specific energy for plastic deformation in the primary shear zone, 𝐸𝑆 is 

the specific energy for plastic deformation in the secondary shear zone and 𝐸𝐷 is the 

energy per unit volume consumed for the particle debonding from the matrix material. 

In this force model, cutting force is calculated by multiplying the width of cut and under 

deformed chip thickness. However, the energy consumed in the secondary deformation 

zone is assumed as one third of that in the primary shear zone and this is purely for 

monometallic material rather than MMCs. In addition, only the force in the cutting 
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direction is calculated and energy due to ploughing has not been considered in this 

model. 

Considering these problems, Ghandehariun et al. [111] provided a more accurate 

estimation of the cutting forces by modelling cutting force based on partition of energy. 

They focus on the total power consumption 𝑃𝑐 in the MMC cutting system and calculate 

the cutting force through total energy consumption with the following equation: 

 𝑃𝑐 = 𝑃𝑝𝑑 + 𝑃𝑡𝑐 + 𝑃𝑡𝑤 + 𝑃𝑓𝑛𝑠 + 𝑃𝑚𝑛𝑐 + 𝑃𝑑𝑒𝑏 (2.2) 

where, 𝑃𝑝𝑑  is the plastic deformation power of MMC workpiece, 𝑃𝑡𝑐  and 𝑃𝑡𝑤  are the 

power consumption at tool-chip interface and tool-workpiece interface 

respectively.  𝑃𝑓𝑛𝑠  and 𝑃𝑚𝑛𝑐  are the power consumption for the formation of new 

surfaces and minor cutting edge effect respectively. 𝑃𝑑𝑒𝑏 is the power consumption of 

particles debonding in MMCs cutting process. 

Thus, the cutting force can be written as: 

 
𝐹𝑐 =

𝑃𝑐
𝑉

 
(2.3) 

where, 𝑉 is the cutting velocity. 

(2) Cutting force model based on the total force 

Most of these models are developed from the conventional milling force model which is 

formulated from the tangential, radial and axial cutting forces proposed by Altintas 

[112] and can be given by: 

 𝐹𝑡(∅) = 𝐾𝑡𝑐𝑎ℎ(∅) + 𝐾𝑡𝑒𝑎 

𝐹𝑟(∅) = 𝐾𝑟𝑐𝑎ℎ(∅) + 𝐾𝑟𝑒𝑎 

𝐹𝑎(∅) = 𝐾𝑎𝑐𝑎ℎ(∅) + 𝐾𝑎𝑒 𝑎 

 

(2.4) 

where, 𝑎 is cutting depth, ℎ(∅) is the chip thickness at rotating angle of ∅. The chip 

thickness variation ℎ can be approximated as: 

 ℎ = 𝑐 ∗ 𝑠𝑖𝑛 (∅) (2.5) 

The corresponding cutting constants 𝐾𝑡𝑐, 𝐾𝑟𝑐 and 𝐾𝑎𝑐 are given by: 
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𝐾𝑡𝑐 =

𝜏𝑠

𝑠𝑖𝑛∅𝑛

cos(𝛽𝑛 − 𝛼𝑛) + 𝑡𝑎𝑛𝑖𝑡𝑎𝑛𝜂𝑠𝑖𝑛𝛽𝑛

√𝑐𝑜𝑠2(∅𝑛 + 𝛽𝑛 − 𝛼𝑛) + 𝑡𝑎𝑛2𝜂𝑠𝑖𝑛2𝛽𝑛
 

𝐾𝑟𝑐 =
𝜏𝑠

𝑠𝑖𝑛∅𝑛𝑐𝑜𝑠𝑖

sin(𝛽𝑛 − 𝛼𝑛)

√𝑐𝑜𝑠2(∅𝑛 + 𝛽𝑛 − 𝛼𝑛) + 𝑡𝑎𝑛2𝜂𝑠𝑖𝑛2𝛽𝑛
 

𝐾𝑎𝑐 =
𝜏𝑠

𝑠𝑖𝑛∅𝑛

cos(𝛽𝑛 − 𝛼𝑛) 𝑡𝑎𝑛𝑖 − 𝑡𝑎𝑛𝜂𝑠𝑖𝑛𝛽𝑛

√𝑐𝑜𝑠2(∅𝑛 + 𝛽𝑛 − 𝛼𝑛) + 𝑡𝑎𝑛2𝜂𝑠𝑖𝑛2𝛽𝑛
 

(2.6) 

where, ∅𝑛  is the shear angle, 𝜏𝑠  is the shear yield stress and  

𝑖  is oblique angle. Altintas also proposed a further understanding on the cutting 

mechanics particular for the development of cutting force model by incorporating the 

effect of tool edge radius in the micro reinforcement oriented micro cutting process onto 

the conventional force model. This model is widely applied in homogeneous material 

machining process. This conventional model is then developed to predict the cutting 

force in composite material micro machining. Due to the complex machining 

mechanism of MMCs, the cutting force hence depends on the matrix material, 

reinforced particles and their interface [113]. The cutting process mechanisms and 

process modelling particular for dynamic cutting force modelling are reviewed by Liu et 

al. [114]. It has been presented that process models have been developed to predict 

cutting force at the micro-milling scale in the last few decades. The geometric chip 

formation mechanism is studied and mechanistic model of micro-milling forces and 

energy-based analytical force model are proposed respectively to better predict the 

particle reinforced MMCs. As for calibration of cutting force coefficients, nonlinear 

exponential function and constant cutting force coefficients are the two main methods 

that used to express the instantaneous force coefficients. Additionally, FE models, 

which are developed with accurately calibrated material properties, can also be used to 

acquire cutting coefficients. Based on these previous researches, Liu et al. [114] further 

developed a multiscale method to predict the cutting force more accurately by 

considering the cutting force coefficients. The cutting force model and the relevant 

cutting force coefficients are shown in equation (2.7). However, the reinforced particles 

were seen as the rigid bodies in this experimental based force model and the specific 

cutting energy from the experimental results is seen as linear to the nominal uncut chip 

thickness.  
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 𝑑𝐹𝑡 = 𝑘𝑡𝑠 ∗ 𝑡𝑐 ∗ 𝑑𝑧 

𝑑𝐹𝑐 = 𝑘𝑟𝑠 ∗ 𝑡𝑐 ∗ 𝑑𝑧 

𝑑𝐹𝑎 = 𝑘𝑎𝑠 ∗ 𝑡𝑐 ∗ 𝑑𝑧 

 

(2.7) 

where, 𝑘𝑡𝑠 , 𝑘𝑟𝑠 and 𝑘𝑎𝑠 are tangential, radial and axial force coefficients in the MMCs 

shearing zone. These coefficients are linear to uncut chip thickness 𝑡𝑐  and can be 

calculated by optimising the measured cutting force data as shown in equation (2.8) as 

below: 

 𝑘𝑡𝑠 = 𝑘𝑡𝑠1 ∗ 𝑡𝑐 + 𝑘𝑡𝑠2 

𝑘𝑟𝑠 = 𝑘𝑟𝑠1 ∗ 𝑡𝑐 + 𝑘𝑟𝑠2 

𝑘𝑎𝑠 = 𝑘𝑎𝑠1 ∗ 𝑡𝑐 + 𝑘𝑎𝑠2 

 

(2.8) 

where, 𝑘𝑡𝑠1 , 𝑘𝑡𝑠2 , 𝑘𝑟𝑠1 , 𝑘𝑟𝑠2 , 𝑘𝑎𝑠1 , 𝑘𝑎𝑠2 are the defined constants which have linear 

relationship with 𝑘𝑡𝑠 , 𝑘𝑟𝑠 and 𝑘𝑎𝑠. 

Considering the complicated cutting mechanics of MMCs, theoretical methods are then 

introduced by various researchers in order to achieve a general MMCs cutting force 

model. The cutting force models are developed by analysing shearing of matrix 

material, breakage of reinforced particles and matrix-particle interface together. Several 

models have been built for the estimation of cutting force in MMCs micro turning 

process. These cutting force models are originated from the fundamental theory and 

then developed and modified through comprehensive analysis.  

Pramanik et al. [115] proposed an analytical model to predict the cutting force and the 

thrust force based on the fundamental cutting theory and the conventional force model. 

Their models consider the shearing of the MMCs to form chips, ploughing of the matrix 

material under the rounded tool edge and particles fracture, de-location or particles 

debonding from the MMCs together. Thus, the total force is considered as the sum of 

chip formulation force, ploughing force, and particle fracture force. The force prediction 

on matrix ploughing deformation and particle fracture are formulated with the aid of the 

slip-line field theory of plasticity and the Griffith theory of fracture respectively. The 

resultant cutting force 𝐹𝐶 and thrust force 𝐹𝑇 in micro cutting process can be written as 

below: 
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 𝐹𝐶 = 𝐹𝐶𝐶 + 𝐹𝐶𝑃 + 𝐹𝐶𝐷 

𝐹𝑇 = 𝐹𝑇𝐶 + 𝐹𝑇𝑃 + 𝐹𝑇𝐷 

(2.9) 

where, 𝐹𝐶𝐶 and 𝐹𝑇𝐶 are the cutting and thrust forces generated during the MMCs micro 

cutting process respectively. 𝐹𝐶𝑃  and 𝐹𝑇𝑃  are the ploughing forces parallel and 

perpendicular to the cutting tool path respectively. The forces generated by the 

debonding and fracture of the reinforced particles are expressed as 𝐹𝐶𝐷  and 𝐹𝑇𝐷 

respectively. However, the tool-chip friction force result from reinforced particles has 

not been considered. Even Dabade et al. [116] considered chip-tool interface friction to 

predict cutting forces in three directions during oblique cutting; they did not consider 

the effect of particle debonding and ploughing force. Sikder and Kishawy [117] 

modified the force model by considering the frictional force along the chip tool 

interface, the force due to particle debonding and ploughing forces. These are then 

added to the total generated cutting forces based on the model from Pramanik. 

Cutting forces are also obtained through finite element simulation of the steady phase of 

cutting process. In the numerical modelling, cutting forces are predicted associated with 

the interactions between cutting tool and reinforced particles [98, 99, 103-105]. Most of 

the simulation results indicate that cutting forces perform fluctuations due to the 

existence of reinforced particles without analysing the tool-particle interaction. Only 

Ghandehariun et al demonstrated the relationship between force magnitude and tool-

matrix-particle interaction. However, this force model can only be used to predict 

cutting force under theoretical condition by ignoring the process errors.  

In order to predict cutting force accurately, process models have been developed at 

micro machining scale. A new algorithm to present the instantaneous chip thickness by 

incorporating the effects of elastic recovery, ploughing and minimum chip thickness is 

proposed by Liu et al. [114]. Afterwards, by taking tool run-out into consideration, Niu 

et al proposed comprehensive instantaneous chip thickness model and dynamic cutting 

force model that focus on the homogeneous material [118]. Vogler et al. [119, 120] 

proposed a mechanistic model for heterogeneous materials micro end milling process. 

This model explicitly accounts for different phases and the predicted frequency in 

cutting force signal is higher due to the multiple phases in material model. In addition, 

the frequency component of the variation is highly related to the spacing of the 

secondary phase and the magnitude is affected by the size of the secondary phase 
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particles. However, this model did not analyse the particle fracture process and also the 

situation of particle debonding.  

On the other hand, the process errors such as tool alignment error and tool geometry 

error result in the system vibration. Thus, a more sophisticated dynamics model 

considering these errors is essential to mitigate un-balance induced vibration [22]. In 

addition, tool vibration and tool deflection that affecting the system dynamics is another 

challenge. However, the researches on above mentioned aspects are currently less 

understood. Therefore, the microstructure effects on cutting dynamics in particulate 

MMCs machining is crucial and need to be further studied. Cutting force models with 

new capability that considering these above mentioned factors in interpreting the 

phenomenon encountered MMCs precision machining process is still essential. 

2.4 Cutting temperature 

Cutting temperature in micro machining of MMCs is of critical importance due to it has 

significant influence on the cutting performance including force magnitude, tool-

workpiece-chips friction, tool wear, surface generation and surface integrity. Thus, the 

heat generated in machining process cannot be ignored. Theoretical method is normally 

inadequate in predicting the temperatures due to the complex microstructure of MMCs 

[22]. Thus, a number of researches on modelling of heat transfer mechanisms during 

machining MMCs have been conducted by introducing finite element models [121-

124]. This is observed as an attractive alternative numerical method [100]. 

The simulation results from Zhu and Kishawy [95] indicate that three heat sources are 

found in the second deformation zone as shown in Figure 2-13: the first one is the 

plastic deformation in the chip contacting with tool rake face; the second one is the heat 

generated by the tool-chip friction; the last one is the heat generated along the tool rake 

face due to chip sliding. In addition, the effects of cutting conditions on the resultant 

cutting temperature are similar to those in conventional metal cutting when the volume 

fraction of particles is low. This is validated by Umer et al. [104]. In term of their 

simulation, higher temperature is obtained corresponding to the region around matrix- 

particle interface with maximum deformation. 
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Figure 2-13 Three heat sources in the second deformation zone [95] 

Aurich et al. [125] found that the heat generation significantly affect the machinability 

of composite materials. In addition, thermal load and the thermal expansion of the 

workpiece are influenced by the cutting conditions and the reinforcement phase. In 

order to decrease the thermal load of the workpiece, high cutting speed, feed rate and 

moderate depth of cut are required. From the experimental results, the Al based MMC 

workpieces are subjected to greater thermal loads than the non-reinforced alloy. 

To sum up, the investigation on cutting temperature is limited and heat partition on tool, 

workpiece and chips are less understood in MMCs precision machining process. Thus, 

the investigation on cutting temperature, heat partition and their effects on machining 

process are urgently required. 

2.5 Tool wear and underlying mechanisms 

Identifying the cutting tool wear mechanisms associated with precision machining 

process is important for predicting the cutting force, cutting temperature and surface 

generation, and also optimising the process performance. In MMCs precision 

machining, matrix material conditions, reinforcement conditions including type, size 

and fraction, tool material and its geometry, and also cutting parameters are observed as 

the main factors that contribute to the characteristics of tool wear. In turn, the existent 
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tool wear makes the MMCs precision machining process even more complicated and 

unpredictable, and further affect the cutting performance. Therefore, to identify the 

proper wear mechanisms for a particular machining situation is extremely imperative.  

2.5.1 Cutting tool types 

According to the recent researches, machining MMCs materials remains a challenging 

task due to the highly abrasive nature of the reinforcements coupled with the high 

temperatures generated even in micro machining process. The excessive tool wear and 

high temperature will be detrimental to the tool life and further result in bad surface 

quality and form accuracy. These make the selection of optimal cutting tools become 

vital to optimise cutting parameters and ensure machining quality.  

 

Figure 2-14 Distribution of tools used in MMCs machining [126] 

Figure 2-14 shows the distribution of different tools used in MMCs machining process 

according to the previous experimental tests surveyed. From the previous research, 

carbide tools are extensively used as the alternative in short run or rough machining 

operations since the tool tip is much cheaper [127-129]. However, the relatively rapid 

tool wear make it ineffective and unsuitable in MMCs machining [130-132]. High speed 

steel (HSS) is also found unsuitable for MMCs application [133-135] as the hardness of 

reinforced particles in MMCs are typically much higher than HSS tools [136]. Due to 

the brittle nature and not cost-effective, ceramic tools are found unsuitable for MMCs 

[133-135, 137]. Diamond tools are also used in MMCs machining due to the superior 
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hardness and thermal conductivity properties. A lot of researches on investigating and 

comparing the machinability aspect of MMCs using diamond tools including Single 

Crystal Diamond (SCD), Chemical Vapor Deposition Diamond (CVD) and Poly-

Crystalline Diamond (PCD) tools have been done. A comparative study on machining 

ductile regime using PCD and SCD tools was done by Hung et al. [138]. This research 

shows that more fractured SiC particles on the workpiece surface are formed by using 

PCD tool than SCD tool. Although both these two tools exhibited characteristic abrasive 

wear patterns, excessive wear is found on the SCD tool particularly when machining the 

SiCp reinforced MMCs. Weinert and Biermann [139] advocated PCD, CVD and 

Polycrystalline Cubic Boron Nitride (PCBN) tools in machining MMCs owing to their 

hardness, low tool wear rates, thermal and fracture properties. However, PCBN tools are 

found susceptible to intergranular fracture and amount of material adhering to the tool is 

significantly higher [140]. CBN and PCBN tools suffered from significantly larger 

built-up edge and resultant a shorter tool life accompanies with tool tip chipping has 

been identified [141-143]. While, PCD tools exhibit better performance than PCBN 

tools in MMCs machining due to their higher abrasion, lower adhesion and higher 

fracture resistance [140]. In addition, significant lack of performance including surface 

roughness and tool life in MMCs machining using CVD tools comparing to PCD tools 

is found by some researchers [123, 144, 145]. Davim [147] found that catastrophic 

levels of flank wear on CVD tools were developed ten times faster than PCD tools. 

Thus, CVD tools become a far less desirable option for MMCs machining.  

As a synthetic diamond tool material, PCD is manufactured by sintering micron sized 

diamond grains with a cobalt binder to form hard, nearly chemically inert and abrasion 

resistant surface. According to the comparison of MMCs and cutting tool materials 

hardness shown in Table 2-4 and Table 2-5, PCD is observed as the best performance 

and has been recommended as the most suitable tool material for machining MMCs. A 

lot of researchers found that PCD tools, owing to higher hardness and thermal 

conductivity than other tools, have the ability to help heat flow away from the cutting 

zone [136,140,148-151]. From their research, excellent chemical affinity of the MMC 

with the PCD is also pointed out. In addition, PCD tools with larger grains have better 

performance than those with smaller grains before the edge chipping occur [152]. From 

the tool life test of different cutting tools at varied cutting speed shown in Figure 2-15, 

PCD tool with longer tool life is observed as the most suitable tool in MMCs machining. 
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Table 2-4 Relative Vickers Hardness value of MMCs  

Matrix material and reinforcements in MMCs (HV) 

Al2024 [153] SiC [154] B4C [154] 

130 2,400-3,500 3,000-3,700 

 

Table 2-5 Relative Vickers Hardness value of cutting tools 

Cutting tools (HV) 

PCD [154] SCD [155] CBN [155] CVD [155] WC [154] 

5,000-8,000 6,000-10,200 4,100-4,900 5,000-10,000 1,600-1,800 

 

 

Figure 2-15 Tool life vs Cutting speed [156] 

2.5.2 Tool wear mechanisms 

From the above review, PCD tools are observed as the most suitable tools in MMCs 

machining. In term of tool wear in metal cutting, once a certain level of land width 

reaches, the flank wear has a negative influence on dimensional accuracy and surface 

finish of machined part. It further affects the machining process stability. Thus, flank 

wear is usually taken as the tool life criterion [157]. High flank wear due to higher 

cutting forces and built-up-edge (BUE) in MMCs machining is found in many 

researches [158]. According to these researches, it can be seen that the flank wear as the 

major tool wear is explained by various wear mechanisms. Typical tool wear patterns 

and prominent wear mechanisms of PCD tools are shown in details as below. 
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(1) Abrasion wear 

Abrasion tool wear is found to be the most dominant wear mechanism in machining 

hard particle reinforced MMCs [148, 159, 160]. Abrasion wear with parallel grooves 

generated in the direction of the chip flow is found as the primary wear mechanism for 

PCD tools when machining Al/SiC MMCs [148]. This tool wear is also identified and 

validated on various anisotropic and non-homogeneous composites as a result of 

embedded particles dislodged from workpiece and dug into the tool surface [147, 161-

163]. On the other hand, abrasion wear is considered to be associated with micro 

mechanical damage rather than micro-cutting due to the hardness of PCD is higher than 

the reinforced SiC particles [145, 164]. 

 

Figure 2-16 SEM of the used PCD tools without coolant (before etching) [140] 

(2) Adhesion wear 

Adhesion wear is observed as another tool wear in MMCs machining [140, 145]. The 

worn flank face of cutting tool contributes to the adhesion of workpiece material on the 

cutting tool insert and BUE easily formed at lower cutting speed [145]. The research 

from El-Gallab and Sklab [148] indicates that the BUE is able to protect the cutting tool 

from abrasion wear. However, the unstable BUE easily induces the tool edge chipping 

and further affects the surface finish adversely [148,165]. 

(3) Edge chipping 

Edge chipping and grooving are found on the edge and flank face of cutting tool by 

various researchers [140, 166]. This is due to the impact of reinforced hard particles on 

the cutting tool surface. In addition, the wear degree increases with the increase of 

cutting speed [167]. 
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(4) Notch wear  

Normally, a series of undulating ridges, which has the similar size with cutting feed 

rate, formed on the machined surface in MMCs precision machining. These ridges 

result in the notch wear and micro-cracking on the flank face of cutting tools particular 

in wet cutting [140]. This is due to the coolant reduces the cutting temperature, 

increases the hardness of workpiece and further impacts on the cutting tools. However, 

the coolant effects only work at lower cutting speed. The notch wear is not significant at 

higher cutting speed due to the coolant is unable to absorb heat efficiently and the 

hardness of thermally softened workpiece decreases at higher cutting temperature [130]. 

 

Figure 2-17 SEM of the used PCD tools with/without coolant [140] 

(5) Crater wear and micro-cracking due to fatigue 

 

Figure 2-18 Notch wear and micro-cracking on the flank face of cutting tools [140] 

Crater wear is also found in MMCs machining. However, this is not concerned to be the 

major wear mechanism when machining Al/SiC metal matrix composites [168, 169]. 
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Micro-cracking due to fatigue is another tool wear observed in MMCs machining [164, 

170]. This occurs due to the lower hardness of reinforced particles against PCD [164]. 

2.5.3 Tool wear monitoring 

Previous researches on tool wear monitoring indicate that a variety of process 

parameters in the machining environment can be used to predict the cutting tool state 

[171]. Acoustic emission, static or dynamic cutting forces, vibration signature, cutting 

tool temperature and miscellaneous methods including stress and strain analysis, spindle 

motor current/torque/power, ultrasonic and optical measurements, workpiece surface 

finish quality, and also workpiece dimensions are observed as the typical tool wear 

monitoring methods that can be correlated to wear state in different application 

scenarios [171-173]. The tool condition monitoring process can be illustrated in Figure 

2-19 as below. 

 

 

Figure 2-19 Tool condition monitoring process [174] 

In term of these above mentioned methods, acoustic emission (AE) and force signals are 

regarded as the most commonly used and most effective parameters in monitoring tool 

wear science they provide collectively most data. In order to develop a real-time tool 

condition monitoring system (TCMS), Choi et al [175] fused AE and cutting forces in 

their tool wear experiments. In their method, a fast block-averaging algorithm for 

features and patterns indicative of tool fracture is introduced by analysing the signals, 
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and the results show that large burst of AE occurs at the time of tool breakage. A similar 

statistical signal-processing algorithm is introduced by Jemielniak and Otman [176] in 

order to identify the root mean square (RMS), skew and kurtosis of the AE signal in the 

detection of catastrophic tool failure. The RMS value is found dramatically increased 

when the tool fractured. This method is sensitive to the cutting tool edge chipping [177]. 

Force signal based TCMSs that typically operate independently of absolute force levels 

are also applied for tool wear prediction. The relationships between tool wear and 

associated cutting forces or its power spectra have been extensively investigated by 

various researchers [178-180]. It can be found in Figure 2-20 that relative changes of 

acoustic emission signals indicate the wears or fractures of cutting tools is another 

effective method for tool wear monitoring [181-183].  

 

Figure 2-20 Cutting force and acoustic emission when tool is broken [181] 

Other TCMSs including cutting edge temperature [184-187], vibration signatures [188-

190], and miscellaneous sensors and methods [191-193] are also increasingly 

investigated and applied to monitor tool wear. In addition, sensor fusion of several 

signals rather than single type of signal [194] and also the intelligent analysis on process 

signals [33, 195-197] are employed to estimate the tool wear. 

In spite of the current investigation on tool wear monitoring, however, the accurately 

represent of tool wear status can only be successfully accomplished under specific and 

limited conditions and the method is deemed unsuitable in some situations. Integrated 

investigation and new algorithm are still need to be developed in order to improve the 

TCMS comprehensively. 
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2.6 Surface generation and machining process optimisation 

In high precision engineering industries, machined parts with high quality including 

lower surface roughness, higher form accuracy and higher functional performance are 

required. Optimal cutting parameters, cutting tools and workpiece microstructure are 

then adopted in order to improve the material removal rate, minimise tool wear, extend 

tool life and further enhance the machining efficiency and cost effective. 

2.6.1 Surface generation 

The surface quality is a characteristic that significantly affect the reliability and 

functional performance of finish product. Surface roughness, dimensional accuracy and 

sub surface damage caused by MMCs machining operation are the main factors that 

influence the machining quality and surface generation. In addition, surface roughness, 

defined as a combination of the micro feature of machined surface with surface texture, 

is extensive applied to evaluate the characterisation of machined surface. The surface 

generation especially for the surface roughness in MMCs machining is difficult to 

predict via analytical method. Thus, simulation and experimental based studies on the 

surface generation of MMCs are extensively done.  

In term of simulation based studies on surface generation, the tool-particle interaction is 

extensively analysed. In most cases, particles are simulated as rigid, and only debonded 

from the matrix material and leave big pits and cavities on the machined surface as 

shown in Figure 2-21 and Figure 2-22 [96-99, 104]. However, this is not reliable in real 

cutting and only few studies simulate the fracture of reinforced particles. Ghandehariun 

et al. [105, 106] simulated the tool-particle interaction which found that crack 

progressively occurred in the particles. With the continue moving of cutting tool, 

particles are fractured or fully debonding from the machined surface. Some of the 

fractured particles are remain on the machined surface, some are stress free debonded, 

while some are still bonded on the top surface and embedded into the chip afterwards. 

In addition, the crack evolution around the matrix-particle interface leads to the fracture 

of matrix material, which further increases the surface roughness as shown in Figure 2-

23. Liu et al. also develop a simulation of machining 45% SiCp/Al MMCs by 

considering the tool-particle interaction. However, only the cavity depth is considered to 

perform the machined surface quality [103]. The particle fracture model is also 

conducted in the simulation of machining SiC/Al MMCs with high volume fraction [99]. 
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In this simulation, round particles are fracture and leave a cleavage on the machined 

surface, while polygonal particles are perfectly cut through and a relative smoother 

surface generated afterwards. 

  

Figure 2-21 Rigid particles debonding process [96, 99] 

 

Figure 2-22 Particle fracture in machining high volume fraction SiC/Al MMCs [99] 

   

Figure 2-23 Tool-particle interaction and surface generation [105, 106] 

In term of experimental based studies on surface generation, a vast number of surface 

defects are found on the machined surface in various researches. These defects normally 

include cavities and pits with different sizes formed due to particle pulled out, voids 

around matrix particle bonding area and cracks at particle fracture. Due to SiC and 

matrix have good stick in the workpiece, only tiny surface cracks and very small pit 

holes on the machined workpiece shown in Figure 2-24 are found by Muthukrishnan 

and Davim when machining Al/SiC/20p MMCs [198]. They also found the transformed 
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aluminium particles during machining were embedded around the SiC particles and 

further formed a relative homogeneous composite [199, 200]. The similar results are 

reported by other researchers [92]. 

 

Figure 2-24 Typical texture of machined surface [201] 

As for machining MMCs with high volume fraction of reinforced particles, the material 

removal process is more complicate and surface quality is supposed to be deteriorated 

greatly. When the volume fraction of particles is relatively large, the surface generation 

is extensively presented by analysing the complicated material removal mechanism. In 

the research of Bian et al. [201], 65% SiCp/Al MMCs is machined by using PCD tool. 

Even the matrix material is removed plastically and leave a smooth machined surface, 

micro-fractures and cracks can still be found due to most of the reinforcements are 

partial ductile removal. On the other hand, big fracture and cleavage of particles occur 

and the fractured particles are further pulled out to form large pits as shown in Figure 2-

25 and Figure 2-26. 

 

Figure 2-25 Surface generation in large volume fraction SiCp/Al MMCs machining [201] 
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Figure 2-26 Material removal and surface generation in MMCs machining [201] 

Wang et al validated his particle fracture model via micro milling experiments [99, 202]. 

The experimental results shown in Figure 2-27 perform a good surface profile and some 

typical defects occur on the machined surface. In cutting direction, part of particles are 

pressed into the matrix by the cutting tool and only leave deep and narrow crack on the 

top of machined surface. In addition, some cavities occur that attribute to the pull-out of 

particles. In feed direction, both big cavities and relative smooth surface can be 

observed due to the pull-out or cut through of reinforced particles. 

   

Figure 2-27 Surface morphology in MMCs micro milling [99, 202] 

Substantial researches have been undertaken on optimising the machining processes 

such as tool wear and surface generation in machining of particulate MMCs. 

2.6.2 Optimisation on process variables 

Optimisation on the machining process parameters is one of the most important steps 

towards improving the efficiency and sustainability in MMCs machining process. This 
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is becoming increasingly critical in both machining and fabrication industries. A variety 

of studies investigate the effect of process parameters on the surface roughness of 

particulate MMCs by using PCD tools. The modelling techniques of ANOVA and ANN 

provide a systematic and effective methodology for predicting the main effects and 

interaction effects result from different influential combinations of machining 

parameters and also optimising these process parameters in order to achieve a higher 

accuracy of machined surface. These experimental results indicate that the feed rate has 

highest physical and statistical influence on the machined surface roughness, followed 

by DOC and cutting speed [198, 200, 203, 204]. Interaction between cutting speed and 

feed rate has primary contribution to surface roughness comparing to other interactions 

[204, 205]. In addition, relative higher feed rate and lower cutting speed that produce an 

acceptable surface finish is recommended by Tomac et al. [206] to reduce time and also 

increase material removal rate. However, most researchers found that surface roughness 

increases along with feed increases and cutting speed decreases [205, 207]. Thus, higher 

speed, lower feed and lower depth of cut are recommended in order to achieve better 

surface finish. Moreover, Bian et al. [201] found that the surface roughness Ra around 

0.1 μm, by using small parameters in the range of a few micro-meters, can be obtained 

in precision milling of SiCp/Al composites. Karabulut et al. [208] presented an 

experimental investigation on the surface roughness in micro milling of B4C/Al MMCs. 

In this study, the best surface roughness can be observed at high milling speed and the 

lowest feed rate under dry cutting conditions when machining on Al6061 reinforced 

with 15 wt% B4C. The application of coolant is found not necessarily reduce tool wear 

or improve the surface finish as the coolant can reduce the material transfer, while in 

turn lead to the abrasion increases [140]. In addition, Kannan and Kishawy [209] found 

that using coolant results in the loosely bonded particulates flushed away and leave a 

higher percentage of voids and pits that significantly deteriorate the surface quality. 

On the other hand, the tool flank wear is directly related to cutting speed, feed and depth 

of cut owing to thermal softening behaviour, diffusion wear and higher kinetic energy 

of chip when abrading against the cutting tool [140, 161, 210]. Cutting speed is found as 

the most dominate parameter for flank wear followed by feed rate and depth of cut has 

the most insignificant effect on flank wear [211, 212]. At low cutting speed, the flank 

wear is high due to the generation of higher cutting forces and increased formation of 

BUE [212]. However, Karakas et al. [213] found that the wear rate reduces and cutting 
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tool has higher performance due to the BUE acts as thin film and temporarily protects 

the cutting tool from abrasive wear.  In addition, when the cutting speed increases, 

increasing flank wear is found due to the higher effective kinetic energy by various 

researchers [148, 210, 214]. In term of depth of cut, it has limited effect on tool wear 

[213], while more significant as compared to the feed rate [131]. The increased depth of 

cut will result in the increase of flank wear attribute to the increase in contact area and 

abrasion on tool flank face [215, 216]. In term of feed rate, the tool wear decreases due 

to the shorter contact time between the cutting edge and the abrasive reinforced particles, 

and formation of BUE when the feed rate increases [130]. The thermal softening of 

composite material and tool material at higher feed rate also contributes to increase the 

tool life [161, 206]. Thus, various researchers propose that feed rate and depth of cut 

should be maximised for a given cutting speed in order to minimise the wear down of 

cutting tool due to the abrasion between tool and workpiece with abrading particles [210, 

217]. Most authors have found that with the help of coolant, BUE is less likely to 

develop and lead to the increase of tool wear. However, BUE results in the poor surface 

finish and increase of cutting forces. As a result, the beneficial to use coolant is not fully 

understood and its effect is not clear [218]. 

2.6.3 Optimisation on cutting tools 

The cutting tool geometry is another factor that intensely affects the tool wear 

mechanisms. Negative rake angle that results in the higher cutting forces will further 

increases flank wear of cutting tool. On the other hand, positive rake angle also 

increases flank wear irregularly and pitting occurs extensively on cutting tool. Thus, the 

smallest cutting tool wear and best surface quality only can be obtained by using tool 

with zero rake angle [219, 220]. In addition, higher cutting forces are found at smaller 

tool nose radius. This results in the greater chipping, crater and flank wear on the 

cutting tool [219,220]. Thus, cutting tool with smaller nose radius is only recommended 

for surface finishing process and better form accuracy can be achieved [220, 221]. 

2.6.4 Optimisation on workpiece material characteristics 

The MMCs workpiece material characteristics are observed as a critical factor in 

determining its machinability. The present of hard abrasive particles in metal matrix 

composites leads to extremely high tool wear. For instance, these reinforced particles 

can be treating as abrasive grains between tool and workpiece during machining and 
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significantly affect the surface finish. Looney et al. [141] found that metal matrix 

composites with the large size and high volume fraction of reinforced particles have 

poor machinability. In addition, Li and Seah [222] investigate the machinability of 

MMCs with varied SiC reinforcements. From their study, the size of particles is found 

has more effects than the volume fraction on the tool wear. However, the tool wear is 

found accelerate when the volume fraction of reinforcement is higher than a critical 

value [222, 223]. Kanta et al. found that the increased particle size results in higher tool 

wear and hence shorter the tool life due to the particles are coarse and easy to break 

compare to the smaller ones [224]. Kannan et al. concluded that the flank wear of 

cutting tool increase with the increase of both volume fraction and average particle size 

[225]. This is due to the contact between tool and particle dramatically increases and 

higher abrasion on the cutting tool occurs when increasing the particle ratio. In addition, 

the well distributed particles in the matrix material will help to reduce the tool wear 

slightly and consequently improved the machinability of MMCs. 

A lot of researches state that the increase of particle ratio both for volume fraction and 

particle size affects the surface roughness negatively [226-228]. Volume fraction of 

reinforcements is found proved detrimental to the tool life [222]; however, it has great 

influence on surface roughness [204]. Ozben et al. investigated the effects of particle 

volume fraction on the resultant surface roughness and higher surface roughness is 

obtained at higher fraction in this study [227]. Pendse and Joshi observed that volume of 

reinforcement has significant effects on the machined surface roughness only when the 

cutting tool nose radius is comparable to the size of reinforcement [229]. In addition, 

the reinforced particles will interfere with the machined surface roughness if the tool 

nose radius is equal or smaller than the particle size; otherwise, it has no effect [229]. 

This has been confirmed by Basheer et al. From their experimental study, it is found 

that when the particle size is comparable to the value of feed rate and tool nose radius, 

the particle size has largely influence on the machined surface roughness [230]. The 

particle size effect is also studied by Tosun and Muratoglu [231]. In their study, the 

increased particle size obstructs the plastic deformation of matrix material and stress 

gradients at the matrix-particles interface occur. This results in the surface defects and 

finally increases the surface roughness. 

According to the above reviewed research work, it appears that the selection of optimal 

cutting parameters, cutting tool conditions and workpiece materials must therefore take 
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into account the primary factors which are the importance of surface finish, the BUE of 

cutting tool, the tool life and the material removal rate etc. 

2.6.5 Machinability study of MMCs 

With increasing demands for functional MMCs, machinability and precision machining 

of MMCs have become bottleneck issues and thus drawn extensive attention and 

research. The machined surface roughness, material removal rate, and the tool wear and 

tool life are essential in machinability assessment, especially for high precision 

engineering applications. The machinability assessment is heavily dependent on the 

machining accuracy, surface quality, production efficiency and costs. Precision 

machining on particle reinforced MMCs is observed as an even higher challenge both 

scientifically and technologically due to their complex micro-structure and hard-to-

machine property. Although various non-traditional processes have been attempted on 

machining MMCs to even produce parts with intricate shape and profiles [35], the 

processes are normally inefficient and often limited. The conventional machining 

process is still indispensable during finish machining [36]. 

However, high tool wear, high surface roughness, deterioration and defects of the 

machined surface significantly affect the functional performance of engineering 

components. This is becoming one of the major reasons limiting the widespread 

application of MMCs. In addition, only few researches focus on precision machining of 

particulate MMCs, thus, its machinability is less understood as being progressed so far. 

A systematic research approach is required to investigate the machinability of particle 

reinforced MMCs in precision machining process. The effects of cutting process 

variables, particularly for the cutting parameters including cutting speed, depth of cut 

and feed rate, on the tool wear, machined surface roughness, surface morphology and 

surface texture need to be adjusted in order to achieve better surface quality. 

2.7 Summery  

In this chapter, the state-of-the-art research work on precision machining of metal 

matrix composites is critically reviewed and the following research gaps being 

identified: 

1. Precision machining of particulate MMCs is observed as a complicate process; 

however, this is currently less understood and need to be investigated thoroughly.  
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2. The characterisation of MMCs precision machining and its underlying cutting 

mechanics especially for chip formation mechanisms have not been fully 

understood.  

3. The current cutting force models are mainly focused on the prediction of force 

magnitude on specific time points or consistent chip load conditions, while still 

not considered the 3-dimensional milling processes with continued-changed chip 

formation, the real chip formation conditions and also their significant effects on 

the cutting force. In addition, there is also limited understanding on explicit 

modelling of cutting forces for particles reinforced MMCs.  

4. Only few research focus on the close monitoring on the cutting temperature 

partition and resultant tool wear in order to enhance the machining accuracy, 

machined surface quality and process stability. As for the industrial-driven 

application of hard-to-machine MMCs, deterministic representation on tool wear 

status and maintain the MMCs machining in a higher accuracy and consistency 

level is still absent. 

5. According to the industrial demands on machining efficiency, cost-effective, 

accuracy and consistency, the MMCs machinability assessment and process 

optimisation need to be further investigated.  
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Chapter 3 A multiscale multiphysics based approach to 

modelling and analysis of MMCs precision machining 

3.1  Research methodology framework 

In the previous chapter, the literature review presents the current understanding on the 

precision machining of particulate metal matrix composite materials, which is different 

from machining of homogeneous materials in various aspects. The existence of 

multiscales on cutting edge radius, material microstructure, particle size and the process 

parameters in MMCs precision machining reveals that the cutting mechanics are much 

more complicated. Therefore, an innovative multiscale multiphysics based approach is 

investigated to modelling and analysis in precision machining of MMCs.  

The critical aspect of industrial-scale challenges in MMCs precision machining is the 

machinability. Multiscale multiphysics based integrated approach to investigate the 

MMCs precision machining process and its machinability assessment are shown in 

Figure 3-1. Chip formation mechanisms, cutting force, cutting temperature, tool wear 

and surface generation are observed as the five crucial issues that affect the machining 

process and resultant machinability of MMCs. The intrinsic relationship between these 

closely linked or mutually coupled issues and factors are also contained as shown in this 

figure. The workpiece properties, cutting tool conditions, machining conditions and 

other initial conditions observed as the indirect factors for MMCs machinability that 

affect the tool-workpiece interaction, and further influence the cutting mechanics and 

cutting dynamics. The multiscale approach shown in Figure 3-1 is applied to have better 

understanding and accurate prediction on the chip formation mechanisms, cutting force, 

cutting temperature and tool wear. These outputs are the direct contributory factors for 

the MMCs machinability in term of machining quality, material removal rate and tool 

life. In order to improve the MMCs machinability from industrial aspects, process 

optimisation is introduced and rapidly developed. This is of great importance to 

optimise the influence brought by the process input and help to enhance the 

performance of final products. Therefore, this research work contribute to an integrated 

investigation on the particle reinforced MMCs precision machining process in order to 

identify the issues that less understood, obtain the scientific understanding on the 

MMCs cutting mechanics, optimise the critical process variables, improve the 
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machinability of MMCs and broad its industrial application in various engineering 

aspects. 

3.2 Multiscale modelling 

In MMCs precision machining, cutting tool conditions, workpiece material 

microstructure and cutting parameters are the key process variables that significantly 

affect the cutting mechanics and also the resultant cutting performance as shown in 

Figure 3-1. Since the cutting performance in MMCs precision machining is influenced 

by these factors in three different scale levels, a multiscale modelling and analysis on 

the cutting mechanics is of great importance. Figure 3-2 schematically illustrated the 

interrelationship among micro, meso and macro scales. In micro scale level, the material 

microstructure including particle size, particle volume fraction and their distribution in 

matrix material, and strengthening mechanisms of particle-matrix interface strongly 

influence the material properties, cutting mechanics and dynamics. In meso scale level, 

the tool-workpiece interaction and MMCs chip formation mechanisms are extremely 

different from those in conventional material machining process due to the material 

microstructure effect, tool edge radius effect, minimum chip thickness effect and most 

dominate size effect etc. Due to the size of cutting tool edge radius and reinforced 

particles cannot be ignored, the MMCs chip formation are significantly influenced by 

the tool edge radius, tool nose radius, particle form, average particle size and particle 

volume fraction. In macro scale level, the chip formation oriented dynamic cutting force, 

cutting temperature and cutting vibration including process kinematics and tool 

deflection affect the cutting mechanics and dynamics as well. In addition, these have 

critical and direct effects on the quality of machined parts in terms of form accuracy and 

surface integrity. As shown in Figure 3-1, these three scales are fully coupled together 

and have instinct relationship to determine the machining process and also the 

machinability of MMCs.  



 

 51   

 

 

Figure 3-1 Research methodology 
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Figure 3-2 Interrelationship among micro, meso and macro scales 

3.3 Multiphysics modelling and analysis 

Chip formation, cutting force, cutting temperature and tool-chip-workpiece interfacial 

friction are the most dominate variables that present and evaluate the interrelationship 

between the process inputs, including cutting tool conditions, target material 

microstructures and cutting parameters, and outputs which are the resultant tool 

performance and cutting performance. In MMCs precision machining, the cutting 

physics closely linked together. During chip formation process, cutting force and 

chip/tool/workpiece friction normally occur. Consequently, the heat generation 

presented by cutting temperature occurs due to the plastic deformation of matrix 

material, the particle fracture and too-workpiece/chip-tool interfacial friction during the 

chip removal process. The increased cutting temperature has significant effects on the 

cutting force, tool wear and machined surface performance. In addition, the extensive 

tool wear reacts on the initial cutting conditions, and cutting force and chip formation 

change dramatically accompanied with unstable surface generation. Later on, the 

increased cutting force results in the increase of heat generation on the contact zones. In 

addition, the resultant form accuracy, material removal rate and surface roughness, in 

turn, affect these contributory factors and physics. Therefore, the vicious circle prompts 
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to develop a comprehensive approach to modelling and analysis on the tool performance 

and cutting performance. Thus, a thermo-mechanical-triboligical coupled multiphysics 

modelling and analysis approach is applied. In addition, a process optimisation 

approach is essential to optimise the cutting inputs and improve the MMCs 

machinability assessment. Figure 3-3 illustrates the multiscale multiphysics based 

integrated approach to modelling and analysis the MMCs precision machining process 

and its optimisation. 

 

Figure 3-3 Multiphysics based analysis on machining process and its optimisation 

3.4 Modelling and simulation tools 

The numerical models and their evaluation and validation approach are conducted with 

appropriate modelling and simulation software packages. Abaqus CAE and COMSOL 

Multiphysics are performed as the effective tools for the simulation and analysis. FE 

analysis is conducted on Abaqus/Explicit for chip formation simulations including 

matrix material breakage and particles fracture and their interfacial reaction. Cutting 

stress, cutting force and temperature partition are also achieved in this simulation 

process. The cutting stress from Abaqus is then transit to COMSOL Multiphysics for 

further analysing on tool wear magnitude based on the modified tool wear rate model. 

3.5 Experimental evaluation and machinability assessment 

3.5.1 Experimental facilities 
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The MMCs precision machining processes are conducted with the high precision 

machine tools, high quality cutting tools and high accuracy measurement instruments. 

Meanwhile, various high precision devices are used in the data collection system in 

order to analyse the cutting process accurately. This part introduces the essential 

experimental equipment used in the MMCs precision machining. 

3.5.1.1 High precision machine tools and cutting tools  

(1) KERN milling machine 

MMCs micro milling experiments are conducted on a high precision 5-axis KERN 

HSPC 2825 milling machine with ±1 μm positioning accuracy which is controlled by 

Heidenhain TNC426 control system. The machine spindle is derived by a Step_Tec 

ceramic bearing with a maximum rotation speed of 35,000 rpm. Cutting tools are 

clamped to the spindle via high precision collets. A controlled cooling system, which 

adjusts the temperature within ±0.5
o
C, is applied to ensure the thermal stability during 

machining. Cutting tool dynamic length and radius are measured by on-machine Blum-

Laser Tool Setting System. The tool setting system provides a high accuracy within 0.1 

μm by measuring with visible red light laser. 

(2) MOORE precision turning machine  

The micro turning trials are performed on a Nanotech 250UPL precision turning 

machine which is controlled by a Delta Tau PowerPMAC motion controller. The high 

precision turning machine is equipped with an air spindle, which is driven by a 

frameless, brushless DC motor with total liquid cooling for long term thermal stability. 

The motion accuracy is less than 12.5 nm throughout the spindle speed range of 

maximum 10,000 rpm. The centre mounted thrust plate equipped on the spindle is 

engineered for both heavy loads and high throughput applications. Two high stiffness 

and low profile "box-way" style oil hydrostatic slides are driven by brushless DC linear 

motor. This enables the machine to achieve 1 nm linear motion accuracy. 

(3) PCD cutting tools 

PCD tools, which is widely applied and suitable for MMCs machining, are used in these 

MMCs precision machining experimental trials. These PCD tools are performed in 

micro cutting experiments in order to investigate the MMCs cutting mechanics, tool 
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wear and surface integrity and also to have better understanding on the precision 

machining process. The fine grade PCD inserts are used for micro turning trials on 

MOORE precision turning machine and the straight flute PCD end mills are used for 

conducting micro milling trials on KERN milling machine respectively.  

3.5.1.2 Cutting force and machine dynamics measurement 

Measurement on the signals formed during micro cutting is considered to be useful for 

understanding and interpreting the in-depth cutting process. System frequency, cutting 

tool variation and cutting force are widely investigated through signal recording and 

analysis. In this research, a series of signal recording systems are employed and 

illustrates in details as below.  

(1) Kistler dynamometer system 

Cutting force signal as a critical signal for interpreting the cutting process particular for 

cutting mechanics in-depth is investigated in this study. The three orthogonal cutting 

force signals are collected through an employed multicomponent dynamometer. In this 

study, a Kistler dynamometer 9256C2 with extremely low threshold is used for 

measuring small force less than 0.002 N. The measuring range of three axis is from -250 

N to 250 N. The small temperature error, high sensitivity and natural fraction enable the 

dynamometer to use for cutting force measurements in ultra-precise machining. 

Collecting the input signals, the dynamometer is then connected to a Kistler 

multichannel charge amplifier 5080A. With a wide measure range, the measurement 

error is less than ±0.3% on full range when the temperature range is from 0 to 50. A 

liquid crystal display shows all channel settings. The amplifier is connected to charge 

modules type 5067 for voltage signal output. The output voltage range is ±10V, the 

frequency bandwidth is up to 200 kHz and the group time delay is around 2 µs. The 

output data are collected through NI9234 DAQ card and recorded in PC. The post-

process data analysis is conducted in Matlab or Labview. 

(2) Impact hammer system 

Due to the nonlinear property of cutting process, the natural frequency, dynamic 

frequency response of tooling system and workpiece system and also transfer function 

of cutting force should be identified. An impact hammer 9722A500 is performed in this 

study. Dynamic quartz sensor elements contained within instrumented hammer are 
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applied to deliver a measurable force impulse to excite target parts. The range of output 

voltage is ±5 V, the force range is 0 to 100 lbf and the sensitivity is 50 mV/lbf. In order 

to generate a wider effective frequency range that suitable for the high speed cutting 

process, a steel impact tip 9902A with less deform and shorter duration is used in this 

study. A Thurlby series of laboratory bench power supply, which is connected with the 

impact hammer through Kistler 5108A piezotron coupler, is used to supply the power. 

Output signals are collected by NI9234 DAQ card. 

(3) Capacitive sensor system 

A non-contact capacitive sensor MicroSense 5810 is used for modal analysis and in-

process measurement in micro milling of MMCs. The cutting tool runout, tool vibration 

and tool natural frequency are adopted through the non-contact capacitive displacement 

measurements and sensing. In addition, it also performed as a functional tachometer for 

ultra-high RPM mechanism analysis. The capacitive sensor has a high resolution at 

jumper selectable high bandwidths. In this study, the working bandwidth is 20 kHz and 

the output measurement range is full scale ±100 µm. The input signal is collected 

through a probe and analog output signal is achieved by DAQ card which connected to 

the PC. 

(4) Accelerometer sensor system 

A PCB Piezotronics 352C33 accelerometer is used for system natural frequency 

analysis. The accelerometer sensor has a measurement range of ±490 m/s² and a 

sensitivity of 10.2 mV/(m/s²). The power is supplied by a PCB Piezotronics 482A04 

ICP Transducer Amplifier Power Supply. Output signals are collected by NI9234 DAQ 

card connecting with PC. 

(5) NI DAQ 9234 

NI DAQ 9234, which is a four-channel dynamic signal acquisition module for making 

high accuracy measurements from Integrated Electronic Piezoelectric (IEPE) sensors, is 

used in precision machining experiment. With the high resolution of 24-bit and signal 

sampling rate up to 51.2 kHz per channel, NI DAQ 9234 provides an extremely high 

accurate real-time data collection. 
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3.5.1.3 Metrology measurement instruments 

(1) ZYGO New View 5000 white light interferometer 

The NewView 5000 white light interferometer is used to characterize and quantify the 

surface performance including surface roughness, step heights, critical dimensions and 

other topographical features with excellent precision and accuracy. The frequency 

domain analysis and proprietary scanning technique guarantees a vertical resolution 

down to 0.1 nm. The image zoom (0.4x to 2x) and objective turret (20x) are equipped in 

order to achieve a large magnification range. A closed-loop piezoelectric actuator driven 

scanner, employing low-noise capacitive sensors, ensures the surface measurement 

accurate and repeatable. Data and images are then collected and analysed through the 

build-in MetroPro software.  

(2) JCM-6000 benchtop scanning electron microscope (SEM) 

Morphological measurement is conducted on JCM-6000 benchtop scanning electron 

microscope (SEM). SEM with high resolution (60,000x) down to nano-scale and an 

accelerating voltage range up to 15 kV is mainly used on the measurement of workpiece 

micro structure, surface texture and cutting tool structure and wear in this research. The 

SEM offers both an Everhart Thornley type secondary electron (SE) detector as well as 

high sensitivity solid state backscattered electron BSE detector. A full-featured Energy-

dispersive X-ray Spectroscopy (EDS) with SDD technology is optionally available for 

elemental analysis.  

(3) TESA V 200 microscope 

Large geometries, feature dimensions and surface profile of cutting tools and workpiece 

are measured by powerful TESA V 200 microscope. The maximum measuring volume 

is 200*100*150 mm and a display resolution of 0.001 mm. The opto-electronic 

measuring system with incremental glass scales has a resolution up to 0.05 µm. The 

TESA machine is operated by TESAVISTA 2.0 software. 

(4) ALICONA InfiniteFocus 

Large area surface profile and surface roughness such as cutting tool surface are 

measured by Alicona InfiniteFocus optical form measurement system for quality 

assurance. This system provides the functionalities of an optical profiler and a 3D micro 
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coordinate measurement. The actual surface roughness and texture can be accurately 

generated by coupling the roughness and the real surface topography images in each 

section together respectively. The Focus-Variation based traceable measurement system 

has almost unlimited range of measurable surfaces, high resolution, high accuracy and 

high repeatability. The vertical resolution is up to 10 nm. 

3.5.2 Experimental trails 

The ultraprecision machining processes are affected by various factors such as size 

effect, cutting tool geometries, material compositions, chip formation, minimum chip 

thickness, cutting parameters and also cutting conditions. The finite element analysis 

and the cutting trials for both micro turning and micro milling addressing different 

phenomenon are applied. The simulation process and experimental trials are introduced 

in details in the following chapters. 

3.5.2.1 Cutting trials on the precision turning machine 

In order to have a better understanding on the cutting characterisation and cutting 

mechanics particularly for minimum chip thickness and chip formation mechanisms in 

MMCs precision machining, cutting trials are conducted on precision turning machine. 

PCD inserts and natural diamond inserts with both zero rake angles are performed in 

these cutting trials. Both PCD tool and diamond tool contain small edge radius which 

are around 3.5 µm and 100 nm respectively. With the high precision performance of 

turning machine, the movement of cutting tools is performed on nanometer level. The 

micro cutting experimental trials are conducted to evaluate and validate the modified 

minimum chip thickness model and FE based chip formation analysis. Cutting forces 

are recorded and machined surface roughness is measured under varied cutting 

parameters including cutting speed, feed rate and depth of cut. All the cutting trials are 

performed with dry cutting condition, only air blow are provided during the machining 

process. In addition, the surface in each cutting trial is pre-machined in order to achieve 

the same datum surface and avoid the error during machining and measurement 

processes. The experimental set-up for micro turning trials is shown in Figure 3-4. 

3.5.2.2 Cutting trials on the micro milling machine  

To evaluate and validate the dynamic cutting force model, and further investigate tool 

wear and machined surface generation in MMCs micro milling process, cutting trials 
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are performed on KERN milling machine. 10 mm diameter double straight flutes PCD 

end mills with 2 µm edge radius and 0.2 mm nose radius are applied in these micro 

milling trials. Three different MMCs workpiece, which are 5 µm 45% SiC/Al, 90 µm 

60% SiC and 5 µm 50% B4C/Al, are performed in the micro milling experiments under 

varied cutting parameters. The cutting system modal analysis is conducted before 

machining process. Cutting force signals are collected to verify the modified force 

model. Surface roughness, tool wear rate and chip formation are further measured and 

analysed using high precision measurement instruments. Figure 3-5 below shows the 

experimental set-up on the micro milling machine in details. 

 

Figure 3-4 Precision turning experimental set-up 



 

 60   

 

 

Figure 3-5 Micro milling experimental set-up 

3.6 Conclusions 

In this chapter, the formulation of research methodology is presented particularly 

focusing on multiscale multiphysics based approach to modelling and analysis in 

MMCs precision machining and the corresponding experimental study. The 

methodology is fully adopted and applied to the research presented in the following 

chapters. 
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Chapter 4 Analysis of precision machining metal matrix 

composites (MMCs) and cutting mechanics 

4.1 Introduction 

Scientific understanding and analysis on the material deformation behaviour, the chip 

formation mechanisms and the MMCs machinability are extremely crucial for achieving 

higher surface integrity, extended tool life, and further minimizing machining cost and 

extending the MMCs into high-volume industrial scale applications. As the 

microstructure and material properties of metal matrix composites are quite unique, the 

chip formation in precision machining of particles reinforced MMCs is then extremely 

different from those of homogeneous materials in conventional machining or even in 

micro machining process. This becomes a critical issue that has been identified and 

investigated by various researchers [84-92]. However, from the metal cutting point of 

view, the researches on the cutting mechanics particular for the chip formation process 

and related areas in MMCs precision machining are extremely limited. Thus, further 

studies and analyses are necessary to have in-depth understanding on the uniqueness of 

chip formation mechanisms in MMCs machining process. In addition, the role that these 

reinforced particles play during chip formation and the way in which the particles are 

removed or fractured are also absent, which can be very useful data and information for 

the materials design and fabrication particularly towards having much improved 

machinability performance. 

In this chapter, a fundamental study on the chip formation mechanism as well as the 

minimum chip thickness in MMCs precision machining are investigated through a 

holistic theoretical analysis, multiphysics simulation and experimental trials based 

integrated approach. First of all, minimum chip thickness (MCT) value is identified 

theoretically based on the basic MCT model in abrasive machining process. The certain 

threshold of uncut chip thickness, that chips starts to form at this chip thickness point, is 

then adopted. The MMCs chip formation including the matrix material breakage, 

particles fracture and their interfacial debonding, sliding or removal is further simulated 

using comprehensive FE analysis approach. Minimum chip thickness and chip 

formation simulations are evaluated and validated via well-designed precision turning 

trials on diamond turning machine. The chips and surface profiles formed under varied 



 

 62   

 

cutting conditions in periodical material removal are inspected and measured in order to 

have a further understanding on the MMCs cutting mechanics. 

4.2 Theoretical analysis of minimum chip thickness (MCT) in MMCs 

precision machining 

Due to the significantly effect on the chip formation, the well-known size effect and 

minimum chip thickness effect for homogeneous materials can be extensively 

understood in a MMCs precision machining process. However, the minimum chip 

thickness of MMCs is largely different from those of homogeneous material. Due to 

unneglectable cutting edge radius and the existence of micro particles, the chip 

formation is complicated. Particle size, tool edge radius and cutting parameters as the 

most prominent factors that affect the MMCs chip formation need to be further 

considered. The conventional un-deformed chip thickness involved in this MMCs 

precision machining process has a further consequence: the minimum chip thickness 

model shifts from the homogeneous material shearing process to a combination of 

matrix material breakage and reinforcements fracture. As a result, the actual prediction 

of MMCs’ minimum chip thickness is much complicated. The chip formation 

mechanisms at the matrix breakage region and particle fracture region are also different. 

Due to the normal distribution of particles in MMCs, the cutting edge plough and shear 

both on the matrix material and the reinforcements when the tool approaches on the 

workpiece surface. The one involving concentrated shear is then divided into two 

separated shearing process. Thus, the minimum chip thickness in precision machining 

of MMCs can be illustrated by introducing the combination of these two aspects 

including the matrix material thickness in chip formation 𝑎𝑝1  and particle fracture 

thickness in chip formation 𝑎𝑝2 . The intrinsic relationship is 𝑎𝑝 = 𝑎𝑝1 + 𝑎𝑝2  and 

detailed MCT models are shown as below. 
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Figure 4-1 Matrix material thickness in chip formation process 

For the matrix material breakage, the chip formation model is shown in Figure 4-1. The 

relationship between cutting edge radius 𝑟𝑒 and un-deformed chip thickness 𝑎𝑝1 at the 

matrix material chip formation point is [113]: 

 𝑎𝑝1 = 𝑟𝑒 − 𝑟𝑒 ∗ cos𝜓1 =𝑟𝑒 ∗ (1 − cos𝜓1) (4.1) 

where, 

 
𝜓1 =

𝜋

4
− 𝜙1 =

𝜋

4
− tan−1(

𝐹𝑓

𝐹𝑛
) (4.2) 

𝑒1 =
𝐹𝑓

𝐹𝑛
 is the friction coefficient between PCD tool and matrix material in precision 

machining process. 𝐹𝑓 is the friction force and 𝐹𝑛 is the normal force. 𝜙1 is the angle 

between cutting force and normal force and 𝜓1 is the angle between normal force and 

the cutting force in y direction. Thus, the minimum cutting depth with chip formation 

for the matrix material part is: 

 𝑎𝑝1 = 𝑟𝑒 ∗ (1 − cos (
𝜋

4
− tan−1 𝑒1)) (4.3) 

1 1 

𝜷  

∅ 
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Figure 4-2 Particle fracture thickness in chip formation process 

For the reinforced particles fracture, the chip formation can be illustrated in Figure 4-2 

and the relationship between particle radius 𝑟𝑠 and un-deformed chip thickness 𝑎𝑝2 at 

the tool-particle interaction point can be expressed as: 

 𝑎𝑝2 = 𝑟𝑠 − 𝑟𝑠 ∗ cos𝜓2 =𝑟𝑠 ∗ (1 − cos𝜓2) (4.4) 

where, 

 
𝜓2 =

𝜋

4
− 𝜙2 =

𝜋

4
− tan−1(

𝐹𝑓

𝐹𝑛
) (4.5) 

𝑒2 =
𝐹𝑓

𝐹𝑛
 is the friction coefficient between PCD tool and reinforced particle material in 

micro milling process. 𝜙2 is the angle between cutting force and normal force and 𝜓2 is 

the angle between normal force and the cutting force in y direction. Thus, the minimum 

cutting depth with chip formation for the particle fracture part is: 

 𝑎𝑝2 = 𝑟𝑠 ∗ (1 − cos (
𝜋

4
− tan−1 𝑒2)) (4.6) 

Therefore, the combined minimum cutting depth with chip formation can be expressed 

as minimum chip thickness in MMCs precision machining process as shown below. 

 𝑎𝑝 = 𝑎𝑝1 + 𝑎𝑝2 

𝑎𝑝 = 𝑟𝑒 ∗ (1 − cos (
𝜋

4
− tan−1 𝑒1)) + 𝑟𝑠 ∗ (1 − cos (

𝜋

4
− tan−1 𝑒2)) 

(4.7) 

2 

2 
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Due to the chip formation process contains the combination of matrix material breakage 

and particle breakage, the friction coefficient for the MMCs micro milling process is 

observed as the friction coefficient between the tool material and MMCs workpiece 

material. Thus, the minimum chip thickness can be further expressed as below. 

 𝑎𝑝 = (𝑟𝑒 + 𝑟𝑠) ∗ (1 − cos (
𝜋

4
− tan−1 𝑒𝑀𝑀𝐶)) (4.8) 

According to the properties of cutting tools and workpiece material, and also the 

interaction and contact properties between the tool surface and workpiece utilized in this 

research, the constant friction coefficient 𝑒𝑀𝑀𝐶  is assumed as 0.35 [99] in this MMCs 

precision machining process. Thus, based on the minimum chip thickness equation, the 

minimum chip thickness for MMCs with 5 µm particle size can be then predicted as 

0.594 µm. Due to the negative rake angle and the prominent particles size, chips may 

not be produced when the uncut chip thickness is smaller than the MCT of matrix 

material. In addition, only matrix materials are removed and remained particles still 

rubbed on the flank face of cutting tool, which leaves a poor machined surface when 

DOC is larger than MCT of matrix material while still smaller than the MCT of MMCs 

material. Only when the DOC reaches a certain threshold, matrix material and 

reinforced particles can be cut through and MMCs chips start to form continued. This is 

similar to the minimum chip thickness effect in micro milling homogeneous materials 

while distinguishes the heterogeneous material micro milling process from the 

homogeneous material micro milling process.  

From the predicted results, it can be observed that the minimum chip thickness for 

MMCs is closely relative to the tool edge radius and particle size. However, the actual 

MCT is much smaller than the cutting edge radius in this precision machining process. 

The modified minimum chip thickness model is further evaluated and validated via 

well-designed cutting trials in the following parts. 

4.3 Finite element analysis of chip formation in MMCs precision 

machining 

The MMCs chip formation mechanisms is commonly divided into three aspects which 

are matrix materials plastically deform, matrix-particle interfacial reaction and brittle 

particles fracture. The simulation approach is developed to investigate the effects of 
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cutting parameters, particular for cutting speed and depth of cut, on material removal, 

chip formation and the consequent scientific understanding of the machining mechanics 

in MMCs precision machining. The findings are also essential for developing the 

machining process optimisation strategy.  

4.3.1 FE simulation setup 

The FE analysis on MMCs chip formation mechanisms are carried out in 

Abaqus/Explicit 6.14. The schematic of this 2D orthogonal micro cutting model is 

illustrated in Figure 4-3. In term of the MMCs workpiece, B4C particles with a volume 

fraction of 50% are evenly distributed in Al 2024 matrix. The average particle size of 

B4C is 5 µm in diameter. According to the PM fabrication method, mechanical bonding 

is found and applied on the interface between matrix material and particle. Thus, 

particles are only simulated by tied together with the matrix material which enables 

their initial displacements at the interface area are both equal to zero rather than 

constructing an artificial layer in interface when modelling interface properties. The 

interfacial de-bonding can be achieved through matrix material failure [232]. The 

MMCs cutting behaviour is significantly affected by the cutting parameters and the 

location of particles relative to the position of cutting tool. Thus, models are conducted 

under various cutting parameters and particle positions relative to the cutting tool. Poly-

Crystalline Diamond (PCD) tools, which offer higher tool life due to their high hardness 

and thermal conductivity, are normally used in MMCs machining [140, 233]. In order to 

ensure the consistent with the following experimental trials, a PCD tool with the rake 

angle and the relief angle defined as -5
o
 and 5

o
 respectively is applied in this model. The 

PCD tool can be configured as a rigid body in the whole cutting process due to its 

extremely high strength, while heat transfer on the cutting tool is still active. The edge 

radius of cutting tool tip is defined as 3.5 µm. Free mesh with quadrilateral continuum 

elements CPE4RT units and triangle elements CPE3T units are used to model the 

MMCs workpiece and PCD tool respectively. The material removal process is 

simulated under a fully coupled dynamic, temp-disp, explicit multiphysics condition. FE 

simulation and analysis below are conducted through a thermal-mechanical-tribological 

coupled integrated approach. In this model, left and bottom sides of the workpiece are 

constrained on the movement in each direction and rotation, while the cutting tool 

moves towards the workpiece with a defined velocity. A reference point is defined on 

the cutting tool in order to control the boundary conditions and achieve the simulation 



 

 67   

 

results. The simulations are carried out under various cutting speed and depth of cut. 

The cutting speed of 157.0 m/min, 125.7 m/min, 94.2 m/min and DOC of 1 µm, 2.5 µm, 

4 µm are selected and performed in the simulation processes and further used in the 

machining trials. 

 

Figure 4-3 Finite element model for MMCs precision machining 

4.3.1.1 Material constitutive model, damage initiation and evolution 

(1) Matrix material: As the Al 2024 matrix is a typical elastic-plastic material, 

Johnson-Cook model is applied. This matrix material is modelled by introducing a 

thermal-elastic-plastic constitutive equation until material failure. The material flow 

stress 𝜎 can be represented by the following equation [234]: 

 
𝜎 = [𝐴 + 𝐵(𝜀𝑝𝑙)𝑛] (1 + 𝐶𝑙𝑛

𝜀̇

𝜀0̇
) [1 − (

𝑇 − 𝑇0
𝑇𝑚 − 𝑇0

)
𝑚

] (4.9) 

𝜀𝑝𝑙: effective plastic strain; 

𝜀̇: equivalent plastic strain rate; 

𝜀0̇: reference strain rate; 

𝑇 , 𝑇0  and 𝑇𝑚  are the current cutting temperature, room temperature and melting 

temperature of material respectively. 𝐴 , 𝐵 , 𝐶 , 𝑛  and 𝑚  are the material model 

parameters measured at or below the transition temperature, which illustrate as follows. 

Cutting line 
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𝐴: initial yield strength of the material at room temperature; 

𝐵: isotropic strengthening parameter during the strains; 

𝐶: strain rate sensitivity; 

𝑛: strain hardening exponent; 

𝑚: thermal softening exponent; 

The physical properties of matrix material, particles and PCD tool used in this 

simulation, and material constants are shown in Table 4-1 and Table 4-2 respectively.  

Table 4-1 Properties of workpiece and cutting tools [97, 235] 

Material Matrix: Al 2024 Particles: B4C Tool: PCD 

Thermal conductivity 

(W/(mK)) 
190 42 2100 

Density (g/cm
3
) 2.77 2.52 4.25 

Elasticity modulus (GPa) 73 460 1147 

Poisson’s ratio, 𝜈 0.33 0.19 0.07 

Specific heat (J/(kgK)) 875 945 525 

 

Table 4-2 Material constants for Johnson-Cook plasticity model [102] 

Material A B C n m Tm T0 

Al 2024 369MPa 684MPa 8.3e-3 0.73 1.7 502ºC  20ºC  

 

In MMCs shearing progress, the matrix material experiences progressive damage and 

failure. This performs the similar failure progress to the conventional homogeneous 

material that respects the typical stress-strain behaviour as shown in Figure 4-2. Under 

the condition of high shear stress and large strain rate, matrix material starts to 

elastically deform, plastically deform associating with strain hardening and thermal 

softening, damage starts and damage evolution, further fracture with accumulate 

damage and finally fails. 
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Figure 4-4 Typical stress-strain behaviour with progressive damage degradation 

Johnson-Cook dynamic failure model, which is recommended as the critical technique 

for modelling the cutting progressive damage and the material failure, is applied in this 

simulation. The damage of matrix material is expressed by equation [234]: 

 
𝜀�̅�
𝑝𝑙
= [𝐷1 + 𝐷2𝑒𝑥𝑝 (𝐷3

𝑝

𝑞
)] [1 + 𝐷4 ln (

𝜀̇

𝜀0̇
)] (1 + 𝐷5

𝑇 − 𝑇0
𝑇𝑚 − 𝑇0

) (4.10) 

where 𝜀�̅�
𝑝𝑙

 is the equivalent strain as a function of temperature, strain rate, equivalent 

stress and pressure at material failure, 𝐷1~𝐷5  are the material constants for damage 

model, 
𝑝

𝑞
 is a dimensionless pressure-deviatoric stress ratio, where, 𝑝  is the pressure 

stress and q is the Mises stress which represents the effective cutting stress, 
�̇�

�̇�0
 is the 

nondimensional plastic strain rate. Table 4-3 below shows the material constants for this 

damage model.  

Table 4-3 Material constants for Johnson-Cook damage model [102] 

Material D1 D2 D3 D4 D5 

Al 2024 0.112 0.123 1.5 0.007 0 

 

A linear evolution of damage variable is assumed for the progressive damage and 

fracture model. Based on the value of the equivalent plastic strain at element integration 

points, the damage parameter 𝜔 can be defined as 



 

 70   

 

 
ω =∑(

𝛥𝜀̅𝑝𝑙

𝜀�̅�
𝑝𝑙
) (4.11) 

where, 𝛥𝜀̅𝑝𝑙 is the change of equivalent plastic strain in each integration cycle. Thus, the 

material stiffness will be fully degraded and material failure occurs when the damage 

parameter 𝜔 exceeds 1. As long as the damage occurs, material behaviour is no longer 

accurate by using the stress-strain curve. Thus, a stress-displacement response law is 

introduced in Hillerborg’s fracture energy proposal in order to follow the strain-

softening branch of stress-strain curve as shown in Figure 4-4 and this better illustrates 

the material progressive damage.  

(2) Reinforced particles: Due to the brittle properties of B4C, particles are observed as 

perfectly elastic material until failure. A brittle cracking model is used to present the 

fracture of particles. In this model, the crack normal displacement at the failure point 

can be determined as: 

 
𝑢𝑛0 =

2𝐺𝑓
𝐼

𝜎𝑡𝑢
𝐼  (4.12) 

where, 𝐺𝑓
𝐼  is expressed as energy required for opening a unit area of crack, 𝜎𝑡𝑢

𝐼  is 

defined as a tabular function of the associated Mode I fracture energy. In addition, the 

post-cracking shear modulus 𝐺𝑐  in brittle shear model is defined as a fraction of 

uncracked shear modulus as shown in equation (4.13). 

 
𝐺𝑐 = (1 −

𝑒𝑛𝑛
𝑐𝑘

𝑒𝑚𝑎𝑥
𝑐𝑘 )

𝑃

𝐺 (4.13) 

where, 𝐺 is shear modulus of the un-cracked material; 𝑒𝑛𝑛
𝑐𝑘  is crack opening strain; 𝑒𝑚𝑎𝑥

𝑐𝑘  

and 𝑃 are material parameters [236]. Material parameters for brittle cracking model are 

shown in Table 4-4.  

Table 4-4 Material parameters for brittle cracking model [235] 

Material 𝝈𝒕𝒖
𝑰 (MPa) p 𝑮𝒇

𝑰 (J/m
2
) 𝒆𝒎𝒂𝒙

𝒄𝒌  

B4C 155 1 50 0.001 
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4.3.1.2 Tool-workpiece interaction 

The interaction between cutting tool and workpiece is of importance to realize the 

material removal mechanism in MMCs precision machining process. The accurate set-

up of tool-workpiece interaction and friction is critical as they significantly affect the 

cutting force, heat generation and tool wear rate. In addition, the power consumption for 

material removing and resultant surface quality are also determined by their interaction. 

To simulate the interaction between tool and matrix material/particles, a kinematic 

surface-to-surface contact pair model is employed in ABAQUS.  In order to adopt the 

friction more accurately, a modified stick-slip friction law proposed by [237] based on 

Coulomb friction law is introduced by considering the normal stress and shear stress 

distribution on tool rake face. The cutting tool edge region is assumed as the sticking 

region and the sliding region takes place beyond the sticking region on the rake face 

[237]. The friction model in this simulation can be described by the following equation. 

 𝑡𝑓𝑟𝑖𝑐 = min (𝜇𝛿𝑛, 𝜏𝑠) (4.14) 

where, 𝜇 is the friction coefficient that defined as a function of contact pressure; 𝛿𝑛 is 

the normal pressure on the chip and cutting tool interface; 𝜏𝑠 is the limit shear stress 

which can be calculated from the equation 𝜏𝑠 = 𝛿𝑦/√3. 𝛿𝑦 is the material initial yield 

stress. In this MMCs precision machining process, the contact pairs which are 

controlled by the Coulomb friction law [238] are given a constant friction coefficient of 

0.35 [99]. 

4.3.1.3 Heat generation and heat transfer 

In MMCs precision machining, a thermal module is applied and integrated with 

mechanical module due to most energy consumption in chip formation progress 

including the chip generation and chip sliding on tool surface are finally convert to the 

thermal energy. The dissipated energy generated by material plastic deformation and 

tool-workpiece friction is mostly performed as heat source afterwards. The heat 

generation and heat transfer on the tool/workpiece contact area result in the material 

soften, tool wear occurrence and tool failure. In addition, the cutting stress and cutting 

force change significantly under varied heat. Thus, a comprehensive heat generation and 

heat transfer model is introduced. 
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Figure 4-5 Heat generation and heat transfer [31] 

Figure 4-5 demonstrates the schematic heat generation and heat transfer in MMCs 

micro-cutting by extending the same assumption in the conventional homogeneous 

material micro cutting. The generated heat in cutting zone is partly transfer to the chips 

and taken away along with the chips. Another part of heat is conducted to the remained 

workpiece. The rest part is transferred to the cutting tool which easily results in tool 

soften and wear.  

In MMCs micro machining, heat transfer in the solid considering the translation motion 

is defined as follows [27]: 

 
𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
− ∇ ∗ (𝑘∇𝑇) = 𝑄 − 𝜌𝐶𝑝V𝑡𝑟𝑎𝑛𝑠∇𝑇 (4.15) 

where, 𝜌 is density, 𝐶𝑝 is heat capacity, 𝑘 is thermal conductivity, 𝑄 is heat source and 

V𝑡𝑟𝑎𝑛𝑠 is the velocity of moving part.  

The heat flux densities 𝑞1  and 𝑞2  going out the surfaces on tool/chip slide and tool 

workpiece slide respectively are given by: 

 𝑞1 = 𝑞𝑘 + 𝑞𝑟 − 𝑓1𝑞𝑔 

𝑞2 = −𝑞𝑘 − 𝑞𝑟 − 𝑓2𝑞𝑔 

(4.16) 

where, 𝑞𝑔 is the heat flux density generated by the interface element due to frictional 

heat generation; 𝑞𝑘  is the heat flux generated due to conduction; 𝑞𝑟  is the heat flux 
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generated due to radiation; 𝑓1 ,  𝑓2  are the fraction of generated heat into these two 

interface respectively. 

The thermal contact depicts the correlation for the conductance ℎ at the two surface 

contact interfaces. By involving the heat transfer coefficient at the interface ℎ, heat flux 

over the surfaces is defined as follows:  

 −𝑛𝑑(−𝑘𝑑∇𝑇𝑑) = −ℎ(𝑇𝑢 − 𝑇𝑑) + 𝑟𝑄𝑓𝑟𝑖𝑐 

−𝑛𝑢(−𝑘𝑢∇𝑇𝑢) = −ℎ(𝑇𝑑 − 𝑇𝑢) + (1 − 𝑟)𝑄𝑓𝑟𝑖𝑐 

(4.17) 

where, 𝑢 and 𝑑 describe the upside and downside slit, which are tool/chip interface and 

tool/workpiece interface respectively in this model. In the heat generation and heat 

transfer model, the PCD tool used in the cutting process can be configured as a rigid 

body due to its extremely high strength, while, the heat transfer is still active. Thus, the 

heat flow on the cutting tool can be generated in the simulation process.  

4.3.2 Simulation results, analysis and discussion 

4.3.2.1 Chip formation mechanisms 

The chip formation process including matrix material breakage, reinforced particles 

fracture and their interfacial reaction in MMCs precision machining is complex. The 

fracture orientations, which determine the chip formation properties and the resultant 

surface quality, are varied under different cutting conditions. Thus, an in-depth 

understanding of chip formation mechanisms is of great importance in order to achieve 

better surface roughness and surface performance. The interaction between cutting tool 

tip and workpiece are involved in the simulations. Three cutting scenarios, which are 

defined as particle centre is located higher than the cutting line, particle centre is located 

on the cutting line and particle centre is located lower than the cutting line, are 

investigated respectively. 

For the scenario of the particle centre is located higher than the cutting line, the cutting 

tool firstly approaches into the matrix material. Plastic and elastic deformation on the 

matrix material occurs and it can be observed that chips generated along the cutting line. 

With the continued approach of the cutting tool, dramatically increased stress results in 

a high strain on the matrix/particle interface.   
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Figure 4-6 Scenario of the particle centre is located higher than the cutting line 

When the cutting force exceeds the bonding force, bonding failure occurs on the 

interfacial boundary. Meanwhile, some small voids are formed along the separation 

direction of matrix/particle pairs due to the stress concentration at the interface. The 

crack propagation is enhanced through the coalescence of these voids that can be 

(a) (b) 

(c) (d) 

(e) (f) 
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observed in Figure 4-6(b). Matrix material breakage significantly occurs and chips 

formed on the shearing plane with the further approach of cutting tool. When the tool 

attaches on the reinforced particle, the high stress leads to the fracture of brittle particle 

and a groove leaves on the particle at first. With the continue fracture of particle, cracks 

are generated towards both upper and lower directions of un-machined particle area 

shown in Figure 4-6(d). As the tool keeps moving forward, more cracks are found and 

dis-continued chips of matrix material can be observed in Figure 4-6(e). The cavities, 

particularly on the particle/matrix interfacial area, can be found after the tool cuts 

through the whole surface. In addition, more cracks occur at the approach in side of 

fractured particles. This occurs due to the suddenly increased stress on the interface 

results in the crack propagation enhanced dramatically. 

 

Figure 4-7 Scenario of the particle centre is located lower than the cutting line 

For the scenario of the particle centre is located lower than the cutting line, the matrix 

material breakage is similar as the particle centre is located higher than the cutting line. 

Interfacial de-bonding and matrix breakage occur significantly. While the fracture 

properties of particle have slightly differences. When the tool attaches on the particle, 

the high stress leads to the fracture of brittle material and further approach of cutting 

tool results in almost all of the cracks generated towards lower direction of un-machined 

particle area as shown in Figure 4-7(a). As the tool keeps moving forward, more cracks 

are found as well. The cavities, particularly on the particle/matrix interfacial area also 

can be found after the tool cuts through the whole surface. While, more cracks can be 

observed at the tool approach out area of fractured particle. This can be attributed to the 

(a) (b) 
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particle has been fractured before the tool approach out and these fractured elements go 

along with the formed matrix material chips afterwards. 

 

 Figure 4-8 Scenario of the particle centre is located on the cutting line 

For the scenario of the particle centre is located on the cutting line, the matrix material 

breakage is still similar as those in the other two scenarios. The particle fracture 

properties are interesting that the high stress leads to the fracture of brittle material 

when first attach and with further approach of cutting tool, the cracks generated towards 

the cutting direction of un-machined particle area as shown in Figure 4-8(a). This 

indicates that the particles break along the cutting line with fewer cracks formed along 

the tool path and finally leaves a much smoother surface when cutting on the cutting 

line.  

Due to the extremely high shear stress, the primary chip-forming mechanism involves 

the initiation of cracks from the outer free surface of the chips. The normal distribution 

of reinforced particles and their high volume fraction result in the dis-continued chip 

formation. The average chip lengths shown in these three scenarios are similar which 

are around 5 µm. The particles with brittle properties are performed by small segments 

that link to each other. These segments are separated during the cutting process and 

brittle chips are observed as small segments in the end. Some of these segments may fill 

the cracks during the machining and make the resultant surface smoother, while most of 

them are removed along with the chips. Thus, the chip formation in MMCs precision 

machining can be seen as powder form chips according to the properties of matrix 

material breakage and particle fracture as shown in the integrated simulation results. 

(a) (b) (c) 
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4.3.2.2 Machined surface performance 

Along with the interaction of tool/matrix and tool/particle pairs, surface generated 

gradually. Material fracture and surface defects occur along the feed direction and 

cutting direction. Thus, cutting speed, depth of cut and feed rate are considered as the 

critical factors that influence the machined surface quality in the simulations.  

(1) Influence of cutting speed: From Figure 4-9, it can be observed machined surface 

quality increases when the cutting speed is higher. According to the Johnson-Cook 

damage model, it is known that the strain at material damage is a function of 

dimensionless pressure-deviatoric stress ratio, non-dimensional plastic strain rate and 

cutting temperature. While considering the constants for the damage model showed in 

Table 4-3, the material failure strain is strongly depend on the stress ratio and has 

extremely low dependence on strain rate and temperature. Thus, the damage strain 

decreases with the increase of Mises stress. In addition, matrix material is easier to be 

removed and plastic deformation of the machined surface is reduced which leads to a 

smooth surface generation. Figure 4-10 shows the cutting stress on the MMCs cutting 

region vs time point at varied cutting speed. Figure 4-11 further shows the stress value 

on matrix material and reinforced particles. According to the stress curve, it can be 

found that machined surface roughness is smaller and surface quality is higher when 

machining with a higher cutting speed. Moreover, the larger strain rate results in the 

larger yield strength and failure stress, which means the material on the remained 

surface is more difficult to be removed. Thus, the stress acts on the matrix material 

increases when the cutting speed increases. As a result, the stresses that transfer to the 

bonding interface and uncut particles are larger as well. For the brittle particles, the 

stress does not state significant difference at varied cutting speed. This indicates that 

particles are fractured with similar cracks generated. However, when machining with 

higher cutting speed, the cracks have less time to transfer or further process into larger 

cavities due to the reduced tool-particle interaction time. Conversely, the particles 

deformation failure strain is larger which leads to more time for cracks growing when 

machining with a low cutting speed. The generated cracks extend and further link 

together into big cavities. Thus, machined surface quality is higher under higher cutting 

speed condition. 
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(a) Cutting speed: 157.0m/min 

 

(b) Cutting speed: 125.7m/min 

 

(c) Cutting speed: 94.2m/min 

Figure 4-9 Surface performances at varied cutting speed 
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Figure 4-10 Cutting stress on the cutting region vs time point of the cutting region at 

varied cutting speed (Green: Matrix material breakage; Red: Particle fracture) 

 

Figure 4-11 Influence of cutting speed on cutting stress 

(2) Influence of depth of cut: Due to the uniform distribution of particles, the particles 

locations on each cutting line are almost the same. Thus, the interaction and the attach 

area between tool and particles can be seen as the same on each cutting line. In addition, 

the estimated minimum chip thickness is 0.525 µm in this case [118]. Thus, chips can 

be formed under these selected depths of cut. The influence of depth of cut on the 

machined surface performance in this simulation is shown in Figure 4-12. From the 

simulation results, it can be observed that surface roughness is not significantly affected 

by the DOC. Only slightly increase on surface roughness occurs when machining with 

larger DOC. Thus, the DOC is not dominating to the surface performance, while a better 

surface quality can be obtained by reducing the DOC in MMCs precision machining. 

As a result, cutting speed and DOC are dominate on chip formation, material removal 

and surface roughness in multiphysics based integrated approach to modelling and 

simulation in MMCs precision machining processes. Considering the most prominent 

factors, matrix material breakage, particles fracture and surface generation are varied 

under different cutting conditions. The simulation results indicate that surface roughness 

can be reduced and surface quality can be enhanced under smaller depth of cut and a 
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higher cutting speed in MMCs micro turning process. These are further evaluated and 

validated through well-designed experiments shown as below. 

   

              (a) DOC: 1 µm                   (b) DOC: 2.5 µm                   (c) DOC: 4 µm 

Figure 4-12 Influence of depth of cut on surface performance 

4.4 Experimental validation of chip formation mechanisms in MMCs 

precision machining 

The validation of predicted chip formation mechanisms including MMCs minimum 

chip thickness, matrix material breakage, particles fracture and their interfacial reaction 

in MMCs precision machining are conducted on ultra-precision turning machine. The 

well-designed experimental trials are performed under the cutting parameters and 

experimental conditions that are set the same as those applied in the theoretical analysis 

and simulations. The measurement on the machined surface profile and surface 

roughness can be achieved accurately under the help of high precision measurement 

instrument. The verified results can be further utilized on the accurate prediction of chip 

formation and dynamic cutting force in precision machining of particulate MMCs. 

4.4.1 Design of experiments 

4.4.1.1  Experimental set-up 

A series of machining trials for evaluating and validating the simulation results are 

carried out on MOORE Nanotech 250 UPL ultra-precision turning machine. The 

schematic of PCD inserts is shown in Figure 4-13 (a) and these tools with detailed 

parameters are performed in the experiments. The PCD tool with a cutting edge radius 

of 3.4279 µm and a nose radius of 1.200 mm is measured by Scanning Electronic 

Microscope (SEM). The rake angle and clearance angle for the inserts are both 0
o
,
 
while 

the whole tooling system shown in Figure 4-13 (b) has a 5
o
 negative rake angle and 5

o
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clearance angle due to the geometry of tool holder. Experiments are performed on the 

basal plane of cylindrical Al2024/50B4Cp workpiece with a diameter of 50 mm under 

various cutting conditions. The average grain size of particle is 5 µm and volume 

fraction is 50%. The cylinder workpiece is chunked on the spindle and tooling system is 

mounted on the work-plate slide. The entire experimental set-up is shown in Figure 4-

13 (b). 

 

(a) Cutting tool conditions 

  

(b) Experimental set-up 

Figure 4-13 Experimental set-up for precision machining of MMCs 

4.4.1.2  Experimental procedures 

Tool holder 

PCD insert 

Spindle 

Workpiece 

Work-plate 

Tooling system 

Edge radius (re=3.4279 µm) 
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For the minimum chip thickness experimental validation, machining trials are 

conducted on the pre-machined workpiece in order to find the datum surface and also 

control the surface performance. Due to the extremely large value of cutting tool nose 

radius compared to the depth of cut, the cutting edge adopted can be observed as a 

straight line. Thus, the tool wear during the minimum chip thickness experiments is 

negligible and can be ignored in the cutting trails. The cutting parameters are shown in 

Table 4-5. Varied depths of cut are adopted in order to determine the actual minimum 

chip thickness. Different cutting speeds are also carried out in order to determine their 

effects on the MCT. The machined surfaces with grooves in different sizes are measured 

on Zygo white light interferometer to determine the machined surface profile and chip 

formation conditions.  

Table 4-5 Cutting parameters in minimum chip thickness cutting trials 

Tool material PCD turning insert 

Workpiece material B4C/Al MMCs 

Cutting speed 2.5 m/s 2 m/s 1.5 m/s 

Depth of cut 0.20/0.30/0.40/0.50/0.60/0.70/0.80 µm 

 

For the validation of chip formation mechanisms, the adopted cutting parameters in the 

experimental approach are configured same as those utilized in the simulations. These 

varied cutting parameters shown in Table 4-6 are performed to determine the effects of 

process variables on the machined surface roughness. The full factorial experimental 

trials are conducted under various cutting parameters. The experimental results are 

assumed to compare with the simulation results. All the experimental trails are 

conducted under dry cutting condition, only air below is applied. The machined surface 

roughness, surface profile and topographical features are measured by ZYGO New 

View 5000 white light interferometer with excellent precision and accuracy.  

Table 4-6 Cutting parameters used in micro turning experiments 

Spindle speed (RPM) 1,000/800/600 

Cutting speed (m/min) 157.0/125.7/94.2 

Depth of cut (µm) 1/2.5/4 

Feed rate (µm/rev) 10/20/30 
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4.4.2 Results, analysis and discussion 

4.4.2.1 Minimum chip thickness determination in MMCs precision machining 

The metrology measurement results on the machined surfaces at various depth of cut are 

shown in Appendix 5. Due to the initial pre-machined surface of MMCs workpiece is 

coarse and the surface roughness is still relatively much higher than machined 

homogeneous material, the actual depth of cut is then defined as the difference between 

peak point and valley point at the machined surface range. Thus, the PV values around 

cutting area in the surface roughness figures are determined as the realistic depth of cut. 

Each groove depth value is the average value from 5 measurements along the cutting 

path. Table 4-7 shows the average value of actual depth of machined grooves at varied 

DOC value that below or above the predicted MCT. It can be observed that the PV 

value is much smaller than the DOC in machining process when the DOC is smaller 

than 0.6 µm; However, when the actual DOC is equal to 0.6 µm or larger than 0.6 µm, 

the measured PV value is similar to the DOC value. This indicates that when DOC 

reaches 0.6 µm, the MMCs material including the matrix material and reinforced 

particles starts to be removed. Thus, the minimum chip thickness for precision 

machining of this particle reinforced MMCs is around 0.6 µm, which shows a good 

agreement with the theoretical prediction results. This modified MCT model can be 

used to determine actual MCT in MMCs precision machining process. 

Table 4-7 Average value of actual depth of machined grooves and specific cutting force 

Depth of cut (µm) 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Actual depth of cut 

(µm) 
0.167 0.272 0.279 0.331 0.590 0.688 0.796 

 

Figure 4-14 and Table 4-8 illustrate the specific cutting energy against varied DOC 

obtained from experiments in MMCs precision machining. In order to achieve the 

accurate specific cutting force curve, DOC of 1 µm, 2 µm and 4 µm are further applied 

and specific cutting force values are measured in the experiment. According to this non-

linear curve of specific cutting force at unit area, the dominate size effect that leads to a 

transitional regimes associated with intermittent shearing and ploughing can be 

observed. Under the condition of DOC smaller than 0.4 µm, the value of specific cutting 

energy is higher while decrease dramatically along the increase of DOC. This attributes 
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to the workpiece material undergo the elastic deformation and material will fully 

recover to its original position. The specific cutting energy will further experience a 

slightly decrease with the continue increase of DOC up to 0.6 µm. In this area, material 

undergoes plastic deformation, while keep ploughing without chip formation. Only 

when the feed rate excesses the critical minimum chip thickness value which is 

estimated as 0.6 µm, the specific cutting energy transits to a stable value which means 

MMCs material experiences plastically deformation represents by shearing and chip 

formation starts. 

 

Figure 4-14 Specific cutting force at varied DOC 

Table 4-8 Specific cutting energy at varied DOC 

DOC (µm) 0.2 0.3 0.4 0.5 0.6 

Specific cutting energy 

(J/mm
3
) 

1750 1110 733 589 464 

DOC (µm) 0.7 0.8 1.0 2.0 4.0 

Specific cutting energy 

(J/mm
3
) 

407 359 351 325 312 

 

The MCT can be estimated via the above experimental analysis. On the other hand, the 

MCT for matrix material has been identified via simulation [118]. The perfectly 

matched results indicate that minimum chip thickness is equal to 14-17 % of cutting 

tool edge radius. In this case, the minimum chip thickness for Aluminium matrix is 

around 0.525 µm. The estimated MCT for MMCs material is 0.594 µm as shown in 

section, thus, the elastic recovery zone for particles can be observed as 0.069 µm. 
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Influence of cutting speed on MCT: Figures in Appendix 5 and Table 4-9 show the 

measurement depth of machined groove under the cutting speed of 157.0m/min, 125.7 

m/min and 94.2 m/min respectively. The measurement results indicates that the real 

cutting depth is around 0.27-0.29 µm at 3 different cutting speeds when the DOC is 0.4 

µm; the real cutting depth is around 0.59-0.60 µm at 3 different cutting speeds when the 

DOC is 0.6 µm. This indicates that the MMCs material is not totally removed and only 

matrix material sheared when the DOC is 0.4 µm. While the matrix and particle are 

removed together along the shearing line when the DOC excessed the MCT and the 

measured actual depth of groove value is close to the DOC. The verified MCT value at 

varied cutting speed is almost the same, which can be concluded that the effects of 

cutting speed on the MCT is negligible and can be ignored. The experimental results are 

clearly in alignment with the simulation results and significantly illustrate the 

relationship between MCT and cutting speed. 

Table 4-9 MCT value at varied cutting speed 

Depth of cut (µm) 0.4 0.6 

Cutting speed (m/min) 157.0 125.7 94.2 157.0 125.7 94.2 

Actual depth of cut (µm) 0.272 0.289 0.285 0.590 0.594 0.592 

 

4.4.2.2 Chip formation and morphology in MMCs precision machining 

(1) Chip formation in multiphysics based simulation 

Stagnation region of chip formation in precision machining of particulate MMCs by 

using PCD tool is shown in Figure 4-15. The stagnation point in this simulation can be 

defined as the point that divided the material displacement distribution in Y direction 

into positive value and negative value. Stagnation region is observed as a specific 

region that determines the material deformation orientation, real depth of cut and actual 

uncut chip thickness.  
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Figure 4-15 Stagnation region of chip formation in precision machining of MMCs 

During the chip formation process, material separates at the stagnation point and splits 

upwards and downwards respectively. The material region with positive displacement 

value will move upwards, splits from the workpiece and further form the chips; whereas 

the material region with negative displacement value will move downwards, experience 

the flow along the cutting edge close to tool flank face and finally form the machined 

surface. The chip formation in the simulation is shown in Figure 4-16. It can be 

observed that the MMCs chips are formed with around 5 µm in length. Light waviness, 

saw-tooth profile and even large cracks can be seen on the outer surface of chips. Some 

Stagnation point 

Stagnation point 

(a) 

(b) 
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extremely small particle segments are also generated. These are evaluate and validated 

via precision machining experimental work as below. 

 

Figure 4-16 Chip formation and chip morphology in simulation 

(2) Experimental results of chip formation and chip morphology 

In precision turning experiments, the chips produced are collected and measured by 

TESA as shown in Figure 4-17. Short curled chips can be identified in each cutting 

cycle, which means the chips are formed discontinued. This occurs due to the chip 

formation of MMCs is considered as the combined fracture/rupture/crumbling process. 

In addition, the coarser reinforced particles are further acted as a chip breaker, which 

produces both segmented and small curled chips. On the other hand, initiation of gross 

fracture occurs at the material free surface and chip inner surface toward the cutting 

edge direction and the remaining portion of material on the shear plane are removed by 

flow-type deformation which formed small segmented chips as well. From the 

microstructural analysis on the SEM images, the inner surface of chip performs ribbon 

form topography due to the material shearing in chip formation process; while the outer 

surface of chip exhibits a relative smooth morphology with small texture along the 

cutting direction due to the rake face texture of PCD tool and tool-chip interfacial 

friction. In addition, a significant variation ranging from prominent saw-tooth profile to 

light waviness is commonly featured on the chip outer surface with the orientation 

vertical to the cutting direction. This attributes to the existence of reinforced particles 

which are located along the cutting line.  

MMCs chips 

Particle segments 

 

 

5 µm 
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Figure 4-17 Chip formation characteristics in MMCs precision machining 

For the machining process under varied cutting speed, the overall chip length is also 

observed varied as shown in Figure 4-18. Needle type chips with small segments are 

formed at lower cutting speed, whereas semi-continuous, scrambled ribbon and tubular 

helix chips are formed accompanied with the relative rougher outer surface at higher 

cutting speed. In addition, ductile tearing of chips occurs with the increase of cutting 

speed. However, no distinct variation on chip thickness performs under varied cutting 

speed. When machining with varied feed rate, the chip width is varied. In addition, chip 

thickness is varied under different depth of cut. However, only segmented chips with 

small chip length can be observed at higher feed rate and larger depth of cut. This is due 

to the matrix material plastic deformation results in the voids and cracks, and these 

voids and cracks surrounding the reinforced particles join up which further leads to the 

chip segmentation when increasing the feed rate and depth of cut. The real chip 

thickness is slightly larger than the feed rate due to the material deformation leads to the 

chips become shorter and chip thickness are therefore increased consequently. In micro 

milling experiments, chips perform a systematic breaking pattern depending upon the 

volume fraction of reinforcement. 

 

(a) Chip formation under varied cutting speed  

Cutting speed: 94.2 m/min 

Feed rate: 20 µm/rev 

DOC: 2.5 µm 

Cutting speed: 157.0 m/min 

Feed rate: 20 µm/rev 

DOC: 2.5 µm 

Cutting speed: 157.0 m/min; Feed rate: 20 µm/rev; DOC: 2.5 µm 
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(b) Chip formation under varied feed rate  

 

(c) Chip formation under varied depth of cut  

Figure 4-18 MMCs chip formation under varied cutting parameters 

4.4.2.3 Machined surface 

Table 4-11 illustrates the orthogonal array of cutting parameters in the experiments and 

resultant surface roughness at varied cutting conditions. 3D arithmetic mean roughness 

is applied for the surface roughness measurement in order to better illustrate the 

performance of machined surfaces. From Table 4-10, it can be clearly observed that 

surface roughness values decrease with the decrease of feed rate when the actual feed 

rate is larger than minimum chip thickness. In addition, the surface roughness has a 

significant increase when cutting with larger cutting speed. Moreover, the best surface 

can be achieved when the depth of cut is same as or close to the radius of reinforced 

particles. The effects of these cutting parameters on surface integrity are illustrated in 

details in the following parts.  

 

Cutting speed: 157.0 m/min 

Feed rate: 20 µm/rev 

DOC: 4 µm 

Cutting speed: 157.0 m/min 

Feed rate: 20 µm/rev 

DOC: 2.5 µm 

Cutting speed: 157.0 m/min 

Feed rate: 10 µm/rev 

DOC: 2.5 µm 

Cutting speed: 157.0 m/min 

Feed rate: 20 µm/rev 

DOC: 2.5 µm 
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Table 4-10 Orthogonal array of cutting parameters and resultant surface roughness 

Experimental 

number 

Cutting speed 

(m/min) 

Feed rate 

(µm/rev) 

Depth of cut  

(µm) 

Surface 

roughness (nm) 

1 157.0 30 4 132 

2 157.0 30 2.5 102 

3 157.0 30 1 105 

4 157.0 20 4 126 

5 157.0 20 2.5 99 

6 157.0 20 1 90 

7 157.0 10 4 90 

8 157.0 10 2.5 71 

9 157.0 10 1 86 

10 125.7 30 4 136 

11 125.7 30 2.5 134 

12 125.7 30 1 106 

13 125.7 20 4 135 

14 125.7 20 2.5 109 

15 125.7 20 1 113 

16 125.7 10 4 97 

17 125.7 10 2.5 90 

18 125.7 10 1 99 

19 94.2 30 4 148 

20 94.2 30 2.5 135 

21 94.2 30 1 136 

22 94.2 20 4 132 

23 94.2 20 2.5 117 

24 94.2 20 1 136 

25 94.2 10 4 113 

26 94.2 10 2.5 99 

27 94.2 10 1 129 
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Figure 4-19 and Figure 4-20 illustrate the resultant surface roughness at varied depth of 

cut. When DOC is larger than MCT, the machined surface roughness slightly decreases 

until DOC reaches to the value that similar to the particle radius. This is due to the pre-

machining process that significantly affects the micro structure of MMCs. The fracture 

of particles gradually change from the scenario of particles centre are located below the 

cutting line to the scenario of particles centre are located on the cutting line. With 

continue steady increase of DOC, the surface roughness increase significantly. With the 

further increases of DOC, the force, stress friction and temperature increase. Then the 

deposition of workpiece material results in higher surface roughness. In addition, when 

cutting with larger DOC, the stress generated on the matrix material may exceed the 

bonding stress. As a result, particles are much easier de-bonding and pulled out. The 

higher strain at un-cut area means the particles are preferred removing together with the 

matrix material instead of being cut through. These result in the large amounts of pits 

and cracks on the remained surface. Thus, the best surface quality can be achieved when 

the depth of cut is close to the radius of reinforced particles. This states a good 

agreement with the simulation results in the scenario of the particle centre is located on 

the cutting line. 

 

Figure 4-19 Surface roughness vs Depth of cut 

   

              (a) DOC: 1 µm                   (b) DOC: 2.5 µm                    (c) DOC: 4 µm 

Figure 4-20 Surface roughness at varied DOC (Cutting speed: 125.7 m/min, Feed rate: 

10 µm/rev) 
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Figure 4-21 Surface roughness vs Feed rate 

 

(a) Feed rate: 10 µm/rev 

 

(b) Feed rate: 20 µm/rev 

 

(c) Feed rate: 30 µm/rev  

Figure 4-22 Surface roughness at varied feed rate (Cutting speed: 94.2 m/min, DOC: 4 

µm) 
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The machined surface roughness and surface texture at varied feed rate are shown in 

Figure 4-21 and Figure 4-22 respectively. It can be observed that the surface roughness 

increase with the increase of feed rate and tool marks are becoming much more 

significant. The peaks on the remained surfaces are higher when cutting with larger feed 

rate and surface roughness is then become larger. This is perfectly matched with the 

simulation results. 

The surface roughness and surface profiles along the tool paths and tool marks are also 

demonstrated in Figure 4-23. From the surface profile figures, it can be seen that larger 

cracks and defects area occur when cutting with a smaller cutting speed. The large 

cavity area is significant, this can be attributed to the particles are pulled out or even 

badly fracture on the matrix material which leads to various particles are removed 

together and leave a large cavity. While, the larger cracks and defects will be replaced 

by small ones when increase the cutting speed. In addition, large cavities will be 

replaced by few cracks due to the brittle fracture occurs on particles rather than matrix 

material breakage or particles pulled out. The machined surface becomes smoother and 

surface quality is higher when cutting with a larger cutting speed. Figure 4-24 shows 

that less cracks and cavities are generated along the cutting direction when machining 

with higher cutting speed. The detailed surface profile illustrates the surface roughness 

decreases with the increase of cutting speed. This can be assumed that particle fracture 

condition is dominated to the surface roughness and the particles are performed as 

perfectly cut through rather than pull out and leave smaller cracks or cavities at higher 

cutting speed. This is highly agreed with the simulation results in MMCs precision 

machining. 

 

Figure 4-23 Surface roughness vs Cutting speed 
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     (a) Cutting speed: 157.0 m/min 

 

    (b) Cutting speed: 125.7 m/min     

 

(c) Cutting speed: 94.2m/min 

Figure 4-24 Surface roughness at varied cutting speed (Feed rate: 10 µm/rev, DOC: 1 

µm) 

Tool marks and surface waviness can be significantly observed on the machined surface 

as shown in the measurement results. This can be attributed to the existence of the 

micro hard particles. With the cutting tool shearing through the soft aluminium matrix 

and engaged on the hard particles, the suddenly increased stress and force result in the 

tool variation at the bonding interface. This increases the waviness and leave tool marks 
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on the remained surface. These surface waviness and tool marks finally result in the 

increase of surface roughness. During cutting on hard particles, the alternative stress 

change leads to the cutting tool variation. Cutting tool keeps rubbing on the machined 

surface and leaves more pits and cracks on the particles. After the tool cutting through 

the hard particles and engaged back into the soft aluminium matrix, stress and force on 

the cutting tool are suddenly released. The stress of this high stiffness machining system 

suddenly relax and leads to the waviness of cutting tool which leaves significant tool 

marks and surface waviness, and reduces the surface quality. Thus, the surface 

roughness and surface defects at the bonding area along the cutting line are larger than 

any other areas. In addition, due to the high volume fraction of reinforced particles, the 

stress changes alternatively in high frequency. The resultant fluctuation of the cutting 

force increases the vibration in the cutting system also reduces the surface quality and 

the machining form accuracy. The dislocation and cracking of particles and also the 

interface de-bonding will damage the subsurface of MMCs which results in the 

reduction of the surface integrity. Therefore, the selection of optimal process variables 

is of great importance to obtain better surface quality in MMCs precision machining, 

which is consistent with the research results in precision machining of other difficult-to-

machine engineering materials [17]. 

4.5 Concluding remarks 

This chapter presents the characterisation of machining metal matrix composites on 

various aspects. Theoretical analysis, simulations and experiments are carried out to 

investigate the minimum chip thickness and chip formation mechanisms of MMCs via 

an integrated approach. The research achievements are concluded substantially as 

below.  

From the theoretical results and experimental results, it can be observed that the MCT 

can be accurately predicted using the mathematical equation by considering the tool 

edge radius and particle radius. This minimum chip thickness model demonstrates that 

the chip can be formed even when the tool radius is larger than the depth of cut. While, 

due to the existence of particles, the chip formation mechanism is much more complex 

and the minimum chip thickness in MMCs machining is highly relevant to the edge 

radius, particle size and the tool-workpiece interaction. In addition, the effect of cutting 

speed on the MCT is negligible for MCT prediction. 
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For the MMCs chip formation mechanisms, a simulation-experiment based approach to 

is presented, which aims to develop the scientific understanding of the process 

mechanics and the consequent process optimisation strategy, and furthermore the new 

protocol for the MMC material design and fabrication with much improved material 

machinability. The detailed conclusions can be drawn as follows: 

1. Chip formation mechanics include the matrix breakage and particle fracture/de-

bonding/dislocation in precision machining of particle reinforced MMCs is 

strongly depending on the location of particles against the position of cutting tool 

tip. Plastic and elastic deformations at the matrix material occur and chips are 

generated along the cutting line accompanied with the matrix/particle interfacial 

boundary de-bonding/defects in these three scenarios.  

2. In the scenario of the particle centre located below the cutting line, small cracks 

are formed on the machined particles. Almost all of the cracks are generated 

towards lower direction of the un-machined particle area when cutting through the 

particles. Cavities, particularly at the particle/matrix interfacial area, can be 

observed, while more cracks can be observed at the tool approaching out area. 

3. In the scenario of the particle centre located on the cutting line, cracks are 

generated towards cutting direction of the un-machined particles. This indicates 

that the particles break along the cutting line with fewer cracks formed on the tool 

path and finally leaves a much smoother surface with few defects. 

4. In the scenario of the particle centre located over the cutting line, small cracks are 

formed on the machined particles. Cracks are generated towards both upper and 

lower direction of the un-machined particle area during machining. The cavities, 

particularly at the particle/matrix interfacial area, can be found. In addition, more 

cracks occur at the approaching in side of fractured particles. 

5. Simulation results reveal that cutting speed, feed rate and depth of cut are the 

critical factors affecting the material removal and resultant surface roughness. 

Smaller surface roughness and better surface quality can be achieved by precision 

machining with higher cutting speed, smaller feed rate and appropriate small 

depth of cut. 

6. The well-designed machining trials for evaluating and validating the simulation 

results indicate that the optimal cutting parameters for precision machining of 

MMCs are found under the higher cutting speed, the DOC close to the reinforced 
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particle radius and the appropriate lower feed rate. These perform a good 

agreement with simulation results. The process optimisation and the associated 

optimisation strategy are of great importance to obtain a higher machinability of 

MMCs. 
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Chapter 5 Dynamic cutting force modelling in precision 

machining of MMCs 

5.1 Introduction  

In MMCs precision machining process, cutting force significantly reflects the cutting 

phenomenon including size effect, minimum chip thickness effect, chip formation, 

cutting temperature and tool wear etc. Thus, cutting force in MMCs machining is 

observed of great importance to analyse the cutting mechanics, machinability and its 

further optimisation. On the other hand, the scaled-down cutting parameters enlarge the 

errors generated by the machine tools, cutting tools and micro cutting process variables 

and significantly affect the machining performance including form accuracy, surface 

roughness and tool life. These errors normally generated due to the size effect, tool and 

workpiece deflection, dynamic runout, tool wear, cutting friction and chatter vibration. 

Considering these errors, dynamic cutting force is considered as the major factor in 

MMCs machining optimisation. Thus, in order to reduce the error, an improved 

dynamic cutting force model is critical to illustrate the tool-workpiece interaction and 

accurately predict the cutting force on the high precision level. The cutting force 

modelling and its application in interpreting the machining process have been 

extensively researched and developed based on theoretical assumptions and 

experimental observations [110-117]. With the better understanding on the cutting 

mechanisms of particle reinforced heterogeneous materials and also the improvement of 

MMCs cutting force models, substantial progress have been achieved in MMCs 

machining. There is however a lack in investigating the machining phenomenon for 

particle reinforced heterogeneous materials and explicit modelling the resultant cutting 

forces. The current force models are still not considered the 3-dimensional milling 

processes with continued-changed chip formation, the real chip formation conditions 

and also their significant effects on the dynamic cutting force comprehensively. 

This chapter presents an improved dynamic cutting force model based on the basic 

micro cutting theories and the improved cutting dynamics, which includes the size 

effect of cutting tool geometries, un-deformed chip thickness effects and also the 

influence of micro cutting process variables under various cutting conditions. The 

multiscale based improved dynamic cutting force model is proposed in order to have a 
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better understanding on the MMCs cutting mechanics and predict the cutting force 

accurately. A novel instantaneous uncut chip thickness algorithm including actual chip 

thickness and real tool trajectory is developed by taking the tool runout into 

consideration. The behaviours of the particle reinforcements are modelled and analysed 

in three cutting regimes including elastic recovery zone, ploughing zone and shearing 

zone. Cutting process variables, material volume fraction and particle size are explicitly 

taken into account in this innovative force model. In order to compensate the dynamic 

distortion of the measured cutting force, the Kalman Filter is performed. Well-designed 

cutting trials are carried out at different cutting parameters in order to validate the force 

model. This proposed force model is further applied to analysis the MMCs micro 

cutting tool wear, energy consumption and surface generation aspects. 

5.2 Dynamic cutting force modelling 

A three dimensional force model is proposed to predict the actual cutting forces in 

particle reinforced metal matrix composites micro milling process. This analytical force 

model is developed and modified through multiscale analysis approach. The size effects 

and multiscale aspects including the tool edge radius, particle size and cutting 

parameters as the main factors are involved in this analytical approach. The critical 

variables such as tool geometry, volume fraction of particles, tool properties and 

workpiece material properties are also explicitly taken into account. The cutting process 

is divided into three continued process: elastic recovery, ploughing and shearing. These 

three cutting zones are illustrated in Figure 5-1 below. 

 

Figure 5-1 Three cutting zones in MMCs micro milling process 
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From the previous research and the force regions shown in Figure 5-1, it can be 

obtained that the cutting forces acting on the cutting tool are mainly dependent on the 

un-deformed chip thickness. In particulate MMCs micro milling process, the tangential 

force Ft, radial force Fc and axial force Fa are modified according to the actual chip 

formation and the associated process variables. 

5.2.1 Cutting force in elastic recovery region  

In the elastic recovery zone of micro milling process, the displacement of matrix 

material and the reinforced particles occurs when the tool contacts on the workpiece. 

The elastically deformed particles then recover to their original positions along with the 

matrix material. This elastic recovery process is shown in Figure 5-2. 

 

Figure 5-2 Particles displacement in elastic recovery zone  

The tangential force, radial force and axial force in orthogonal cutting are formulated 

and shown as below: 

 𝑑𝐹𝑡 = 𝑘𝑡𝑒 ∗ 𝑡𝑐 ∗ 𝑑𝑧 

𝑑𝐹𝑐 = 𝑘𝑐𝑒 ∗ 𝑡𝑐 ∗ 𝑑𝑧 

𝑑𝐹𝑎 = 𝑘𝑎𝑒 ∗ 𝑡𝑐 ∗ 𝑑𝑧 

(5.1) 
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(a) Elastic recovery area 𝐴𝑝𝑡 in feed direction 

 

(b) Elastic recovery area 𝐴𝑝𝑐 in radial direction 

 

(c) Elastic recovery area 𝐴𝑝𝑎 in axial direction 

Figure 5-3 Elastic recovery areas in three directions 

𝑡𝑐  (𝑓) 
 𝑧 (𝑑) 
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where, 𝑡𝑐 is the uncut chip thickness, 𝑧 is the axial depth of cut as shown in Figure 5-3 

(a) and 𝑘𝑡𝑒, 𝑘𝑐𝑒, 𝑘𝑎𝑒 are the cutting force coefficients in the elastic recovery zone. Thus, 

in micro milling process, the cutting force in this region is relative to the actual feed rate 

and DOC. The different cutting forces can be formulated according to the elastic 

recovery area 𝐴𝑝 in three directions as shown in Figure 5-3 and equation (5.2).  

 𝐹𝑡 = 𝜀1 ∗ 𝐴𝑝𝑡 

𝐹𝑐 = 𝜀2 ∗ 𝐴𝑝𝑐 

𝐹𝑎 = 𝜀3 ∗ 𝐴𝑝𝑎 

(5.2) 

Therefore, the modified cutting forces in elastic recovery zone can be expressed in the 

following equations: 

 𝐹𝑡 = 𝜀 ∗ 𝑑 ∗ 𝑓 ∗ 𝑠𝑖𝑛𝜃 (0 ≤ 𝜃 ≤ 𝜃1) 

𝐹𝑐 = 𝜀 ∗ 𝑑 ∗ 2 ∗ √𝑟𝑒2 − (𝑟𝑒 − 𝑓 ∗ 𝑠𝑖𝑛𝜃)2 (0 ≤ 𝜃 ≤ 𝜃1) 

𝐹𝑎 = 𝜀 ∗ [𝑟𝑒
2 ∗ sin−1 (

√𝑟𝑒2 − (𝑟𝑒 − 𝑓 ∗ 𝑠𝑖𝑛𝜃)2

𝑟𝑒
) − √𝑟𝑒2 − (𝑟𝑒 − 𝑓 ∗ 𝑠𝑖𝑛𝜃)2

∗ (𝑟𝑒 − 𝑓 ∗ 𝑠𝑖𝑛𝜃)] (0 ≤ 𝜃 ≤ 𝜃1) 

(5.3) 

where,  𝜀 is the compressive stress of MMCs in three directions respectively, 𝑑 and 𝑓 

are the micro milling depth of cut and feed rate respectively, 𝑟𝑒  is the cutting edge 

radius, 𝜃 is the rotation angle of tool tip and 𝜃1 is the maximum rotation angle in elastic 

recovery zone. Thus, the cutting force at the angle of 𝜃1 is observed as a threshold for 

material from elastic recovery to plastic deformation shown in Figure 5-5. 

5.2.2  Cutting force in ploughing region  

When the uncut chip thickness increases beyond the elastic recovery zone, the cutting 

tool will keep ploughing on the workpiece until the uncut chip thickness reach the 

minimum chip thickness. In this region, the ploughing force is dominated and elastic 

recovery still occurs on the remained surface of workpiece. Thus, in this ploughing 

process, both elastically and plastically deformation will occur in the meantime, while 

still no chip formation occurs in this region. 
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Figure 5-4 Particles displacement in ploughing zone  

Due to the reinforced particles are rigid in ploughing process, only matrix material 

deformed elastically and plastically as shown in Figure 5-4. The particles only displaced 

in the ploughing zone. Thus, a slip line field model for a rigid wedge sliding on a half 

space in orthogonal cutting is suggested and then modified to estimate the tangential 

force, radial force and axial force on the lower boundary of the dead-metal zone in 

micro milling MMCs. The modified cutting force models determining the size effects 

and minimum chip thickness effects in ploughing zone can be expressed as:  

 𝐹𝑡 = 𝜏𝑚 ∗ 𝑙 ∗ 𝑡𝑐𝑚𝑖𝑛 ∗ 𝑠𝑖𝑛𝜃 ∗ tan (
𝜋

4
+
𝛼

2
) (𝜃1 < 𝜃 ≤ 𝜃2) 

𝐹𝑐 = 𝜏𝑚 ∗ 𝑙 ∗ 𝑡𝑐𝑚𝑖𝑛 ∗ 𝑠𝑖𝑛𝜃 ∗ (1 +
𝜋

2
) ∗ tan (

𝜋

4
+
𝛼

2
) ∗ sin 𝜗 (𝜃1 < 𝜃 ≤ 𝜃2) 

𝐹𝑎 = 𝜏𝑚 ∗ 𝑙 ∗ 𝑡𝑐𝑚𝑖𝑛 ∗ 𝑠𝑖𝑛𝜃 ∗ (1 +
𝜋

2
) ∗ tan (

𝜋

4
+
𝛼

2
) ∗ cos 𝜗 (𝜃1 < 𝜃 ≤ 𝜃2) 

(5.4) 

where, 𝜏𝑚 is the shearing stress of matrix material, α is the rake angle of cutting tool 

and 𝑙 is the active edge length representing the actual cutting width in ploughing process 

as shown in Figure 5-6, 𝑡𝑐𝑚𝑖𝑛 is the minimum chip thickness of MMCs and 𝜃2 is the 

maximum rotation angle in ploughing zone. Thus, the cutting force at the angle of 𝜃2 is 

observed as a threshold for material minimum chip thickness. Figure 5-5 below shows 

the different cutting regions and their angular threshold occurs respectively. 

𝛼 
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Figure 5-5 Cutting regions in chip formation process 

Due to the existence of cutting tool nose radius, the encompassed straight and round 

sections on the cutting tool edge involved in micro milling cannot be ignored. The 

previous researches propose to replace the complex cutting edge by using an equivalent 

straight cutting edge as the engaged cutting edge in micro milling process. Thus, the 

active edge length 𝑙 can be determined as below [30]:  

 
𝑙 = 𝑟𝑛 ∗ (𝜑 + sin

−1 (
𝑓

2 ∗ 𝑟𝑛
)) + (

𝑑 − 𝑟𝑛 ∗ (1 − cos𝜑)

sin𝜑
) (5.5) 

where, 𝑟𝑛 is the nose radius of cutting tool, 𝜑 is the approach angle between tool and 

workpiece as shown in Figure 5-6. 

 

Figure 5-6 Equivalent cutting edges 

 

 

𝜃1 𝜃2 

𝜃3 

0 

/ Active edge length 

𝑙 

𝑙 
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5.2.3 Cutting force in shearing region 

5.2.3.1 Shearing force in chip formation process 

 

Figure 5-7 Particles displacement in shearing zone  

From the previous research, it has been known that the chip formation mechanism in 

MMCs micro milling shown in Figure 5-7 has similarities to the homogeneous and 

monometallic materials although the formed chips properties are different in some 

aspects. The shearing force that result in the chip formation is modified from the 

previous analytical model and then developed according to the specific properties of 

particle reinforced MMCs. Thus, the tangential force Ft, radial force Fc and axial force 

Fa on the shearing plane can be determined and expressed respectively as below: 

 
𝐹𝑡 = 𝜏𝑠 ∗ 𝑎 ∗ 𝑐 ∗ 𝑠𝑖𝑛𝜃 ∗

cos(𝛽 − 𝛼)

sin∅ ∗ cos(∅ + 𝛽 − 𝛼)
(𝜃2 < 𝜃 ≤ 𝜃3) 

𝐹𝑐 = 𝜏𝑠 ∗ 𝑎 ∗ 𝑐 ∗ 𝑠𝑖𝑛𝜃 ∗
𝑠𝑖𝑛(𝛽 − 𝛼)

𝑠𝑖𝑛 ∅ ∗ 𝑐𝑜𝑠(∅ + 𝛽 − 𝛼)
 (𝜃2 < 𝜃 ≤ 𝜃3) 

𝐹𝑎 = 0 (𝜃2 < 𝜃 ≤ 𝜃3) 

(5.6) 

where, 𝑎 is the actual depth of cut, 𝑐 is the actual feed rate in micro milling process. In 

addition, 𝛽 is the milling friction angle and ∅ is the shear angle that has been shown in 

Figure 4-1. 𝑡𝑎𝑐 = 𝑐 ∗ 𝑠𝑖𝑛𝜃 is the instantaneous uncut chip thickness VERS immersion 

angle. 
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The friction that results from the formed chips sliding on the tool rake face cannot be 

ignored. The resultant friction energy that overcomes the chip-tool interaction is 

researched as the critical factor that effects on the friction angle 𝛽. Thus, the friction 

angle 𝛽  can be investigated according to the previous theories of two-body rolling 

abrasion [240] and three-body rolling friction [222, 241] between the cutting tool and 

workpiece as below. 

The friction angle 𝛽 can be written as: 

 
𝛽 = 𝑡𝑎𝑛−1(

𝐹𝑓

𝐹𝑁
) (5.7) 

where, the total friction force 𝐹𝑓 is affect by the two body rolling abrasive force 𝐹𝑝 and 

the three body rolling friction force 𝐹𝑟 as shown below: 

 𝐹𝑓 = 𝐹𝑝 + 𝐹𝑟  (5.8) 

For the two-body rolling abrasion force 𝐹𝑝  along the tool-chip interface can be 

expressed as: 

 𝐹𝑝 = 𝑁𝑝 ∗ 𝐴𝑖 ∗ 3 ∗ 𝜎𝑦(𝑡𝑜𝑜𝑙) ∗ 𝑞 (5.9) 

The total number 𝑁𝑝 of the reinforced abrasive particles involved in the friction area 

between the tool edge and workpiece surface is 

 
𝑁𝑝 =

𝑉𝑝 ∗ 𝑎 ∗ 𝑐

𝜋 ∗ 𝑟𝑠2
 (5.10) 

The tool-workpiece contact area 𝐴𝑖 is 

 
𝐴𝑖 =

𝑟𝑠
2

2
∗ (

𝜋

180
∗ (2 ∗ 𝜃𝑝) − sin(2 ∗ 𝜃𝑝)) (5.11) 

where, the apex angle 𝜃𝑝  shown in Figure 5-8 can be illustrated as below. 

 
𝜃𝑝 = cos−1(1 −

𝛿𝑝

𝑟𝑠
) (5.12) 
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Figure 5-8 Abrasive particles and tool surface interaction 

For the three-body rolling friction force 𝐹𝑟, the force can be calculated using equation: 

 𝐹𝑟 = 𝜇3 ∗ 𝐹𝑁 (5.13) 

where, the friction coefficient 𝜇3 can be obtained from the following equation: 

 
𝜇3 =

𝑘𝑡
𝜋 ∗ 𝐻𝑡

∗ (
2 ∗ 𝑟𝑠
𝑟𝑔

)
2

∗ (1 − (1 − (
𝑟𝑔

2 ∗ 𝑟𝑠
)2)1/2) (5.14) 

where, 𝑟𝑔 is the depth of groove formed on the cutting tool surface due to the abrasive 

wear shown in Figure 5-8 and can be given by equation: 

 
𝑟𝑔 = √𝑟𝑠2 − (𝑟𝑠 − 𝛿𝑝)2 (5.15) 

The shearing stress 𝑘𝑡  for the cutting tool material has relationship with the yield 

strength of tool material 𝜎𝑦(𝑡𝑜𝑜𝑙) and the hardness of the tool 𝐻𝑡 that can be calculated 

with the following equation: 

 
𝑘𝑡 =

𝜎𝑦(𝑡𝑜𝑜𝑙)

2
=
𝐻𝑡
6

 (5.16) 

The fraction of reinforced particles along the tool-chip interface contributes to the total 

normal loading force. The normal loading force 𝐹𝑁 due to the particle fracture across 

the tool-workpiece contact area can be obtained with the following equation: 

 𝐹𝑁 = 𝐹𝑁1 ∗ 𝑁𝑝 ∗ 𝑞 (5.17) 

𝐴𝑖 
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where,  𝐹𝑁1 is the normal force for each fractured particles along the tool edge. Due to 

the abrasive property of reinforced particles, the normal cutting force leads to the plastic 

deformation on the cutting tool surface when the particles are sliding on the tool 

surface. Thus, the normal cutting force on the single abrasive particle can be illustrated 

with the following equation [240]: 

 𝐹𝑁1 = 2.9 ∗ 𝜋 ∗ 𝑟𝑒 ∗ 𝜎𝑦(𝑡𝑜𝑜𝑙) ∗ 𝛿𝑝 (5.18) 

In this equation, 𝛿𝑝 is the critical value of the relative penetration between MMCs and 

PCD tool. This value can be achieved from the following equation: 

 
𝛿𝑝 = (

9 ∗ 𝜋

4
)2 ∗ (

𝜎𝑦(𝑡𝑜𝑜𝑙)

𝑌0
)
2

∗ 𝑟𝑒 (5.19) 

where, 𝑌0 is the young’s modulus of tool-chip interface that can be obtained according 

to the initial young’s modulus of MMCs and PCD tool. 𝑌1  and 𝑌2  are the Young’s 

modulus of MMC and cutting tool respectively. 𝑣1 and 𝑣2 are the poison ratio of MMC 

and cutting tool respectively. Thus, the combined tool-chip interface condition can be 

considered with the equation (5.20) given as below. 

 1

𝑌0
=
(1 − 𝑣1)

2

𝑌1
+
(1 − 𝑣2)

2

𝑌2
 (5.20) 

Due to the nose radius effects, the developed equivalent cutting edge is applied in the 

micro milling process in order to replace the straight and round part of cutting edge by 

an equivalent straight cutting edge [242]. According to the equivalent cutting edge 

length, the actual depth of cut and actual feed rate, which represented by 𝑎 and 𝑐, can be 

given as below. The chip formed and flows on the rake face of cutting tools and its 

direction is assumed to be perpendicular to the equivalent cutting edge. Thus, the 

equivalent actual depth of cut 𝑎 and feed rate 𝑐 can be predicted in this situation as 

shown in the following equations respectively. 

 𝑎 =
𝑑

sin 𝜑′
 (5.21) 

 𝑐 =  𝑓 ∗ sin𝜑′ (5.22) 
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The depth of cut is varied form small value that smaller than the nose radius to a large 

value that larger than the nose radius, which results in the difference of approach angle. 

Thus, the actual approach angle for the equivalent cutting edge is given in Figure 5-6 as 

below: 

When the depth of cut is smaller than the tool nose radius, 

 

𝜑′ = cot−1(
√2 ∗ 𝑟𝑛 ∗ 𝑑 − 𝑑2 +

𝑓
2

𝑑
) ,  𝑑 < 𝑟𝑛 (5.23) 

When the depth of cut is larger than the tool nose radius, 

 
𝜑′ = cot−1(

𝑟𝑛 + 𝑓/2

𝑑
) , 𝑑 ≥ 𝑟𝑛 (5.24) 

5.2.3.2 Ploughing force in chip formation process 

In shearing region, the chip formation process is accompanied with the combination of 

shearing and ploughing phenomenon. Thus, the ploughing force is a critical force signal 

that affects the cutting mechanics and eventually increases the resultant cutting force. In 

addition, the ploughing area in this ploughing zone is constant. Therefore, according to 

the slip line field model, the ploughing force in chip formation process can be given as 

below: 

 

𝐹𝑡 = 𝜏𝑚 ∗ 𝑙 ∗ 𝑡𝑐𝑚𝑖𝑛  ∗ 𝑡𝑎𝑛 (
𝜋

4
+
𝛼

2
) (𝜃2 < 𝜃 ≤ 𝜃3) 

𝐹𝑐 = 𝜏𝑚 ∗ 𝑙 ∗ 𝑡𝑐𝑚𝑖𝑛 ∗ (1 +
𝜋

2
) ∗ 𝑡𝑎𝑛 (

𝜋

4
+
𝛼

2
) ∗ 𝑠𝑖𝑛 𝜗 (𝜃2 < 𝜃 ≤ 𝜃3) 

𝐹𝑎 = 𝜏𝑚 ∗ 𝑙 ∗ 𝑡𝑐𝑚𝑖𝑛 ∗ (1 +
𝜋

2
) ∗ 𝑡𝑎𝑛 (

𝜋

4
+
𝛼

2
) ∗ 𝑐𝑜𝑠 𝜗  (𝜃2 < 𝜃 ≤ 𝜃3) 

(5.25) 

5.2.3.3 Particle fracture and de-bonding force in chip formation process 

With the continually engagement of cutting tool on the workpiece, the fracture of 

reinforced particles accompanied with the displacement occur when the tool cutting 

edge meets the particles. The remained parts of particle are then abrasion on the cutting 

tool during the ploughing or de-bonding from the matrix material, removed from the 

machined surface on workpiece and leave voids. Due to the uniform average radius and 
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fabrication oriented normal distribution of reinforced particles located in the workpiece 

material, the interaction between the cutting edge and the particles can be seen as shown 

in Figure 5-9. The particles fracture force is given as below: 

 

𝐹𝑡 = 𝜇𝑆𝑖𝐶 ∗ 𝜋 ∗ 𝑟𝑠
2 ∗ (𝑙 ∗ 𝑝′/2 ∗ 𝑟𝑠) (𝜃2 < 𝜃 ≤ 𝜃3) 

𝐹𝑐 = 𝜇𝑆𝑖𝐶 ∗ 𝜋 ∗ 𝑟𝑠
2 ∗ (𝑙 ∗ 𝑝′/2 ∗ 𝑟𝑠)  ∗ 𝑡𝑎𝑛 𝜎 ∗ 𝑠𝑖𝑛𝜗 (𝜃2 < 𝜃 ≤ 𝜃3) 

𝐹𝑎 = 𝜇𝑆𝑖𝐶 ∗ 𝜋 ∗ 𝑟𝑠
2 ∗ (𝑙 ∗ 𝑝′/2 ∗ 𝑟𝑠)  ∗ 𝑡𝑎𝑛 𝜎 ∗ 𝑐𝑜𝑠 𝜗 (𝜃2 < 𝜃 ≤ 𝜃3) 

(5.26) 

where, 𝜇𝑆𝑖𝐶 is the specific stress of SiC particle fracture, 𝑝′ is the volume fraction of the 

particle involved in the workpiece along the cutting edge, 𝑟𝑠 is the average radius of the 

particle, 𝜃3 is rotation angle that tool approach out the workpiece as shown in Figure 5-

5 and 𝜎  is the angle between the resultant particle fracture force and the cutting 

direction. The angle 𝜎 is considered as the critical angle that demonstrates the direction 

of the resultant cutting force and the relationship between the tangential force and radial 

force. Thus, the angle 𝜎 is given as the equation [243] below: 

 𝜎 = 𝑠𝑖𝑛−1(
𝐻

2 ∗ 𝑟𝑠 + 2 ∗ 𝑟𝑒
) (5.27) 

where, 𝐻 is the height of the particle ploughing zone in the uncut chip of workpiece as 

shown in Figure 5-9. The equation and detailed illustration of 𝐻 is given as below: 

𝐻 =  𝑡𝑎𝑐 ,  𝑡𝑎𝑐 <  𝑡𝑚𝑖𝑛 

𝐻 = 𝑟𝑒 ∗ (1 + 𝑠𝑖𝑛 𝛼),  𝑡𝑎𝑐 ≥  𝑡𝑚𝑖𝑛 

(5.28) 

 

Figure 5-9 Height of the particle ploughing zone 

𝑟𝑠 
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The specific stress 𝜇𝑆𝑖𝐶 for the fracture of each reinforced SiC particle that represented 

by the fracture toughness 𝐾𝑐 that can be found from the Griffith formula and expressed 

as below: 

 𝜇𝑆𝑖𝐶 =
𝐾𝑐

√2 ∗ 𝑟𝑠
 (5.29) 

In addition, the total fracture energy of the particle 𝑈 can be calculated following the 

equation [244] below: 

 𝑈 = ∫(
(1 − 𝑣1

2)

𝑌1
) ∗ 𝜋 ∗ 𝜇𝑆𝑖𝐶

2 ∗ 𝜆 ∗ 𝑤 (5.30) 

where, 𝑣1 is the poison ratio of MMCs, 𝑌1 is the Young’s modulus of MMCs, 𝜆 is the 

initial interface crack length and 𝑤 is the initial interface crack width. 

The cutting force in shearing zone can be expressed as: 

𝐹𝑡 = 𝜏𝑠 ∗ 𝑎 ∗ 𝑐 ∗ 𝑠𝑖𝑛𝜃 ∗
cos(𝛽−𝛼)

sin ∅∗cos(∅+𝛽−𝛼)
+ 𝜏𝑚 ∗ 𝑙 ∗ 𝑡𝑐𝑚𝑖𝑛 ∗ tan (

𝜋

4
+

𝛼

2
) + 𝜇𝑆𝑖𝐶 ∗ 𝜋 ∗ 𝑟𝑠

2 ∗ (𝑙 ∗
𝑝′

2∗𝑟𝑠
)  

𝐹𝑐 = 𝜏𝑠 ∗ 𝑎 ∗ 𝑐 ∗ 𝑠𝑖𝑛𝜃 ∗
sin(𝛽−𝛼)

sin ∅∗cos(∅+𝛽−𝛼)
+ 𝜏𝑚 ∗ 𝑙 ∗ 𝑡𝑐𝑚𝑖𝑛 ∗ (1 +

𝜋

2
) ∗ tan (

𝜋

4
+

𝛼

2
) ∗ sin 𝜗  

          +𝜇𝑆𝑖𝐶 ∗ 𝜋 ∗ 𝑟𝑠
2 ∗ (𝑙 ∗ 𝑝′/2 ∗ 𝑟𝑠)  ∗ tan 𝜎 ∗ 𝑠𝑖𝑛𝜗  

𝐹𝑎 = 𝜏𝑚 ∗ 𝑙 ∗ 𝑡𝑐𝑚𝑖𝑛 ∗ (1 +
𝜋

2
) ∗ tan (

𝜋

4
+

𝛼

2
) ∗ cos 𝜗 + 𝜇𝑆𝑖𝐶 ∗ 𝜋 ∗ 𝑟𝑠

2 ∗ (𝑙 ∗
𝑝′

2∗𝑟𝑠
) ∗ tan 𝜎 ∗ cos 𝜗  

(5.31) 

Thus, the total cutting force in tangential, radial and axial directions can be expressed 

as: 

𝐹𝑡(𝑡𝑜𝑡𝑎𝑙) =

{
  
 

  
 

𝜀 ∗ 𝑑 ∗ 𝑓 ∗ 𝑠𝑖𝑛𝜃, (0 ≤ 𝜃 ≤ 𝜃1)

𝜏𝑚 ∗ 𝑙 ∗ 𝑓 ∗ 𝑠𝑖𝑛𝜃 ∗ tan (
𝜋

4
+

𝛼

2
) , (𝜃1 < 𝜃 ≤ 𝜃2)

𝜏𝑠 ∗ 𝑎 ∗ 𝑐 ∗ 𝑠𝑖𝑛𝜃 ∗
cos(𝛽−𝛼)

sin ∅∗cos(∅+𝛽−𝛼)
+ 𝜏𝑚 ∗ 𝑙 ∗ 𝑡𝑐𝑚𝑖𝑛 ∗ tan (

𝜋

4
+

𝛼

2
)

+𝜇𝑆𝑖𝐶 ∗ 𝜋 ∗ 𝑟𝑠
2 ∗ (𝑙 ∗ 𝑝′/2 ∗ 𝑟𝑠),

 (𝜃2 < 𝜃 ≤ 𝜃3)

  

𝐹𝑐(𝑡𝑜𝑡𝑎𝑙) =

{
 
 

 
 𝜀 ∗ 𝑑 ∗ 2 ∗ √𝑟𝑒

2 − (𝑟𝑒 − 𝑓 ∗ 𝑠𝑖𝑛𝜃)
2, (0 ≤ 𝜃 ≤ 𝜃1)

𝜏𝑚 ∗ 𝑙 ∗ 𝑓 ∗ 𝑠𝑖𝑛𝜃 ∗ (1 +
𝜋

2
) ∗ tan (

𝜋

4
+

𝛼

2
) ∗ sin 𝜗 , (𝜃1 < 𝜃 ≤ 𝜃2)

𝜏𝑠 ∗ 𝑎 ∗ 𝑐 ∗ 𝑠𝑖𝑛𝜃 ∗
sin(𝛽−𝛼)

sin ∅∗cos(∅+𝛽−𝛼)
+ 𝜏𝑚 ∗ 𝑙 ∗ 𝑡𝑐𝑚𝑖𝑛 ∗ (1 +

𝜋

2
) ∗ tan (

𝜋

4
+

𝛼

2
) ∗ sin 𝜗

+𝜇𝑆𝑖𝐶 ∗ 𝜋 ∗ 𝑟𝑠
2 ∗ (𝑙 ∗ 𝑝′/2 ∗ 𝑟𝑠)  ∗ tan 𝜎 ∗ 𝑠𝑖𝑛𝜗, (𝜃2 < 𝜃 ≤ 𝜃3)
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𝐹𝑎(𝑡𝑜𝑡𝑎𝑙)

=

{
 
 
 
 

 
 
 
 𝜀 ∗ [𝑟𝑒

2 ∗ sin−1 (
√𝑟𝑒

2 − (𝑟𝑒 − 𝑓 ∗ 𝑠𝑖𝑛𝜃)
2

𝑟𝑒
) − √𝑟𝑒

2 − (𝑟𝑒 − 𝑓 ∗ 𝑠𝑖𝑛𝜃)
2 ∗ (𝑟𝑒 − 𝑓 ∗ 𝑠𝑖𝑛𝜃)] , (0 ≤ 𝜃 ≤ 𝜃1)

𝜏𝑚 ∗ 𝑙 ∗ 𝑓 ∗ 𝑠𝑖𝑛𝜃 ∗ (1 +
𝜋

2
) ∗ tan (

𝜋

4
+
𝛼

2
) ∗ cos 𝜗 , (𝜃1 < 𝜃 ≤ 𝜃2)

𝜏𝑚 ∗ 𝑙 ∗ 𝑡𝑐𝑚𝑖𝑛 ∗ (1 +
𝜋

2
) ∗ tan (

𝜋

4
+
𝛼

2
) ∗ cos 𝜗

+𝜇𝑆𝑖𝐶 ∗ 𝜋 ∗ 𝑟𝑠
2 ∗ (𝑙 ∗

𝑝′

2 ∗ 𝑟𝑠
) ∗ tan 𝜎 ∗ cos 𝜗 , (𝜃2 < 𝜃 ≤ 𝜃3)

 

(5.32) 

 

The total cutting force in X and Y directions, which are parallel and vertical to the 

cutting speed direction respectively at the initial machining starting point, are shown in 

Figure 5-5 and the cutting force in three directions can be expressed in the following 

equation: 

 

𝐹𝑥 = 𝐹𝑡(𝑡𝑜𝑡𝑎𝑙) ∗  𝑐𝑜𝑠𝜃 + 𝐹𝑐(𝑡𝑜𝑡𝑎𝑙) ∗  𝑠𝑖𝑛𝜃  

𝐹𝑦 == −𝐹𝑡(𝑡𝑜𝑡𝑎𝑙) ∗ 𝑠𝑖𝑛𝜃 + 𝐹𝑐(𝑡𝑜𝑡𝑎𝑙) ∗ 𝑐𝑜𝑠𝜃; 

𝐹𝑧 = 𝐹𝑎(𝑡𝑜𝑡𝑎𝑙) 

(5.33) 

5.3 Dynamic cutting force simulation and analysis 

A series of micro milling simulations of the MMCs precision machining are carried out 

at varied cutting parameters and process variables. Figure 5-10 shows the predicted 

instantaneous dynamic cutting force in a complete cutting circle. The continuous cutting 

force by utilizing by using two straight flute PCD end mills with a common diameter of 

10 mm, a rake angle of 0
o
, a feed rate of 10 µm/tooth, a radial depth of cut of 10 mm 

and a axial depth of cut of 0.25 mm when machining 42% volume fraction SiC/Al 

MMCs with 5 µm particle grain size is demonstrated. This force curves present the 

whole cutting process including the elastic recovery zone, ploughing zone and shearing 

zone. The cutting force variation indicates that the cutting force in X and Y direction 

dramatically reach to the maximum value when each tooth approach in the workpiece. 

The cutting forces reach to a negative value comparing to the original force value at the 

end of the cutting process of each tooth. These force variations significantly affect the 

resultant surface form accuracy and surface roughness of final parts. Figures below 

show the prediction of cutting forces when machining under varied cutting conditions. 
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Figure 5-11 shows the predicted value of cutting forces when the feed rate changes. It 

can be observed that the cutting forces increase with the feed rate increases after the 

feed rate reaches the minimum chip thickness. In addition, the only cutting force 

amplitude changes at different feed rate. Figure 5-12 shows the influence of radial depth 

of cut on the predicted cutting force value and Figure 5-13 shows the predicted cutting 

forces at different axial depth of cut. Gathering the influence of DOC in axial and radial 

directions, it can be seen that cutting force can be significantly reduced when selecting 

small axial DOC. The smaller force variation means less influence on the form accuracy 

on the machined parts. Thus, the simulation result indicates that choose appropriate 

cutting DOC can contribute to the reduction of form error especially in micro cutting 

process and also increase the surface performance including the surface roughness and 

form accuracy. Figure 5-14 and Figure 5-15 show the influence of particles on the 

predicted cutting forces in various conditions. In Figure 5-14, the only difference on the 

cutting force is the amplitude of particle fracture force value when machining MMCs 

with different particle size. In Figure 5-15, it worth mentioning that the amplitude of 

particle fracture force and the frequency of cutting force circle are different. It can be 

observed that the volume fraction of reinforced particles has significant effects on the 

cutting forces distribution and variation. 

 

Figure 5-10 Predicted cutting forces for MMCs micro milling in X and Y directions 

respectively 

Fx Fy 
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(a) Influence of feed rate on MMCs cutting force Fx 

 

(b) Influence of feed rate on MMCs cutting force Fy 

Figure 5-11 Influence of feed rate on MMCs cutting forces 

 

(a) Influence of radial depth of cut on MMCs cutting force Fx 

 

 

(b) Influence of radial depth of cut on MMCs cutting force Fy 

Figure 5-12 Influence of radial depth of cut on MMCs cutting forces 



 

 115   

 

 

(a) Influence of axial depth of cut on MMCs cutting force Fx 

 

(b) Influence of axial depth of cut on MMCs cutting force Fy 

Figure 5-13 Influence of axial depth of cut on MMCs cutting forces 

 

Figure 5-14 Influence of particle radius on MMCs cutting forces in X and Y directions 

respectively 

 

Figure 5-15 Influence of particle volume fraction on MMCs cutting forces in X and Y 

directions respectively 
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Thus, an innovative investigation on the dynamic cutting force model in micro milling 

particle reinforced MMCs has been presented in this part. The MMCs cutting force 

model is improved and modified closely from the previous homogeneous material 

machining force model. The theoretical model appropriately demonstrates the detailed 

MMCs milling force amplitude and variation including the matrix material shearing 

force and particle fracture force through analytical expression. Simulations of cutting 

force values under varied process variables are conducted and suitable for general 

MMCs micro milling process. The simulation results indicate that feed rate, radial depth 

of cut, axial depth of cut, and also the particle size and volume fraction have 

significantly effects on the predicted cutting forces. In addition, the accurate prediction 

on dynamic cutting force can be further used to improve the resultant surface form 

accuracy and also reduce the surface roughness and form error by choosing the optimal 

process variables and cutting parameters in MMCs precision machining process. The 

evaluation and validation of dynamic cutting force model is conducted via well-

designed micro milling experiments in the following part. 

5.4 Actual tool trajectory and analytical chip thickness model 

Improved dynamic cutting force model in micro milling of MMCs has been 

demonstrated theoretically. However, the real tool position and tool tip trajectory need 

to be taken into consideration due to the runout of cutting tool cannot be ignored in 

micro cutting process [245]. As a result, the predicted chip thickness, which 

significantly affects the dynamic cutting forces, needs to be further modified by 

considering the tool runout. In order to accurately predict the dynamic cutting forces, 

new algorithm to determine the real chip thickness based on the real-time tool position 

and tool tip trajectory is proposed. 

The conventional chip thickness model that presents the chip thickness at different 

rotation angle is given as below: 

 ℎ(𝜃) = 𝑓 ∗ 𝑠𝑖𝑛𝜃 (5.34) 

where, ℎ(𝜃) is the uncut chip thickness, 𝑓𝑡  is the feed per tooth and 𝜃 is the position 

angle of tool tip from the beginning position of cutting as shown in Figure 5-5. Due to 

the existence of tool runout, which arising from the tooling dynamics, tool holder and 

manufacturing error, translation movement of the tool centre cannot be ignored in micro 
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milling. Thus, the actual position of cutting tool centre 𝑂′  can be expressed in the 

following equation by considering the tool runout: 

 

𝑥 = 𝑟𝑜 ∗ sin(𝜔 ∗ 𝑡 + 𝛼𝑜) + 𝑓 ∗ 𝑡/60 

𝑦 = 𝑟𝑜 ∗ cos(𝜔 ∗ 𝑡 + 𝛼𝑜) 

(5.35) 

where, 𝛼𝑜 is the initial runout angle of tool centre, 𝑟𝑜 is the cutting tool runout at the 

rotation angle of 𝜔 ∗ 𝑡. The tool tip rotation radius and real trajectory of tool tip can be 

then obtained based on the cutting tool tip radius; however, the actual rotation radius of 

cutting tool tip is changing along with the rotation angle of cutting tool by considering 

the tool rotation in workpiece coordinate system. Thus, the change of tool geometry 

brought by the runout is critical and the actual tool tip rotation radius can be expressed 

by given the nominal tool radius and tool runout as below: 

 𝑅′ = √𝑅0
2 + 𝑟𝑜2 − 2 ∗ 𝑅0 ∗ 𝑟𝑜 ∗ cos(2 ∗ 𝜋 ∗

𝐾 − 1

𝑁
− 𝛼𝑜) (5.36) 

where, 𝑅0 is the nominal radius of cutting tool, 𝐾 is the tool teeth number and 𝑁 is the 

numbers of tool teeth of the cutting tool. As a result, the real trajectory of tool tip 

represented by the tool tip position for this two flutes PCD end mill can be expressed as 

below. 

 

𝑥 = 𝑅′ ∗ sin (𝜔 ∗ 𝑡 + tan−1
𝑟𝑜 ∗ sin 𝛼𝑜

𝑅0 + (−1)(𝐾−1)(𝑟𝑜 ∗ cos 𝛼𝑜)
) + 𝑓 ∗ 𝑡/60 

𝑦 = 𝑅′ ∗ cos (𝜔 ∗ 𝑡 + tan−1
𝑟𝑜 ∗ sin 𝛼𝑜

𝑅0 + (−1)(𝐾−1)(𝑟𝑜 ∗ cos 𝛼𝑜)
) 

(5.37) 

In convention milling process, the nominal cutting tool rake angle is normally zero; 

however, the actual rake angle is different in micro milling by taking the tool runout 

into consideration. In term of real tool trajectory, the rake angle of cutting tool is always 

changing along with the tool rotation angle. In addition, when the angle between the 

first tooth and the k
th

 tooth is smaller than 𝛼𝑜 or larger than 𝛼𝑜 + 𝜋, the rake angles at 

these tooth are positive; when the angle between the first tooth and the k
th

 tooth is larger 

than 𝛼𝑜 while smaller than 𝛼𝑜 + 𝜋, the rake angles at these tooth are negative. Thus, the 

rake angle in each position according to the rotation angle can be calculated from the 

following equations. 
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Figure 5-16 Cutting tool runout in MMCs micro milling 

The angle between the first tooth and the k
th

 tooth is smaller than 𝛼𝑜 or larger than 

𝛼𝑜 + 𝜋, the rake angle at the k
th

 tooth will be: 

 𝛼𝑐 = cos
−1(

𝑅′
2
+ 𝑅0

2 − 𝑟𝑜
2

2 ∗ 𝑅′ ∗ 𝑅0
) (5.38) 

The angle between the first tooth and the k
th

 tooth is larger than 𝛼𝑜 while smaller than 

𝛼𝑜 + 𝜋, the rake angle at the k
th

 tooth will be: 

 𝛼𝑐 = −cos
−1(

𝑅′
2
+ 𝑅0

2 − 𝑟𝑜
2

2 ∗ 𝑅′ ∗ 𝑅0
) (5.39) 

Considering the real cutting condition that cutting tool keep approaching on the 

direction of cutting feed rate, the real tool trajectory is more complicated. In term of the 

actual chip thickness, the largest chip thickness is located at the rotation angle larger 

than 90 degree due to the continue feed of cutting tool. In addition, the point that tool 

approach in to the workpiece is located at the rotation angle smaller than 0 degree and 

tool approach out from the workpiece is located at the rotation angle larger than 180 

degree. Thus, the chip formation particularly for the chip thickness at each position of 

tool tip in this research can be demonstrated in Figure 5-17 and the actual chip thickness 

can be expressed as below. 

𝑅0 
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Figure 5-17 Real tool tip trajectory in micro milling 

The instantaneous chip thickness 𝑡𝑐 is given by: 

 𝑡𝑐 = 𝐻𝐽 − 𝐻𝐼 (5.40) 

where, H is the tool centre at the j path of cutting tool, I is the edge coordinate at the j-1 

path and J is the edge coordinate at the j path. Considering the tool run out, feed rate 

and also the material recovery, the actual chip thickness in the micro milling process at 

different rotation angle can be expressed as below: 

 

𝑥𝑎𝑐𝑡 = 𝑥𝐽 − 𝐾0 ∗
𝑡𝑐
𝑅′
∗ (𝑥𝐽 − 𝑥𝐻) 

𝑦𝑎𝑐𝑡 = 𝑦𝐽 − 𝐾0 ∗
𝑡𝑐
𝑅′
∗ (𝑦𝐽 − 𝑦𝐻) 

(5.41) 

where, 𝐾0 is the material recovery constant. 𝐾0 = 1, when the chip thickness is smaller 

than the elastic recovery thickness; 𝐾0 = 𝜀 , when the chip thickness is larger than 

elastic recovery zone while less than minimum chip thickness and 𝜀  is the elastic 

recovery rate; In these two situations, workpiece material only undergoes elastic and 

plastic deformation, while no material has been removed. The residual material will be 

cut during the next tool path. However, this process may be repeated several times 

without material removal and chips formation will be occurred only until the 

accumulated chip thickness is larger than the material minimum chip thickness. 𝐾0 = 0, 

when the chip thickness is larger than minimum chip thickness. This means the actual 

chip thickness generated is equal to the predicted chip thickness. Thus, the actual chip 
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thickness is illustrated according to the actual cutting radius and can be expressed as 

below: 

 

𝑥𝑎𝑐𝑡 = 𝑥𝐽 − 𝐾0 ∗
𝑡𝑐

√𝑅0
2 + 𝑟𝑜

2 − 2 ∗ 𝑅0 ∗ 𝑟𝑜 ∗ cos(2 ∗ 𝜋 ∗
𝐾 − 1
𝑁 − 𝛼𝑜)

∗ (𝑥𝐽 − 𝑥𝐻) 

𝑦𝑎𝑐𝑡 = 𝑦𝐽 − 𝐾0 ∗
𝑡𝑐

√𝑅0
2 + 𝑟𝑜

2 − 2 ∗ 𝑅0 ∗ 𝑟𝑜 ∗ cos(2 ∗ 𝜋 ∗
𝐾 − 1
𝑁

− 𝛼𝑜)

∗ (𝑦𝐽 − 𝑦𝐻) 

(5.42) 

Therefore, the actual chip thickness is given by: 

 𝑡𝑎𝑐𝑡 = √(𝑥𝑎𝑐𝑡(𝐽) − 𝑥𝑎𝑐𝑡(𝐼))2 + (𝑦𝑎𝑐𝑡(𝐽) − 𝑦𝑎𝑐𝑡(𝐼))2 (5.43) 

In real material removal and chip formation process, a threshold is defined as the chip 

formation starts. The algorithm stops when the absolute value becomes larger than the 

threshold. The chip formation procedures and actual chip thickness prediction are 

illustrated in Figure 5-18. 

 

Figure 5-18 Chip formation procedures and actual chip thickness prediction 

5.5 Experimental evaluation and validation 

In the previous part, an improved theoretical dynamic cutting force model in metal 

micro milling particulate MMCs has been presented. By further considering the effects 

of cutting tool dynamic run-out, actual chip thickness and tool tip trajectory, the 

innovative expression on dynamic cutting force is evaluated and validated 
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comprehensively in this section. Well-designed cutting trials are carried out under 

different cutting parameters in order to verify the force model. In addition, run-out of 

cutting tool and spindle-workpiece vibrations are measured during the machining 

processes to ensure the accuracy of evaluation and validation. 

5.5.1 Experimental set-up  

Figure 5-19(a) illustrates the schematic of the micro milling experimental set-up. The 

experiments are conducted on a KERN HSPC 2825 micro milling machine featuring 

high accuracy, high precision and high dynamic performance. This enables the dynamic 

effects of the machine tool and cutting tool can be reduced to a minimum during the 

machining processes. Al2024/SiC/45p workpiece are performed in these experiments. 

Figure 5-19(b) shows the micro-structure of MMCs. The SiC particles with 5 µm grain 

size are evenly distributed in the matrix materials. Due to the high volume fraction of 

reinforced particles and their extremely high abrasive properties, polycrystalline 

diamond tools are performed better than other tools consistently and widely applied in 

MMCs machining. Two straight flutes PCD end mill with a diameter of 10 mm and a 

cutting edge radius around 1.7 µm as shown in Figure 5-19(c) are performed in the 

experimental work. In order to monitor the machine vibration and identify the dynamic 

response of tool and workpiece system, a MicroSense 5810 capacitance sensor and a 

PCB 352C33 piezotronics accelerometer are mounted on the spindle and workpiece 

respectively during micro milling processes. 

5.5.2 Experimental procedures 

Since the influence of radial depth of cut on surface integrity is found to be negligible 

[246], three mainly machining parameters including milling speed, feed rate and axial 

depth of cut are chosen as independent variables that significantly affect the machined 

surface roughness. In order to consider the interaction effect of these three factors, the 

L27 (3
3
) full factorial experiments are conducted. The process parameters used for these 

experiments are shown in Table 5-1. In the micro milling experiments, only one of the 

machining parameters is varied while the others are holding constant in order to observe 

the effect and contribution of input parameter. Side milling with a constant radial depth 

of cut of 3 mm is performed in these cutting trials. In addition, cutting tool and 

machined surface are perpendicular. The experimental trials are conducted under dry 

cutting condition and only air below is applied. The machined surface roughness, 



 

 122   

 

surface profile and topographical features are measured and adopted by using the 

ZYGO New View 5000 white light interferometer and a scanning electron microscope 

(SEM) with excellent precision and accuracy. Measurements of surface roughness are 

undertaken in feed direction and the average value of machined surface roughness at 

five different locations under each set of milling conditions is captured for further 

analysis in order to reduce the measurement uncertainty and assess repeatability. 

  

 

Figure 5-19 Experimental set-up for precision milling process 

Table 5-1 Levels of independent process parameters 

Process parameters 
Levels 

1 2 3 

Spindle speed, s (rpm) 3,000 6,000 9,000 

Cutting speed, v (m/min) 94.248 188.496 282.743 

Feed rate, f (µm/rev) 5 10 20 

Axial depth of cut, ap (µm) 70 150 250 

Workpiece material: Al/SiC/45p; Cutting condition: dry 

 

 

(b) (a) 

(c) 

re = 3.35 µm 
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5.5.3 Model calibration 

Cutting forces in the experiments are measured and collected by using the dynamometer 

at the highest sampling rate of 51.2 KHz. This high sampling rate is enable to 

accommodate most of the dynamic characteristic in MMCs micro cutting process. The 

workpiece, which is fixed on the dynamometer via a fixture, will significantly change 

the dynamic response of the dynamometer. In order to achieve the measured cutting 

force more accurate, the transfer function from workpiece to the dynamometer has been 

identified during the micro milling process. The transfer function that represents the 

dynamic force response indicates that the force signal response has different value at 

varied frequency. Thus, a hammer test at three directions is introduced and performed to 

obtain the altered transfer function from workpiece to dynamometer, and the collected 

cutting forces signals are compensated by applying an extended transfer function. 

5.5.3.1  Natural frequency and machine vibration 

The natural frequency and machine vibration for this MMCs micro milling system has 

been identified in each direction. Figure 5-20 below shows the experimental 

configuration. From the frequency response results shown in Figure 5-21, the frequency 

at which system vibration is close to zero is observed as the optimal one. The optimal 

parameters are selected to minimise the vibration of machining system itself. The 

measure of vibrations in each direction is used to compensate the measured real time 

cutting force. 

 

Figure 5-20 Experimental configurations 
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Figure 5-21 Natural frequency of machining system 

5.5.3.2 Tool runout 

The previous researches on the MMCs micro cutting forces indicate that the run-out of 

micro cutter is always unavoidable. The total net runout of cutting tool at different 

position is measured on the tool tip in order to calibrate the cutting force model. Tool 

manufacturing error, cutting tool dynamic error and alignment error are the main factors 

that affect the total tool runout value. The manufacturing error is measured by 

introducing the offline measurement with TESA-200 microscope and validated by using 

capacitive sensor MicroSense 5810 at extremely low spindle speed condition. The 
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cutting tool dynamic error is measured by using capacitive sensor at the spindle speed 

same to that used in experiments. In term of the alignment error, parallel tool offset 

error and tilt error are observed in the previous experimental research. Due to the depth 

of cut adopted is relative small in micro milling experimental trials, the effect of tilt 

error on the tool runout value is small. However, the parallel tool offset is significant. 

Thus, the alignment error is measured by using capacitive sensor during the MMCs 

micro milling process. The set-up for measurement of cutting tool runout is shown in 

Figure 3-5. 

5.5.3.3 Machining system frequency response function 

In order to determine the system dynamic characteristics in three cutting directions, the 

above mentioned hammer test is performed by using an impact hammer 9722A500 with 

hard steel head. The experimental configuration is illustrated in Figure 5-22. The pulse-

form input signal with short duration time generated by impact hammer which contains 

wide range frequency and the response output signal on dynamometer are shown in 

Figure 5-23.  

 

Figure 5-22 Experimental configurations 

The curve fitted frequency response function (FRF) shown in Figure 5-24 performs 

spike at its natural frequency. This indicates that the measured signal is not the real 

force signal and has been amplified or diminished in this complicated measuring 

system. Thus, the compensation of measured force by introducing the transfer function 

is critical to achieve the actual cutting force value. 
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(a) System output and input signals in X axis 

 

(b) System output and input signals in Y axis 

(N) 

(S) 

(N) 

(N) 

(N) 

(S) 

(S) 

(S) 
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(c) System output and input signals in Z axis 

Figure 5-23 System input and output signals in three directions 

 

(a) System frequency response in X axis 

(S) 

(S) 

(N) 

(N) 
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(b) System frequency response in Y axis 

 

(c) System frequency response in Z axis 

Figure 5-24 System frequency response in three directions 
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The transfer function from hammer to dynamometer stands for the actual force converts 

to the measured force. This is represented by a function of frequency H(s) in Laplace 

form which demonstrates the dynamic characteristics of this machining system. In order 

to achieve the actual forces from measured forces, a disturbance Kalman filter which 

acts as an inverse form transfer function H
-1

(s) is reconstructed shown as below. 

 

Figure 5-25 Schematic diagram of the cutting force measuring system 

Thus, according to the machining system transfer function, the inverse form transfer 

function in x, y and z directions are estimated and given as below respectively. 

The transfer function in x direction is derived as: 

𝑡𝑓𝑥

=
0.8522𝑠10 + 1731𝑠9 + 7.267𝑒5𝑠8 + 3.165𝑒8𝑠7 + 9.3888𝑒10𝑠6 + 2.604𝑒12𝑠5 + 3.3𝑒13𝑠4 + 2.712𝑒14𝑠3 + 1.276𝑒15𝑠2 + 2.197𝑒15𝑠 − 9.399𝑒14

𝑠10 + 638.5𝑠9 + 6.999𝑒5𝑠8 + 1.974𝑒8𝑠7 + 9.16𝑒10𝑠6 + 2.447𝑒12𝑠5 + 3.822𝑒13𝑠4 + 2.867𝑒14𝑠3 + 1.791𝑒15𝑠2 + 3.159𝑒15𝑠 + 1.081𝑒15
 

(5.44) 

10 poles and 10 zeros are presented in this transfer function to demonstrate the 

complexity of dynamic characteristics. The transfer functions contains large scale 

coefficients in other directions are achieved in the similar methods shown as below. 

The transfer function in y direction is derived as: 

𝑡𝑓𝑦

=
0.6948𝑠6 + 2604𝑠5 + 4.982𝑒7𝑠4 + 7.352𝑒10𝑠3 + 6.882𝑒14𝑠2 + 2.012𝑒17𝑠 + 1.214𝑒21

𝑠6 + 2109𝑠5 + 5.728𝑒7𝑠4 + 5.693𝑒10𝑠3 + 7.373𝑒14𝑠2 + 1.682𝑒17𝑠 + 1.269𝑒21
 

(5.45) 

The parameterisation shows this continuous-time identified transfer function has 6 poles 

and 6 zeros. 

The transfer function in z direction is derived as: 
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 𝑡𝑓𝑧 =
1.07𝑠4 + 2.136𝑒4𝑠3 + 3942𝑠2 + 1.024𝑒8𝑠 + 3.539𝑒8

𝑠4 + 2.102𝑒4𝑠3 + 1.444𝑒5𝑠2 + 1.015𝑒8𝑠 + 5.782𝑒8
 (5.46) 

The parameterisation shows this continuous-time identified transfer function has 4 poles 

and 4 zeros. 

5.5.4 Model validation  

Applying the frequency response function, the compensated cutting forces are more 

accurate to present the actual forces in MMCs precision machining process. The 

compensated cutting forces at varied cutting parameters are shown in figures below. 

The effectiveness of introduced functions is also shown in these figures by comparing 

the predicted and measured dynamic milling forces. 

 

(a) feed rate: 10 µm/rev, depth of cut: 0.25 mm, cutting speed: 282.743 m/min 
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(b) feed rate: 20 µm/rev, depth of cut: 0.25 mm, cutting speed: 282.743 m/min 

 

(c) feed rate: 20 µm/rev, depth of cut: 0.25 mm, cutting speed: 188.496 m/min 

Figure 5-26 Measured and compensated forces in X axis 
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(a) feed rate: 10 µm/rev, depth of cut: 0.25 mm, cutting speed: 282.743 m/min 

 

(b) feed rate: 20 µm/rev, depth of cut: 0.25 mm, cutting speed: 282.743 m/min 
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(c) feed rate: 20 µm/rev, depth of cut: 0.25 mm, cutting speed: 188.496 m/min 

Figure 5-27 Measured and compensated forces in Y axis 

 

(a) feed rate: 10 µm/rev, depth of cut: 0.25 mm, cutting speed: 282.743 m/min 
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(b) feed rate: 20 µm/rev, depth of cut: 0.25 mm, cutting speed: 282.743 m/min 

 

(c) feed rate: 20 µm/rev, depth of cut: 0.25 mm, cutting speed: 188.496 m/min 

Figure 5-28 Measured and compensated forces in Z axis 
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From the distinct differences between measured force and compensated force shown in 

these figures, it can be observed that the cutting force magnitude at each time point 

reduced or increase after compensation. This indicates the value of measured cutting 

forces have been amplified or minified during the forces measuring process. In this 

research, all the measured cutting forces in the machining process including micro 

milling and precision turning are compensated according to this method and technique 

for accurate prediction and analysis. As the accuracy of compensated actual cutting 

force is strongly depended on the identified transfer function, the impact hammer and 

dynamometer should contain high accuracy and high sampling rate with high frequency 

response. On the other hand, the actual cutting forces at different cutting positions 

should be compensated by different transfer functions via multiple hammer tests.  

The experiments are conducted under varied cutting parameters as shown in Table 5-1, 

the validation of dynamic cutting force model is carried out under these parameters by 

comparing the simulated cutting forces and compensated cutting forces. Power spectral 

density (PSD) represents the power present in the force signal as a function of frequency 

is also carried out. Figures below plot the predicted cutting force from simulation and 

measured cutting force from micro milling experiment at varied cutting conditions. 

These show a good agreement on cutting force vibration characteristics. This model is 

able to predict the magnitude and evolution of real cutting force.  

 

(a1) Predicted and measured cutting force in X direction 
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(a2) Power spectrum of Fx 

 

(b1) Predicted and measured cutting force in Y direction 
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(b2) Power spectrum of Fy 

Figure 5-29 Comparison between simulated and experimental forces in MMCs 

machining at feed rate: 10 µm/rev, depth of cut: 0.25 mm, cutting speed: 282.743 m/min 

 

(a1) Predicted and measured cutting force in X direction 
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(a2) Power spectrum of Fx 

 

(b1) Predicted and measured cutting force in Y direction 
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(b2) Power spectrum of Fy 

Figure 5-30 Comparison between simulated and experimental forces in MMCs 

machining at feed rate: 20 µm/rev, depth of cut: 0.25 mm, cutting speed: 282.743 m/min 

 

(a1) Predicted and measured cutting force in X direction 
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(a2) Power spectrum of Fx 

 

(b1) Predicted and measured cutting force in Y direction 
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(b2) Power spectrum of Fy 

Figure 5-31 Comparison between simulated and experimental forces in MMCs 

machining at feed rate: 20 µm/rev, depth of cut: 0.25 mm, cutting speed: 188.496 m/min 

In general case, dominate cutting system vibration and force difference occur when the 

cutting force component experience the tooth passing frequency (TPF) and its 

harmonics. In turn, the vibration will result in the significant change of dynamic cutting 

forces. Thus, the amplitude of vibration and the influence of tool displacement on the 

dynamic cutting force can be minimised and undistinguished by considering the tool 

natural frequency and tool passing frequency. As a result, the predicted and measured 

forces after compensation perform consistency as shown in these cutting force figures. 

The milling force signals shown in Figure 5-29 to Figure 5-31 indicate that the 

predicted force value and force variation performs a reasonable agreement with the 

measured force value under varied cutting parameters in MMCs micro milling. Only 

slightly difference can be found on the force fluctuation in tool-material interacting 

process. The inconsistency and difference between simulated forces and measured 

forces at each time point can be attributed to the vibration of machining system in each 

direction that has been measured in section 5.5.3.1. However, it can be observed that the 
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measured force at uncut region is not zero and continue reduced force variation occurs. 

This is due to the unavoidable vibration between cutter and hard particles reinforced 

workpiece. Also, the attachment on the cutting tool may continue scratching the 

workpiece material and cause the further fluctuation of cutting force. In addition, the 

heterogeneous properties of MMCs workpiece and brittle character of reinforced 

particles may excite the vibrations between cutter and workpiece that result in the large 

force vibrations. Moreover, a significant difference between predicted and measured 

forces will be observed when a distinguished vibration or chatter is excited. While it is 

worth mentioning that there are some differences at various time points in cutting 

regions. This can be attributed to the unique size and unique distributions of reinforced 

particles. The differences on force magnitudes and force fluctuations are also influenced 

by the sampling frequency limitation and also the initial position and vibrations of 

cutting tools. Due to the large volume fraction of reinforced particles inside the matrix 

material, around 40 particles states between two signal time point. Thus, the slightly 

dislocation of particles may results in large force difference in real micro cutting 

process. These are the main reasons for severe vibration and further the distinguished 

inconsistency between the predicted forces and measured forces. 

5.6 Concluding remarks 

In this chapter, a theoretical analytical dynamic cutting force model generated in 

particle reinforced MMCs precision machining process is investigated and developed. 

This innovative dynamic cutting force model is presented by further considering the 

effects of unavoidable cutting tool run-out, actual chip thickness and tool tip trajectory. 

The expression on dynamic cutting force and its experimental evaluation and validation 

are aimed to further develop the scientific understanding on MMCs cutting mechanics 

and machinability. The detailed conclusions can be drawn as follows: 

1. The MMCs dynamic cutting force model is improved and modified closely from 

the previous homogeneous material machining force model. The theoretical model 

appropriately demonstrates the detailed MMCs milling force variation including 

the matrix material shearing force and particle fracture force through analytical 

expression. 

2. Cutting force values under varied process variables are conducted and suitable for 

general MMCs micro milling process. The simulation results indicate that feed 
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rate, radial depth of cut, axial depth of cut and also the particle size and volume 

fraction have significantly effects on the predicted cutting force variation. 

3. Evaluation and validation of dynamic cutting force model is carried out through 

well-designed experimental trials. The measured forces are compensated via 

hammer-dynamometer test determined transfer function. The force model has a 

good agreement with the measured force value in MMCs micro milling process, 

when the system vibration is faint. The vibration is unavoidable and force 

component at TPF and machine natural frequency may increase the vibration of 

cutting system. 

4. The accurate prediction on dynamic cutting force can be further used to improve 

the resultant surface form accuracy and also reduce the surface roughness and 

form error by choosing the optimal process variables and cutting parameters in 

MMCs precision machining.  
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Chapter 6 Thermal-mechanical-tribological multiphysics 

analysis on tool wear and tool performance 

6.1 Cutting temperature partition in MMCs precision machining 

6.1.1 Estimation of heat generation in MMCs precision machining process 

The heat generated at the cutting zone and the resultant cutting temperature are of great 

importance in MMCs precision machining process due to their significant influence on 

the cutting force magnitude, machined surface properties, tool-workpiece friction, 

resultant tool wear and tool life, surface and sub-surface generation and energy 

consumption. The involved thermal-mechanical-tribological coupled interaction 

between cutting tool and target composite material significantly affect the cutting solid 

mechanics, heat transfer, material physical and mechanical properties etc. Although 

SiC/Al and B4C/Al MMCs contain low sensitivity to the heat generated during the 

micro machining due to their specific high heat conductivity, the influence of heat 

generation and resultant cutting temperature on the mechanical aspects such as tool 

wear and cutting force are still significant. Therefore, it is essential to develop a 

scientific understanding on the heat generation, heat distribution and their associate 

influence particularly on cutting force and tool wear in MMCs precision machining. 

The critical heat generation in MMCs precision machining can be observed as the heat 

generated and dissipated at five areas around tool-workpiece interface as depicted in 

Figure 6-1.  

 

Figure 6-1 Heat generation in MMCs precision machining 
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The first heat source is the heat generated at the shear plane. The resultant heat in this 

zone will flow into the workpiece and chip. The second one is generated by the chip 

formation at the tool-chip contact surface. The converted heat source in this area will 

partly transfer to the tool-chip interaction point on the workpiece. The rest will transfer 

to chip and cutting tool respectively. The third one is the friction heat generated at the 

tertiary shear zone. In this area, the heat will partly transfer to the workpiece and tool 

body and the rest will transfer into the ambient environment. The fourth one is 

generated by friction between the tool and workpiece material at the material separate 

zone in sliding and chip formation direction respectively. One occurs at the tool-chip 

interface and the other one occurs at the tool-remain surface interface. The last heat 

source is the material deformation heat generated at the material deformation zone. The 

cutting energy results from the elastic and plastic deformation in this area will totally 

convert into heat source in the workpiece. Therefore, the resultant cutting temperature 

can be determined by the heat source which contains uniform heat flux distribution. It 

can be illustrated by introducing the temperature rise theory. The cutting energy 

consumption during the MMCs precision machining process can be obtained from the 

sum of Q1-5, which is the cutting energy consumption in these five zones respectively as 

shown in Figure 6-1. While, the energy generated from tool and workpiece interaction 

will not completely convert to heat, thus, the actual cutting heat generation and resultant 

cutting temperature in each zone can be demonstrated as follows. 

(1) Shear plane temperature in the primary shear zone 

According to the analytical model from previous research by Shaw [247], the cutting 

temperature generated at the primary shear zone in micro machining process can be 

illustrated from the shear energy aspects. The conventional cutting temperature 

analytical method for the evaluation of the metal cutting is contributed by Trigger and 

Chao. Their theory determines the average chip temperature arise that influenced by the 

heat source at the shear plane. Thus, in MMCs precision machining process, the average 

cutting temperature of chip and workpiece on the shear plane can be modified and 

expressed as below: 

 
𝑇𝑠−𝑐ℎ𝑖𝑝1̅̅ ̅̅ ̅̅ ̅̅ ̅̅ =

𝑅1 ∗ 𝑞1 ∗ (𝑡𝑐 ∗ 𝑑 ∗ csc ∅)

𝐶1 ∗ 𝜌1 ∗ 𝑉 ∗ 𝑡𝑐 ∗ 𝑑
+ 𝑇0 (6.1) 
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𝑇𝑠−𝑤𝑜𝑟𝑘𝑝𝑖𝑒𝑐𝑒1̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ = 0.754 ∗
(1 − 𝑅1) ∗ 𝑞1 ∗

(𝑡𝑐 ∗ csc ∅)
2

𝑘 ∗ √𝐿1
+ 𝑇0 (6.2) 

Thus, the cutting temperature can be written as: 

 
𝑇𝑠−𝑐ℎ𝑖𝑝1̅̅ ̅̅ ̅̅ ̅̅ ̅̅ =

𝑅1 ∗ 𝑞1 ∗ csc ∅

𝐶1 ∗ 𝜌1 ∗ 𝑉
+ 𝑇0 = 𝑅1 ∗ 𝑞1 ∗ 𝑖1 + 𝑇0 

 

(6.3) 

 

𝑇𝑠−𝑤𝑜𝑟𝑘𝑝𝑖𝑒𝑐𝑒1̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ = 0.754 ∗
(1 − 𝑅1) ∗ 𝑞1 ∗

(𝑡𝑐 ∗ csc ∅)
2

𝑘 ∗ √𝐿1
+ 𝑇0

= (1 − 𝑅1) ∗ 𝑞1 ∗ 𝑖2 + 𝑇0 

(6.4) 

where,  

 
𝑖1 =

csc ∅

𝐶1 ∗ 𝜌1 ∗ 𝑉
 (6.5) 

 
𝑖2 = 0.754 ∗

(𝑡𝑐 ∗ csc ∅)

2 ∗ 𝑘 ∗ √𝐿1
 (6.6) 

where, k is the thermal conductivity of workpiece, 𝑅1 ∗ 𝑞1  and (1 − 𝑅1) ∗ 𝑞1  are the 

heat per unit time per unit area that left on the chip and workpiece in the shear zone 

respectively, tc is the uncut chip thickness, T0 is the initial temperature in the cutting 

zone, 𝐶1 ∗ 𝜌1  is the volume specific heat at the mean temperature; where 𝐶1  is the 

specific heat capacity and 𝜌1 is the density. The heat flows from the shear zone per unit 

time per unit area 𝑞1 can be expressed as below: 

 
𝑞1 =

𝐹𝑠 ∗ 𝑉𝑠
𝐽 ∗ 𝑡𝑐 ∗ 𝑑 ∗ csc ∅

 (6.7) 

The cutting temperature on the chip and workpiece at the contact area should be equal, 

thus, the resultant cutting temperature can be expressed as: 

 𝑇𝑠−𝑐ℎ𝑖𝑝̅̅ ̅̅ ̅̅ ̅̅ ̅ = 𝑇𝑠−𝑤𝑜𝑟𝑘𝑝𝑖𝑒𝑐𝑒̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ (6.8) 
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𝑅1 =

1

1 +
𝑖1
𝑖2

 
(6.9) 

The value of 𝑅1 is modified and calculated from the following equations. According to 

the theory of Loewen and Shaw, the dimensionless velocity parameter 𝐿1 is defined as 

follow in this precision machining process: 

 

𝐿1 =
𝑉𝑠 ∗ (

𝑡𝑐 ∗ csc ∅
2 )

2 ∗ 𝐾1
=
𝑉 ∗ 𝑔 ∗ 𝑡𝑐
4 ∗ 𝐾1

 (6.10) 

Therefore, 𝑅1 can be written as: 

 
𝑅1 =

1

1 + 1.328 ∗ √
𝐾1 ∗ 𝑔
𝑉 ∗ 𝑡𝑐

 
(6.11) 

where, 𝐾1 is the thermal diffusivity of the workpiece material and 𝑔 is the strain in the 

chip. Therefore, the chip and workpiece temperature at the shear zone can be expressed 

as below: 

 

𝑇𝑠−𝑐ℎ𝑖𝑝1̅̅ ̅̅ ̅̅ ̅̅ ̅̅ =

1

1 + 1.328 ∗ √
𝐾1 ∗ 𝑔
𝑉 ∗ 𝑡𝑐

∗
𝐹𝑠 ∗ 𝑉𝑠 ∗ 𝑉 ∗ sin∅

𝐽 ∗ csc ∅

𝐶1 ∗ 𝜌1 ∗ 𝑉
+ 𝑇0 

𝑇𝑠−𝑤𝑜𝑟𝑘𝑝𝑖𝑒𝑐𝑒1̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅

= 0.754

∗

(1 −
1

1 + 1.328 ∗ √
𝐾1 ∗ 𝑔
𝑉 ∗ 𝑡𝑐

) ∗
𝐹𝑠 ∗ 𝑉𝑠 ∗ 𝑉 ∗ sin ∅

𝐽 ∗
(𝑡𝑐 ∗ csc∅)

2

𝑘 ∗ √𝐿1
+ 𝑇0 

(6.12) 

 (2) Tool-chip interface temperature in the secondary shear zone 

The friction between the contact surfaces of cutting tool and chip are observed as 

another heat source in MMCs precision machining. The resultant cutting temperature 

generated on the chip and tool surfaces in the secondary shear zone can be illustrated 

from the shear energy aspects as below: 
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𝑇𝑠−𝑐ℎ𝑖𝑝2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ =
0.754 ∗ 𝑅2 ∗ 𝑞2 ∗

𝑎𝑖1
2

𝑘 ∗ √𝐿2
+ 𝑇0

′ 

𝑇𝑠−𝑡𝑜𝑜𝑙1̅̅ ̅̅ ̅̅ ̅̅ ̅̅ =
(1 − 𝑅2) ∗ 𝑞2 ∗ 𝑎𝑖1

𝑘′
∗ �̅� + 𝑇0

′′ 

(6.13) 

where, 𝑅2 ∗ 𝑞2 , (1 − 𝑅2) ∗ 𝑞2 are the heat per unit time per unit area that left on the 

chip and cutting tool in the tool-chip interaction zone. 𝑇0
′ is the initial temperature in 

the tool-chip interaction surface, . 𝑇0
′ = 𝑇𝑠−𝑐ℎ𝑖𝑝1̅̅ ̅̅ ̅̅ ̅̅ ̅̅ .  𝑇0

′′ is the initial ambient temperature 

of the cutting tool, where in this MMCs micro milling process, 𝑇0
′′  =𝑇0 . 𝑘′  is the 

thermal conductive of the cutting tool material. �̅� is the area factor, which is a function 

of the aspect ratio of the surface area represented by 𝑚/𝑙. The value of �̅� can be found 

according to the aspect ratio 𝑚/𝑙 in the following equation. 

 𝑚

𝑙
=

𝑑

2 ∗ 𝑎𝑖1
 (6.14) 

where, d is the width of chip and 𝑎𝑖1 is the chip contact length in the cutting direction. 

The initial chip temperature is 

 𝑇0
′ = 𝑇𝑠−𝑐ℎ𝑖𝑝1̅̅ ̅̅ ̅̅ ̅̅ ̅̅  (6.15) 

Due to the cutting temperature on the chip and tool should be equal, the resultant cutting 

temperature can be expressed as: 

 𝑇𝑠−𝑐ℎ𝑖𝑝2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ = 𝑇𝑠−𝑡𝑜𝑜𝑙1̅̅ ̅̅ ̅̅ ̅̅ ̅̅  

𝑅2 =
1 +

𝑇0 − 𝑇𝑠−𝑐ℎ𝑖𝑝1̅̅ ̅̅ ̅̅ ̅̅ ̅̅

𝑞2 ∗ 𝑖4

1 +
𝑖3
𝑖4

 

(6.16) 

The dimensionless velocity parameter 𝐿2 is defined as below: 

 

𝐿2 =
𝑉𝑐 ∗

𝑎𝑖1
2

2 ∗ 𝐾2
 (6.17) 

where, 𝐾2 is the thermal diffusivity of the chip at the final temperature. 
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The heat flows from the interface per unit time per unit area 𝑞2 can be expressed as 

below: 

 
𝑞2 =

𝐹𝑐 ∗ 𝑉𝑐
𝐽 ∗ 𝑑 ∗ 𝑎𝑖1

 (6.18) 

The value of 𝑅2 is modified and calculated from the following equation: 

 

𝑅2 =
𝑞2 ∗ (𝑎𝑖1 ∗

�̅�
𝑘′
) − 𝑇𝑠−𝑐ℎ𝑖𝑝1̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + 𝑇0

𝑞2 ∗ (𝑎𝑖1 ∗
�̅�
𝑘′
) +

0.754 ∗ 𝑞2 ∗
𝑎𝑖1
2

𝑘 ∗ √𝐿2

 
(6.19) 

Therefore, the chip and tool temperature at the secondary shear zone can be expressed 

as below: 

𝑇𝑠−𝑐ℎ𝑖𝑝2̅̅ ̅̅ ̅̅ ̅̅ ̅̅

=

0.754 ∗

𝐹𝑐 ∗ 𝑉𝑐
𝐽 ∗ 𝑑 ∗ 𝑎𝑖1

∗ (𝑎𝑖1 ∗
�̅�
𝑘′
) − 𝑇𝑠−𝑐ℎ𝑖𝑝1̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + 𝑇0

𝐹𝑐 ∗ 𝑉𝑐
𝐽 ∗ 𝑑 ∗ 𝑎𝑖1

∗ (𝑎𝑖1 ∗
�̅�
𝑘′
) +

0.754 ∗
𝐹𝑐 ∗ 𝑉𝑐

𝐽 ∗ 𝑑 ∗ 𝑎𝑖1
∗
𝑎𝑖1
2

𝑘 ∗ √𝐿2

∗
𝐹𝑐 ∗ 𝑉𝑐

𝐽 ∗ 𝑑 ∗ 𝑎𝑖1
∗
𝑎𝑖1
2

𝑘 ∗ √𝐿2

+ 𝑇𝑠−𝑐ℎ𝑖𝑝1̅̅ ̅̅ ̅̅ ̅̅ ̅̅  

𝑇𝑠−𝑡𝑜𝑜𝑙1̅̅ ̅̅ ̅̅ ̅̅ ̅̅

=

(1 −

𝐹𝑐 ∗ 𝑉𝑐
𝐽 ∗ 𝑑 ∗ 𝑎𝑖1

∗ (𝑎𝑖1 ∗
�̅�
𝑘′
) − 𝑇𝑠−𝑐ℎ𝑖𝑝1̅̅ ̅̅ ̅̅ ̅̅ ̅̅ + 𝑇0

𝐹𝑐 ∗ 𝑉𝑐
𝐽 ∗ 𝑑 ∗ 𝑎𝑖1

∗ (𝑎𝑖1 ∗
�̅�
𝑘′
) +

0.754 ∗
𝐹𝑐 ∗ 𝑉𝑐

𝐽 ∗ 𝑑 ∗ 𝑎𝑖1
∗
𝑎𝑖1
2

𝑘 ∗ √𝐿2

) ∗
𝐹𝑐 ∗ 𝑉𝑐

𝐽 ∗ 𝑑 ∗ 𝑎𝑖1
∗ 𝑎𝑖1

𝑘′

∗ �̅� + 𝑇0 

(6.20) 

 (3) Friction heat in the tertiary shear zone 

The friction between tool flank face and the remained workpiece surface is observed as 

another heat source in precision machining of MMCs. The heat source in this friction 

area can be observed as the elliptical shape heat source with uniform heat flux 

distribution. The cutting temperature generated in this cutting zone can be illustrated by 

the following equation [248]: 
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∆𝑇𝑓(3) =

2 ∗ 𝑞3 ∗ 𝑎𝑖1

𝑘1 ∗ √𝜋 ∗ (𝐸 ∗ 𝑆𝑒 + 𝑃𝑒1)
 (6.21) 

 (4) Friction heat in material separate zones 

The heat source in these two friction areas can be observed as the elliptical shape heat 

source with uniform heat flux distribution. Thus, the temperature rise in these areas and 

the total cutting temperature on these two contact surfaces can be calculated with the 

following equations respectively [248]. 

 
∆𝑇𝑓(4𝑎) =

2 ∗ 𝑞4 ∗ 𝑎𝑖2

𝑘2 ∗ √𝜋 ∗ (𝐸 ∗ 𝑆𝑒 + 𝑃𝑒2)
 

∆𝑇𝑓(4𝑏) =
2 ∗ 𝑞5 ∗ 𝑎𝑖3

𝑘3 ∗ √𝜋 ∗ (𝐸 ∗ 𝑆𝑒 + 𝑃𝑒3)
 

(6.22) 

where, 𝑞4 and 𝑞5 are the heat flux densities, which are the heat rate supply per unit 

area. 𝑎𝑖2 is the contact length between chip and tool rake surface and 𝑎𝑖3 is the contact 

length between the tool flank surface and workpiece. 𝑘2  and 𝑘3  are the thermal 

conductivity of the workpiece materials. Due to the material removal processed are 

from the same workpiece, the thermal conductivity in these two equations can be 

expressed as 𝑘2 = 𝑘3 = 𝑘. 𝐸 is the constant. 𝑃𝑒2 and 𝑃𝑒3 are the Peclet number of the 

workpiece material. The Peclet number is further illustrated as below. 

Peclet number or Peclet criterion, as a similarity number to characterise the influence of 

the regime in metal cutting with respective to the machining workpiece material, is used 

to better understand on the thermal energy in hard machining process. The Peclet 

number is used to represent the critical process variables in terms of machining process 

parameters. In MMCs precision machining process, due to the cutting edge radius 

cannot be ignored, the Peclet number is used particularly for illustrating the parameters 

in tool-workpiece sliding and chip formation process as shown in the following 

equations:  

 
𝑃𝑒1 =

𝑣1 ∗ 𝑡1
𝑤𝑤

 

𝑃𝑒2 =
𝑣2 ∗ 𝑡2
𝑤𝑤

 

(6.23) 
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where, v1 and v2 are the velocities of the moving sources in these two processes, ww is 

the thermal diffusivity of the workpiece material. 𝑤𝑤  can be calculated from the 

following equation: 

 
𝑤𝑤 =

𝑘𝑤
(𝐶𝑝𝜌)𝑤

 (6.24) 

where, 𝑘𝑤 is the thermal conductivity of the workpiece material, (𝐶𝑝𝜌)𝑤 is the volume 

specific heat of the workpiece material. 

 
∆𝑇𝑓−𝑡𝑜𝑜𝑙2 =

2 ∗ 𝑞 ∗ (𝑎𝑖1 + 𝑎𝑖2 + 𝑎𝑖3)

𝑘 ∗ √𝜋 ∗ (𝐸 ∗ 𝑆𝑒 + 𝑃𝑒)
 (6.25) 

Due to the deformation heat in the precision machining process is much low than other 

heat, the heat generated in deformation zone can be observed as ∆𝑇𝑓(5) = 0. 

Thus, the temperature of the cutting tool can be expressed as below: 

 𝑇𝑡𝑜𝑜𝑙 = ∆𝑇𝑓−𝑡𝑜𝑜𝑙2 + 𝑇𝑠−𝑡𝑜𝑜𝑙1̅̅ ̅̅ ̅̅ ̅̅ ̅̅  (6.26) 

6.1.2 Multiphysics based finite element analysis of cutting temperature  

Accrding to the consideration from Loewen and Shaw that chip and workpiece material 

were seen as two separated bodies, the cutting energy is not totally contained in these 

equations. In addition, the MMCs precision machining process is much more complex 

than the conventional metal cutting that the friction between tool-workpiece couple and 

the chip generation performs significant differences. Thus, the cutting temperature is 

then predicted through the aspects of total heat source by introducing multiphysics 

based FE modelling and analysis. 

The thermal-mechanical-tribological coupled multiphysics method is applied in the 

simulation of heat partition. As the MMCs material properties and the material removal 

process are strongly depended on the temperature, the change of material properties will 

in turn affect the heat generation and temperature distribution. In addition, the physics 

are fully coupled together and affect each other; the simulation process is therefore 

becoming much more complicate. 

In MMCs precision machining process, the most dissipated energy due to material 

deformation and tool-chip interfacial friction is assumed to convert into thermal energy 
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as a heat source. The chip formation and chip sliding on the tool rake face results in the 

increase of cutting temperature, and governs the tool wear and tool failure. In this 

multiphysics based FE analysis, the inelastic energy dissipation due to plastic 

deformation gives rise to a heat rate per unit volume that can be expressed as [236]: 

 𝑟𝑝𝑙 = 𝜂𝑚𝜎𝜀
𝑝𝑙 (6.27) 

where, 𝑟𝑝𝑙 is the heat rate per unit volume, 𝜂𝑚 is the fraction of dissipated mechanical 

energy converted to heat, 𝜎  is the equivalent stress, and 𝜀𝑝𝑙  is the rate of plastic 

straining. As a fraction of heat flow away along the chips, the rest is dissipated into 

cutting tool and remained workpiece. 

The frictional heat at tool-chip interface can be observed as another heat source. Thus, 

the heat rate per unit area released at the tool-chip interface can be expressed as [236]: 

 𝑟𝑓 = 𝜂𝑓𝜏𝑐�̇� (6.28) 

where, 𝑟𝑓  is heat rate per unit area in friction area, 𝜂𝑓  is the fraction of the friction 

energy convert into heat, 𝜏𝑐 is the frictional stress, and �̇� is the slip rate. 

The density of heat flux at tool-chip interface rt can be illustrated as a function of heat 

generation in friction area rf , heat flux results from the chip deformation at friction 

region rc and fraction of heat energy convert into chip 𝛽 and can be given by: 

 𝑟𝑡 = 𝑟𝑐 − 𝛽𝑟𝑓 (6.29) 

Fraction of heat energy convert into chip 𝛽, which is used to demonstrate the heat rate 

conducted into the cutting tool according to the heat absorption co-efficient of cutting 

tool material, is given as: 

 
𝛽 =

𝐸𝑐
𝐸𝑐 + 𝐸𝑡

 (6.30) 

where, Ec  and Et  are the heat energy conducted on the chip and cutting tool 

respectively. These can be expressed as: 

 
𝐸𝑐 = √𝐾𝑐𝜌𝑐𝐶𝑝𝑐 

𝐸𝑡 = √𝐾𝑡𝜌𝑡𝐶𝑝𝑡 

(6.31) 



 

 153   

 

where, 𝐾𝑐 and 𝐾𝑡 are conductivities of chip and tool surfaces respectively, 𝐶𝑝𝑐 and 𝐶𝑝𝑡 

are heat capacities of chip and tool contact surfaces respectively. In this machining 

process, part of the heat will lose to the environment owing to convection and radiation, 

and the ambient temperature is assumed to stay constant. 

The simulation set-up is illustrated in Chapter 4 in details. The target material is SiC/Al 

MMCs and SiC particles with 5 μm grain size are embedded into the aluminium matrix. 

The cutting tools applied are straight flute PCD end mill and PCD inserts with zero rake 

angle. The simulations are carried out at varied cutting speed and DOC for investigating 

the heat generation and temperature distribution which is determined by heat flux 

conducted from the too-workpiece interaction. 

6.1.3 Simulation results and discussion 

Figure 6-2 and Figure 6-3 show the cutting temperature distribution at varied DOC and 

cutting speed respectively in the simulations of MMCs machining. When machining on 

the matrix material, the simulation results indicate that the highest temperature on the 

workpiece material is normally along the round cutting edge rather than the area that 

largest plastic deformation occurs. In term of the cutting tool, the highest temperature 

occurs around the round cutting edge while close to the material separation point. This 

attributes to the heat source results from both material plastic deformation and 

tool/workpiece interfacial friction. When machining on the brittle particles, the highest 

temperature can be observed at the tool-particle interaction point where particle fracture 

occurs as shown in Figure 6-4. The resultant temperature is much higher than that in 

machining on matrix material.  

It also can be found that the maximum cutting temperature at the same cutting length 

increase when increase the depth of cut. This is due to more material deformation 

occurs at larger DOC and more heat are generated. In addition, the maximum cutting 

temperature always increases along with the cutting speed increase. This is due to the 

strain rate in primary and secondary deformation zones as well as friction force increase 

at higher cutting speed. 
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(a) DOC: 1.5 μm 

 

(b) DOC: 3 μm 

 

(c) DOC: 4.5 μm 

Figure 6-2 Cutting temperature under varied depth of cut 
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(a) Cutting speed: 94.2 m/min 

 

(b) Cutting speed: 125.7 m/min 

 

(c) Cutting speed: 157.0 m/min 

Figure 6-3 Cutting temperature under varied cutting speed 
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Figure 6-4 Cutting temperature at tool-particle interface 

6.2 Tool wear mechanism and characterisation  

Tool wear is an of great importance aspect especially in precision machining due to the 

slight change on tool conditions will significantly affect the machining process and 

deteriorate the quality of machined parts. In MMCs precision machining, the tool wear 

is normally rapid due to the existence of hard particles and specific microstructure of 

workpiece. The excessive tool wear results in the poor surface integrity with higher 

surface roughness, more surface defects and further lead to the poor functional 

performance of machined components. The resultant tool wear also increases the cutting 

force and cutting temperature. These will in turn lead to extensive tool wear and badly 

affect the resultant cutting performance. Therefore, an in-depth understanding on the 

tool wear mechanism in MMCs precision machining is critical. In this chapter, the tool 

wear mechanism and characterisation are firstly investigated. Afterwards, the tool wear 

magnitude is then quantified based on the feasible measurement techniques and 

instruments. Modified tool wear rate model is proposed to better present wear 

conditions. The tool wear analysis and wear rate model are also evaluated and validated 

via experiments. 

6.2.1 Tool wear mechanism 

The literature review on the tool wear types indicates that abrasive and adhesive wear 

are the major tool wear in MMCs machining. In addition, edge chipping also frequently 

occurs. In order to investigate the tool wear mechanism in MMCs precision machining, 
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new tools and wear tools are measured and photographed by using high precision 

metrology measurement instruments. The tool integrity especially for the geometry, 

cutting edge profile and surface morphology of new tools and wear tools in the 

experiments are shown in Figure 6-5 and Figure 6-6 respectively. 

 

 (a) PCD inserts 
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(b) PCD end mills 

Figure 6-5 New tools before MMCs precision machining 
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(a) PCD inserts 

Notch wear 

Flank wear 

Abrasive flank wear 

Abrasive wear 



 

 160   

 

 

(b) PCD end mills 

Figure 6-6 Wear tools after MMCs precision machining 

From the measurement results of PCD inserts, it can be found that abrasion tool wear is 

the most significant tool wear especially on the flank face in MMCs precision 

machining due to the existence of extremely hard particles in the workpiece. Abrasion 

wear patterns with parallel grooves generated in the direction of the chip flow can be 

observed as the primary wear on the flank face. This may be caused by embedded 

particles dislodged from workpiece and dug into the tool surface. Adhesion wear under 

various cutting conditions is not significant in these experiments due to the abrasive 

wear is dominated. Only a few matrix materials can be seen adhesive on the rake face of 

cutting tool. On the other hand, edge chipping and grooving start to appear and can be 

Adhesive wear 

Flank wear 

Flank wear Notch wear 

Edge chipping 
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found mainly on the cutting edge towards feed rate direction due to the continued 

impact of hard particles. In addition, notch wear can be observed on the flank face. This 

tool wear is resulted from the undulating ridges that have the similar size with cutting 

feed rate on the machined surface. In addition, it normally occurs at lower cutting speed. 

In term of PCD end mill, abrasion tool wear is also the most dominate tool wear on the 

flank face particularly on the tool nose area in MMCs micro milling process. The 

abrasion wear at the exterior side of tool diameter is much more significant and quicker 

than the inner side. Adhesion wear with build-up-edge is also significant on the tool 

rake face. Edge chipping along the whole cutting edge gradually occurs. Figure 6-8 

shows the measured cutting edge radius before and after MMCs machining. Edge 

rounded can be found both on cutting edge and tool nose as the edge radius increase 

from 3.4122 μm to 3.4634 μm after a few cutting cycles. 

 

Figure 6-7 PCD end mill surface morphology of new and used tools 

New tool Used tool 
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Figure 6-8 Edge radius of PCD tool (a) New tool (b) Used tool 

 

 (a) 

(b) 

re =3.4122 μm 

re =3.4634 μm 

Edge rounding 
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6.2.2 Multiphysics coupling on tool wear in MMCs precision machining 

A theoretical tool wear model is proposed according to the multiphysics based 

modelling and analysis, and also modified tool wear rate model. Based on the 

simulation law in Chapter 4, the basic Johnson-Cook constitutive model is employed to 

estimate the von mises flow stress. Considering the size effect, fully coupled thermo-

mechanical-tribological multiphysics model is introduced to demonstrate the cutting 

shear stress. 

Due to tool wear significantly affect the resultant surface roughness, better surface 

integrity with lower surface roughness is presume at minimum tool wear conditions. 

Thus, tool wear is the obvious factor to form the relationship between cutting 

parameters and surface roughness in precision machining processes. The tool wear 

model presented by tool wear rate can be expressed as [196]: 

 𝑑𝑊

𝑑𝑡
= 𝑐1𝜎𝑣𝑒

−𝑐2/𝑇 
(6.32) 

where, 𝑐1 and 𝑐2 are the constants achieved from experimental analysis in this equation. 

𝑊  is total tool wear height. Thus, the tool wear rate model can be modified by 

combining the Johnson-Cook shear stress model 𝜎 as below: 

 
𝑊𝑡 = 𝑐1𝑣𝑒

−𝑐2/𝑇[𝐴 + 𝐵(𝜀𝑝𝑙)𝑛] (1 + 𝐶𝑙𝑛
𝜀̇

𝜀0̇
) [1 − (

𝑇 − 𝑇0
𝑇𝑚 − 𝑇0

)
𝑚

] (6.33) 

The FE based simulations and analysis are performed under the following cutting 

parameters respectively: spindle speed of 3,000/6,000/9,000/12,000/15,000/18,000 

RPM and feed rate of 2/3/4/5/6/7 μm/tooth. The simulation results are obtained with the 

distribution of various cutting parameters as shown in Figure 6-9. From the simulation 

results, it can be significantly observed that tool wear rate gradually increase with the 

increase of cutting speed. The tool wear rate then significantly rise to a high value after 

a short stable at relative lower cutting speed. In term of feed rate, tool wear rate keep 

increasing due to the significant increase of cutting force at larger feed rate. The tool 

wear rate states the similar results at different cutting speed and feed rate. However, the 

tool-workpiece contact time is much longer at lower feed rate which results in the total 

tool wear dramatically increases. Thus, the optimal cutting parameters for precision 

machining of MMCs should be obtained by considering the total tool wear, material 

removal rate and resultant surface roughness. According to the MMCs machinability 
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assessment, the cutting parameter with 9,000RPM spindle speed and 5 μm /tooth feed 

rate are selected as the optimal parameters in this micro milling process. 

 

Figure 6-9 Tool wear vs spindle speed and feed rate in MMCs micro milling 

6.2.3 Tool wear measurement and analysis 

In order to evaluate the tool wear in MMCs precision machining process, wear height as 

an effective method to analyse the tool wear condition were measured. In addition, as 

flank wear is universally taken as the criterion of tool life characterisation, flank wear at 

the bottom face of cutting tool were measured as well. Figure 6-10 shows the method of 

measuring tool wear height and total flank wear length respectively.  

 

Figure 6-10 Method of measuring wear height and flank wear length 

The magnitudes of wear height for PCD insert and PCD end mill are measured by using 

the online method via laser system and offline method via TESA 200 optical 
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microscope respectively. The tool flank wear magnitudes for both tools are measured 

and analyse by using TESA 200 optical microscope. The measured tool wear 

magnitudes are shown in Table 6-1. After 50 mins continued machining using optimal 

cutting parameters with 9,000 RPM spindle speed and 5 μm /tooth feed rate, the milling 

tool wear height and wear length are measured as 28.2 µm and 170 µm respectively. 

According to the tool wear rate model, the predicted total tool wear height under the 

same machining process is around 30 µm. This shows a reasonable agreement with the 

experimental results. The experimental based investigation and analysis on the cutting 

tool wear and resultant machined surface quality in MMCs micro drilling process is also 

conducted and shown in Appendix 2. 

Table 6-1 PCD tool wear and wear rate in MMCs micro milling process 

Tool PCD 

Time (s) 3000 

Wear height (µm) 28.2 

Wear length (µm) 170 

Wear rate (height) (µm/s) 0.0094 

Wear rate (length) (µm/s) 0.057 

 

6.3 Concluding remarks  

In this chapter, the cutting temperature distribution and cutting tool wear in MMCs 

precision machining have been investigated through multiphysics coupled thermal-

mechanical-tribological simulation and experimental analysis. The findings in this 

chapter can be summarised as below. 

In MMCs precision machining, the heat are generated and dissipated at five different 

areas around tool-workpiece interface. Estimation of cutting temperature distribution is 

determined by applying the heat source which contains uniform heat flux distribution. A 

modified cutting temperature model is proposed by introducing the temperature rise 

theory to have a better understanding on the heat flows in tool-chip-workpiece system. 

Heat generated at the shear plane will flow into the workpiece and chip; heat generated 

by the chip formation will partly transfer to the tool-chip interaction point and the rest 

will transfer to the chip and tool body; friction heat generated at the tertiary shear zone 
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will partly transfer to the workpiece and tool body and the rest will transfer into the 

ambient environment; heat generated by friction between the tool and workpiece 

material at the tool-chip interface and tool-remain surface interface; heat generated by 

material deformation will totally convert into heat source in the workpiece. Results from 

multiphysics simulation and analysis indicate that maximum cutting temperature 

increases at each cutting position when increase either depth of cut or cutting speed.  

In MMCs precision machining, tool wear mechanisms are extensively identified. The 

abrasive wear on the flank face and edge chipping are performed as the dominated tool 

wear. Adhesive wear, build-up-edge, notch wear and edge rounded also can be observed 

on the worn tools. The tool wear in MMCs precision machining is presented by 

combining the coupled thermal-mechanical-tribological cutting stress and modified 

wear rate model together. The experimental evaluation on the tool wear and tool life 

characterisation is conducted by measuring wear height and flank wear length of cutting 

tool respectively. The simulation and experimental results imply that the selection of 

optimal cutting parameters is critical and effective for MMCs machinability assessment. 

  



 

 167   

 

Chapter 7 Machinability assessment in precision machining of 

MMCs 

7.1 Machinability assessment framework 

With increasing industrial demands for functional MMCs, machinability of MMCs have 

become bottleneck issues and thus drawn extensive attention in various research 

aspects. Machinability is normally assessed by means of various machining 

characterisation factors including a combination of cutting forces, surface roughness, 

tool wear, burr formation and power consumption. A better machinability is determined 

as the machining process with small chip loads, good surface finish, minimum tool 

wear, free burrs and low cutting energy. Accordingly, the determination of MMCs 

precision machining characteristics, especially on the cutting force, machined surface 

roughness, material removal rate, and the tool wear and tool life aspects, is essential for 

further machinability assessment. In addition, the high precision engineering 

applications are heavily dependent on the machining accuracy, surface quality, 

production efficiency and cost-effective. Although various non-traditional processes 

have been attempted on machining MMCs to even produce parts with intricate shape 

and profiles [35], the processes are normally inefficient and often limited. Thus, the 

conventional machining process is still indispensable during finish machining [36]. 

Never the less, precision machining of MMCs is observed as a scientific challenge, due 

to their hard-to-machine property and often the poor surface finish. Substantial 

researches have been undertaken on the machining process optimisation and 

machinability assessment. However, the high surface roughness and deterioration and 

large defects of the machined surface significantly affect the functional performance of 

engineering components. This is currently becoming one of the major reasons limiting 

the widespread application of MMCs in precision engineering industries. In addition, 

machinability of particulate MMCs is less understood as being progressed so far. 

In this chapter, a systematic research is carried out to experimentally investigate the 

machining behaviour and machinability of particle reinforced MMCs. The well-

designed precision machining trials on MMCs workpiece by using polycrystalline 

diamond tools are performed to investigate the effects of workpiece materials, cutting 

tools and cutting parameters, particularly for the cutting speed, depth of cut and feed 
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rate, on the machined surface roughness, surface morphology and further machinability. 

Moreover, contribution percentage of these variables are analysed accompanying with 

adjusting process parameters so as to achieve better surface quality. 

7.2 Surface generation  

7.2.1 Tool-workpiece system dynamics 

In previous mechanistic models, the tooling system and workpiece system are assumed 

as rigid. However, both of these systems perform as the spring-damper system under all 

cutting conditions in real cutting process. The vibration and deviation of tool and 

workpiece have significant influence on the fluctuation of real tool trajectory, workpiece 

position and tool-workpiece interaction. This results in the change on the cutting force 

magnitude, cutting temperature and tool wear rate. On the other hand, the vibration 

significantly affects the surface generation and surface performance. Figure 7-1 

schematically shows the tooling spring-damper system and workpiece spring-damper 

system. 

 

Figure 7-1 Tooling spring-damper system and workpiece spring-damper system (a) X 

direction and Y direction (b) Z direction 

7.2.2 Surface generation analysis 

The last section implies that the real surface generation is not only affected by the initial 

conditions, including the cutting tool conditions, workpiece properties and cutting 

M---mass C---damping coefficient K---stiffness  

 

(a) 

 

(b) 
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parameters, but also significantly influenced by the tool-workpiece oriented spring-

damper system. Thus, by taking these contributory factors into account, the surface 

generation in MMCs precision machining can be better predicted according to the 

modified models shown in previous chapters. The simulation process of surface 

generation is developed and shown in Figure7-2. 

 

Figure 7-2 Surface generation simulation process 

In this simulation process, cutting tool geometry, workpiece condition and cutting 

parameters are considered as the initial factors that determine the surface generation of 

final products. As the in-process factor, dynamic response in machining process is 

conducted as the most critical aspect that affects the real tool trajectory and further 

influence the surface generation especially in material shearing process. In addition, the 

close loop shown in Figure 7-2 indicates that the dynamic response will result in the 

fluctuation of the tool path accompanied with the continued change of cutting force. 

This will in turn enhance the cutting dynamic error and affect the surface performance. 

In addition, the cutting edge radius and reinforced particle size are observed have 

significant effects on the material elastic recovery and minimum chip thickness. This 

will also contribute to the real tool trajectory and affect the machined surface 

topography and surface generation directly.  

According to the interrelationship between the machining input and output as shown in 

Figure 7-2, it can be observed that machining dynamic response is closely linked to the 
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dynamic cutting force. Thus, the machined surface generation can be predicted by 

analysing the relations between dynamic response of displacement and real cutting force 

generated on both cutting tool and workpiece in three directions. The interrelationship is 

commonly characterised by introducing the transfer functions. A force-displacement test 

by using Kistler impact hammer 9722A500 and capacitive sensor 5810, as shown in 

Figure 7-3, is applied to obtain the frequency response function (FRF) represented by 

transfer function of cutting tool and workpiece in each cutting direction.  

 

Figure 7-3 Transfer function identification for tool and workpiece in X and Y directions 

 

Figure 7-4 Transfer function identification for cutting tool in Z direction 
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The experimental identification of transfer functions for cutting tool in Laplace form are 

shown as below: 

 𝑋𝑥(𝑠)

𝐹𝑥(𝑠)
=

1

𝑀𝑥𝑠2 + 𝐶𝑥𝑠 + 𝐾𝑥
 

𝑋𝑦(𝑠)

𝐹𝑦(𝑠)
=

1

𝑀𝑦𝑠2 + 𝐶𝑦𝑠 + 𝐾𝑦
 

𝑋𝑧(𝑠)

𝐹𝑧(𝑠)
=

1

𝑀𝑧𝑠2 + 𝐶𝑧𝑠 + 𝐾𝑧
 

(7.1) 

where, Xx,y,z and Fx,y,z are the dynamic response of displacement and static cutting force  

for cutting tool respectively; Mx,y,z, Cx,y,z and Kx,y,z are the mass, damping coefficient 

and stiffness in three directions respectively. Due to the high rigid and low resistance to 

impact of cutting tool in Z direction, the transfer function cannot be obtained from this 

method. Thus, a step signal implemented by the sudden drop of a 100g weight to 

approximately simulate 1N force signal is applied instead. This method is shown in 

Figure 7-4. According to the force-displacement test from hammer-capacitive sensor 

system, the system input and output in each direction are shown in Figure 7-5.  

 

(a) Input and output signals in X direction 
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(b) Input and output signals in Y direction 

Figure 7-5 Input and output signals for cutting tool in each direction 

The dynamic response characteristics of cutting tool is shown in Figure 7-5 and the 

transfer function of dynamic response can be then expressed as: 

 𝑋𝑥(𝑠)

𝐹𝑥(𝑠)
=

1

2.93𝑒4𝑠2 + 2.47𝑒−2𝑠 + 31.80
 

𝑋𝑦(𝑠)

𝐹𝑦(𝑠)
=

1

1.78𝑒4𝑠2 + 2.71𝑠 + 20.07
 

(7.2) 

The experimental transfer functions for workpiece in Laplace form are shown as below: 

 𝑥𝑥(𝑠)

𝐹𝑥(𝑠)
=

1

𝑚𝑥𝑠2 + 𝑐𝑥𝑠 + 𝑘𝑥
 

𝑥𝑦(𝑠)

𝐹𝑦(𝑠)
=

1

𝑚𝑦𝑠2 + 𝑐𝑦𝑠 + 𝑘𝑦
 

𝑥𝑧(𝑠)

𝐹𝑧(𝑠)
=

1

𝑚𝑧𝑠2 + 𝑐𝑧𝑠 + 𝑘𝑧
 

(7.3) 

where, xx,y,z and Fx,y,z are the dynamic response of displacement and static cutting force  

for workpiece respectively; mx,y,z, cx,y,z and kx,y,z are the mass, damping coefficient and 

stiffness in three directions respectively. 
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(a) Input and output signals in X direction 

 

(b) Input and output signals in Y direction 
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(c) Input and output signals in Z direction 

Figure 7-6 Input and output signals for workpiece in each direction 

According to the force-displacement test from hammer-capacitive sensor system, the 

dynamic response character of workpiece is shown in Figure 7-6 and the transfer 

function of dynamic response can be then expressed as: 

 𝑥𝑥(𝑠)

𝐹𝑥(𝑠)
=

1

1.24𝑒5𝑠2 + 4.41𝑒3𝑠 + 6.83𝑒−2
 

𝑥𝑦(𝑠)

𝐹𝑦(𝑠)
=

1

8.03𝑒3𝑠2 + 3.89𝑠 + 10.66
 

𝑥𝑧(𝑠)

𝐹𝑧(𝑠)
=

1

4.45𝑒5𝑠2 + 3.40𝑠 + 3.22𝑒2
 

(7.4) 

Therefore, the dynamic displacement of cutting tool and workpiece at each time 

increment can be obtained according to the calculated dynamic cutting force at each 

time point and the above mentioned transfer function in each direction. The actual chip 

formation and real tool trajectory can be further predicted through total displacement by 

means of the sum of cutting tool displacement and workpiece displacement. As a result, 

the machined surface topography and surface generation can be predicted in a high 

precision level. 
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7.3 Process optimisation strategies 

In order enhance the engineering applications of particulate MMCs in high precision 

level,  its machinability assessment is critical and precision machining characteristics 

need to be optimised in various aspects including surface roughness, surface 

morphology, tool wear and cutting force etc. The objective of this part is to 

experimentally investigate the machining behaviour of various particulate MMCs under 

varied cutting parameters by using different tools. The comparison of related cutting 

performance and tool performance are undertaken in order to identify the respective 

machinability under different cutting conditions. 

7.3.1 Optimisation on cutting parameters  

According to the literature review, cutting parameters are the most crucial factor for 

machinability assessment. In order to determine the material characteristic of particulate 

MMCs and their machinability under different cutting parameters and further optimised 

these independent variables through experiments, three levels of milling speed, feed rate 

and axial depth of cut are employed.  

7.3.1.1 Surface roughness 

For MMCs micro milling process, the experimental set-up has been introduced in 

Chapter 5 in details and experimental results of machined surface roughness is analysed 

in this section. The orthogonal array of cutting parameters and the machined surface 

roughness under different settings of input factors are shown in Table 7-1.  

Table 7-1 Orthogonal array of cutting parameters and the machined surface roughness 

Experimental 

number 

Spindle 

speed 

(rpm) 

Cutting 

speed 

(m/min) 

Feed rate 

(µm/rev) 

Axial 

depth of 

cut  (µm) 

Surface 

roughness 

(nm) 

S/N ratio 

1 3,000 94.248 5 70 69 -36.7770 

2 3,000 94.248 5 150 64 -36.1236 

3 3,000 94.248 5 250 52 -34.3201 

4 3,000 94.248 10 70 46 -33.2552 

5 3,000 94.248 10 150 28 -28.9432 

6 3,000 94.248 10 250 33 -30.3703 
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7 3,000 94.248 20 70 75 -37.5012 

8 3,000 94.248 20 150 51 -34.1514 

9 3,000 94.248 20 250 60 -35.5630 

10 6,000 188.496 5 70 35 -30.8814 

11 6,000 188.496 5 150 34 -30.6296 

12 6,000 188.496 5 250 45 -33.0643 

13 6,000 188.496 10 70 28 -28.9432 

14 6,000 188.496 10 150 20 -26.0206 

15 6,000 188.496 10 250 44 -32.8691 

16 6,000 188.496 20 70 50 -33.9794 

17 6,000 188.496 20 150 35 -30.8814 

18 6,000 188.496 20 250 50 -33.9794 

19 9,000 282.743 5 70 33 -30.3703 

20 9,000 282.743 5 150 32 -30.1030 

21 9,000 282.743 5 250 68 -36.6502 

22 9,000 282.743 10 70 72 -37.1466 

23 9,000 282.743 10 150 25 -27.9588 

24 9,000 282.743 10 250 43 -32.6694 

25 9,000 282.743 20 70 113 -41.0616 

26 9,000 282.743 20 150 71 -37.0252 

27 9,000 282.743 20 250 78 -37.8419 

Workpiece material: Al/5 µmB4C/50p; Radial depth of cut: 3 mm 

 

The arithmetic surface roughness values (Ra) of micro-milled bottom surface are shown 

in Figure 7-7. Figure 7-7(a) presents the surface roughness as a function of cutting 

speed at various feed rate and axial depth of cut. It can be observed that surface 

roughness decreases gradually with the rise of cutting speed; with continue increasing 

the cutting speed, surface roughness slightly increases in most cases. This is due to the 

material strain rate increases with the increase of cutting speed. When machining with 

higher cutting speed, the higher strain rate results in the matrix material can be removed 

with less deformation occurs on the machined surface and generating a surface with 

smaller roughness [246]. In addition, the cracks generated on the particles have less 

time to transfer or further process into larger cavities due to the reduced tool-particle 
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interaction time. As a result, particles are cut through with few defects at higher cutting 

speed. However, the higher cutting speed results in the increase of cutting temperature, 

which will lead to rapid tool wear and reduce the machined surface quality [77]. Thus, a 

better surface performance can be obtained when increasing the cutting speed properly.  

Figure 7-7(b) illustrates the surface roughness as a function of feed rate at various 

cutting speed and axial depth of cut. The experimental results indicate that the tendency 

is towards smaller roughness value with the increases of feed rate when feed rate is 

smaller than 10 µm/rev. However, when the feed rate is larger than 10 µm/rev, the 

roughness value increases with the increase of feed rate and the tendency rate is similar 

to that feed rate is smaller than 10 µm/rev. Due to the milling tool has two flutes, the 

feed rate of each tooth is 2.5 µm/tooth, 5 µm/tooth and 10 µm/tooth respectively in 

three levels. Thus, better surface quality can be obtained when the feed rate is equal or 

close to the particle size, which is 5 µm. This is due to the surface has been pre-

machined in each cutting path; when the feed rate is equal to the particle grain size, 

most of the particles will be totally removed or perfectly cutting through along the 

cutting line rather than badly fractured or even pulled out. In addition, the amount of 

plastic deformation will be increased along with the continue increase of feed rate and 

this will finally facilitate the formation of large cracks on the reminded matrix material 

and pits on the matrix-particle bonding areas. 

Figure 7-7(c) demonstrates the surface roughness Ra as a function of axial depth of cut 

at various cutting speed and feed rate. The experimental results present that surface 

roughness decreases with the increase of DOC when DOC is smaller than 150 µm; 

while, the roughness value increases when the DOC is over 150 µm. This can be 

attributed to the chatter stability of cutting tool is low and cutting process vibrations is 

high during the milling operation. Damping, as the main factor in MMCs micro milling 

due to the existing of high volume particles, is able to stable end milling operations by 

raising the critical axial depth of cut and the damping is more effective at higher DOC 

[17, 249]. While, due to the cutting force increases with the continue increase of DOC, 

the cutting process vibrations increase and significantly reduce the surface quality. 

However, in most cases, the influence of DOC on surface roughness is much smaller 

compare to cutting speed and feed rate, a proper larger DOC will contribute to the 

efficiency in micro machining process.  
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According to the experimental results, cutting speed of 188.496 m/min, feed rate of 10 

µm/rev and axial depth of cut of 150 µm are visualised as the optimal cutting conditions 

to obtain the best surface quality with  surface roughness Ra< 20 nm in MMCs micro 

milling processes. 

 

(a) Surface roughness vs Cutting speed 

 

(b) Surface roughness vs Feed rate 

 

(c) Surface roughness vs Depth of cut 

Figure 7-7 Surface roughness obtained under various cutting parameters 

(1) Analysis of means 

The effects of cutting parameters on surface roughness values are further evaluated 

through Taguchi method. The S/N ratios, which are known as the signal-to-noise ratios, 

are shown in Table 7-1.  As the aim of this research is to make the machined surface 

roughness response as small as possible, “smaller the better” characteristic is applied to 

predict the S/N ratio against each level of initial parameters and can be expressed by: 
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 𝑆

𝑁𝑠𝑚𝑎𝑙𝑙𝑒𝑟
= −10 log10[

1

𝑛
∑ 𝑌𝑖

2
𝑛

𝑖=1
] (7.5) 

where, 𝑌𝑖  is the experimental value of surface roughness in the 𝑖𝑡ℎ  test and 𝑛  is the 

number of replications.  

The variations of response due to the change of cutting parameters are shown in Table 

7-2 and Table 7-3 below. These tables illustrate that feed rate has the most influence on 

the surface roughness, followed by cutting speed and the effect of depth of cut is 

minimal. This will be further validated through analysis of variance (ANOVA). 

Table 7-2 Response for surface roughness 

Level v f ap 

1 53.11111 48 57.88889 

2 37.88889 37.66667 40 

3 59.44444 64.77778 49 

Delta 21.55556 27.11111 17.88889 

Rank 2 1 3 

 

Table 7-3 Response for S/N ratios 

Level v f ap 

1 -34.1117 -33.2133 -34.4351 

2 -31.2498 -30.9085 -31.3152 

3 -34.5363 -35.776 -34.1475 

Delta 3.2865 4.867579 3.119901 

Rank 2 1 3 

 

The response parameters are presented by the S/N ratio and the main effects are plotted 

from the mean value of Ra and S/N ratio. Figure 7-8(a) and Figure 7-8(b) below 

indicate that increase the level of these three cutting parameters, significant response 

can be observed on surface roughness and S/N ratios. According to the Taguchi method, 

the lower surface roughness due to the smaller-the-better characteristic and higher S/N 

ratio, which means the signal level is much higher than the noise level and further lead 

to an optimal machined surface, are applied. As a result, a level of factor with the lowest 
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mean value of Ra and the highest mean value of S/N ratio is observed as the optimal 

cutting parameter. Thus, the optimal cutting conditions in this MMCs micro milling 

process i.e. cutting speed of 188.496 m/min, feed rate of 10 µm/rev and axial depth of 

cut of 150 µm are adopted to obtain the lowest surface roughness. This shows a good 

agreement with the presented analytical results of machined surface roughness. 

 

(a) Main effects plot for the surface roughness 

 

(b) Main effects plot for the S/N ratio 

Figure 7-8 Main effects plotted from the mean value of Ra and S/N ratio 

(2) Analysis of variance 

Figure 7-8(a) and Figure 7-8(b) imply that these three cutting parameters have similar 

effects on the surface roughness; however, their contributions on the machined surface 

are contrast and can be achieved through ANOVA. ANOVA, as a confirmation test 

used with the identified optimum levels of all the parameters, is conducted in Matlab. 

This method is applied to identify the factors significance on response and influence of 

each factor on the resultant surface roughness. The approach is carried out for a 

confidence level of 95%, which means the factors with a P-value less than 0.05 are 

considered to have significant influence on resultant surface roughness. In addition, the 

contribution percentages of these cutting parameters are presented to find the most 

effective factor.  
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Table 7-4 ANOVA values for different factors 

Analysis of Variance 

Source Sum Sq. d.f. Mean Sq. F-ratio P-value Contribution 

v 2209.4 2 1104.7 8.12 0.0119 19.2% 

f 3369.9 2 1684.93 12.38 0.0036 29.3% 

ap 1518.3 2 759.15 5.58 0.0304 13.2% 

v*f 1816.1 4 454.04 3.34 0.0691 15.8% 

v* ap 776.4 4 194.09 1.43 0.3094 6.7% 

f* ap 736.6 4 184.15 1.35 0.3309 6.4% 

Error 1088.7 8 136.09   9.4% 

Total 11515.4 26    100% 

(Indicates statistically full significant factors at 95% confidence level) 

 

According to the statistical results shown in Table 7-4, cutting speed, feed rate and axial 

depth of cut are observed to have a P-value less than 0.05. This indicates cutting speed, 

feed rate and axial depth of cut have significant contribution to the machined surface 

performance. Based on the specific value, feed rate has the highest influence on 

machined surface roughness, followed by cutting speed, interaction of cutting speed and 

feed rate, and axial depth of cut. Whereas the effects of interaction of these factors, 

particular for axial depth of cut, on surface roughness are minimal. 

For MMCs precision turning process, the experimental setup has been introduced in 

Chapter 4 and experimental results of machined surface roughness is also analysed in 

this part. The orthogonal array of cutting parameters and the machined surface 

roughness under different settings of input factors are shown in Table 7-5.  

Table 7-5 Orthogonal array of cutting parameters and resultant surface roughness 

Experimental 

number 

Cutting 

speed 

(m/min) 

Feed rate 

(µm/rev) 

Depth of 

cut  (µm) 

Surface 

roughness 

(nm) 

S/N ratio 

1 157.0 30 4 132 -42.4115 

2 157.0 30 2.5 102 -40.1720 
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3 157.0 30 1 105 -40.4238 

4 157.0 20 4 126 -42.0074 

5 157.0 20 2.5 99 -39.9127 

6 157.0 20 1 90 -39.0849 

7 157.0 10 4 90 -39.0849 

8 157.0 10 2.5 71 -37.0252 

9 157.0 10 1 86 -38.6900 

10 125.7 30 4 136 -42.6708 

11 125.7 30 2.5 134 -42.5421 

12 125.7 30 1 106 -40.5061 

13 125.7 20 4 135 -42.6067 

14 125.7 20 2.5 109 -40.7485 

15 125.7 20 1 113 -41.0616 

16 125.7 10 4 97 -39.7354 

17 125.7 10 2.5 90 -39.0849 

18 125.7 10 1 99 -39.9127 

19 94.2 30 4 148 -43.4052 

20 94.2 30 2.5 135 -42.6067 

21 94.2 30 1 136 -42.6708 

22 94.2 20 4 132 -42.4115 

23 94.2 20 2.5 117 -41.3637 

24 94.2 20 1 136 -42.6708 

25 94.2 10 4 113 -41.0616 

26 94.2 10 2.5 99 -39.9127 

27 94.2 10 1 129 -42.2118 

 

The machined surface roughness against cutting parameters has been illustrated in 

Chapter 4. Therefore, only their in-depth relationship is analysed in this section. 

(1) Analysis of means 

The influence of cutting parameters on surface roughness values in MMCs precision 

turning are evaluated through Taguchi method as well. The S/N ratios are shown in 
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Table 7-5.  As the aim is to optimise the material machinability via reducing the 

machined surface roughness response as small as possible, “smaller the better” 

characteristic is applied to predict the S/N ratio against each level of initial parameters. 

The variations of response due to the change of cutting parameters are shown in Table 

7-6 and Table 7-7 below. These tables show the similar results to those in micro milling 

that feed rate has the most influence on the surface roughness, followed by cutting 

speed and the effect of depth of cut is minimal. This will be further validated through 

ANOVA. 

Table 7-6 Response for surface roughness 

Level v f ap 

1 100.1111 126 123.2222 

2 113.2222 117.4444 106.2222 

3 127.2222 97.11111 111.1111 

Delta 27.11111 28.88889 17 

Rank 2 1 3 

 

Table 7-7 Response for S/N ratios 

Level v f ap 

1 -39.868 -41.9343 -41.7105 

2 -40.9854 -41.3186 -40.3743 

3 -42.035 -39.6354 -40.8036 

Delta 2.166946 2.298878 1.336274 

Rank 2 1 3 

 

The response parameters are presented by the S/N ratio and the main effects are plotted 

from the mean value of Ra and S/N ratio. The results shown in Figure 7-9(a) and Figure 

7-9(b) demonstrate that significant response can be observed on surface roughness and 

S/N ratios when changing the level of these three cutting parameters. In addition, the 

lower surface roughness occurs due to the smaller-the-better characteristic and higher 

S/N ratio, which means the level of signal is much higher than the noise level and 
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further lead to an optimal machined surface. Therefore, the optimal cutting parameter is 

the one that presents a level of factor with the lowest mean value of Ra and the highest 

mean value of S/N ratio is observed. In this MMCs precision turning process, the 

optimal cutting conditions i.e. cutting speed of 157.0 m/min, feed rate of 10 µm/rev and 

depth of cut of 2.5 µm are found with resultant lowest surface roughness. This shows a 

good agreement with the presented analytical results of machined surface roughness. 

 

(a) Main effects plot for the surface roughness 

 

(b) Main effects plot for the S/N ratio 

Figure 7-9 Main effects plotted from the mean value of Ra and S/N ratio 

(2) Analysis of variance 

The contributions of these three cutting parameters on the machined surface are contrast 

and can be achieved through ANOVA. This method is applied to identify the factors 

significance on response and influence of each factor on the resultant surface roughness. 

The approach is carried out for a confidence level of 95%, which means the factors with 

a P-value less than 0.05 are considered to have significant influence on resultant surface 

roughness. 
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Table 7-8 ANOVA values for different factors 

Analysis of Variance 

Source Sum Sq. d.f. Mean Sq. F-ratio P-value Contribution 

v 3308.7 2 1654.37 42.38 0.0001 31.4% 

f 3963.6 2 1981.81 50.77 0.0001 37.6% 

ap 1378.7 2 689.37 17.66 0.0012 13.1% 

v*f 74.4 4 18.59 0.48 0.7529 0.7% 

v* ap 690.6 4 172.65 4.42 0.0353 6.5% 

f* ap 822.4 4 205.59 5.27 0.0224 7.8% 

Error 312.3 8 39.04   2.9% 

Total 10550.7 26    100% 

(Indicates statistically full significant factors at 95% confidence level) 

 

According to the statistical results shown in Table 7-8, cutting speed, feed rate, axial 

depth of cut and their combinations are observed to have a P-value less than 0.05, which 

means cutting speed, feed rate and axial depth of cut have significant effects on the 

machined surface. Based on the P-value and contribution percentage, feed rate has the 

highest influence on machined surface roughness, followed by cutting speed, depth of 

cut and interaction of these three parameters. Whereas the effects of interaction of 

cutting speed and feed rate on surface roughness are minimal. 

7.3.1.2 Surface morphology 

The surface roughness chart indicates that surface quality deteriorates dramatically due 

to the distinct microstructure of MMCs. As Ra cannot exactly depict the characteristics 

of machined surface, the surface profile and surface defects are further measured by 3D 

profiler and SEM.  

Figure 7-10 shows the machined surface morphology. As can be observed from the 

images, the feed marks are noticeable which means most of particles are perfectly cut 

through rather than badly fractured or pulled out. Significant burrs can be seen on the 

machined surface particular along the tool paths shown in Figure 7-10(b) and Figure 7-

10(d). Small pits are visible on the machined surface and the size of these pits is 

approximately 5 µm as shown in Figure 7-10(a) and Figure 7-10(c). This may formed 
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due to the particles pulled out from Al matrix. The similar results can be significantly 

observed from the results of precision turning experiment shown in Figure 7-11. 

  

  

Figure 7-10 Surface morphology of the machined B4C/Al MMCs workpiece in micro 

milling process 

  

  

Figure 7-11 Surface morphology of the machined B4C/Al MMCs workpiece in 

precision turning process 

Figures 7-12(a) and Figure 7-12(b) demonstrate the microstructures and surface profiles 

of the un-machined and machined surfaces respectively through SEM images. From the 

(a) (b) 

(c) (d) 

(a) (b) 

(c) (d) 
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images, it is found that the reinforced B4C particles can be distinguished from the Al 

matrix by different colour scale. It can be observed that particles are fractured into small 

pieces while Al matrix still bonded to the particles and machined surface quality 

enhanced. This implies that the plastically deformed aluminium fills the gaps of small 

particles which formed during machining. In addition, the cracks and pits formed on the 

fractured particles are also covered by the deformed aluminium. Thus, the machined 

surface areas are smoother. 

 

(a) SEM images of the un-machined surface: (i) B4C/Al, (ii) Al matrix, (iii) B4C 

particles 

 

(b) SEM images of the machined surface: (i) B4C/Al, (ii) Al matrix, (iii) B4C particles 

Figure 7-12 SEM images of the un-machined and machined surfaces 

  

(a) Surface morphology of un-machined MMCs 

(i) 

(i) 

(ii) 

(ii) 

(iii) 

(iii) 
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(b) Surface morphology of machined MMCs 

Figure 7-13 Surface morphology of un-machined and machined MMCs 

   

Figure 7-14 Surface morphology of machined MMCs 

The surface topography and surface profile are further measured by SEM. Figure 7-13 

shows that the tool path is still significant on the machined surface even the surface 

roughness is quite small while still relative larger than homogeneous material. The 

machined surface performs a good surface profile as shown in Figure 7-14, while some 

typical surface defects still can be found. Large cavities occur due to the particles are 

pulled out together with surrounding matrix material or debonding. Larger particles 

with deep and narrow crack surrounded can be observed on the machined surface due to 

the debonded particles between the tool and workpiece are pressed into the machined 

surface or the machining process experience elastic/plastic deformation on matrix 

material that results in the particles dislocated. Most areas of machined surface are quite 

smooth with few defects which mean the particles located at these areas are perfectly 

cut through or the plastically deformed aluminium fills the gaps of particle fracture 

Tool marks Remained particles 

Cavities 

Deep and narrow cracks 
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defects and matrix-particle interfacial defects and further enhance the final surface 

quality and integrity. 

7.3.2 Optimisation on cutting tools 

The precision turning experimental trials are conducted by using PCD tools with 

different nose angles and also natural diamond tools with relative sharp cutting edge. 

Under the same experimental conditions, the machining characteristics of B4C/Al 

MMCs by using different tools can be concluded as below. The machinability derived 

from the cutting trials is assessed based on the evaluation indicators including machined 

surface integrity, tool integrity and cutting force variation. 

(1) Tool geometry 

In order to find the influence of cutting tool geometry on the machinability of MMCs, 

three PCD inserts with zero rake angle while different nose radius as shown in Figure 7-

15 are performed in the experimental trials. The comparison of machining 

characteristics is illustrated as below. The machined surface roughness and cutting force 

by using these three tools under same cutting conditions and cutting parameters are 

shown in Table 7-9. 

 

Figure 7-15 PCD inserts in MMCs precision turning process 
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Table 7-9 Surface roughness and cutting force in MMCs precision turning by using 

different tools 

No. 
Cutting 

tool 

Feed 

rate 

(µm/rev) 

Depth 

of cut 

(µm) 

Cutting 

speed 

(m/min) 

Cutting force (N) Surface 

roughness 

(nm) 

Feed 

force 

Normal 

force 

Cutting 

force 

1 Tool 1 10 2.5 157.0 9.499 4.509 10.515 70 

2 Tool 2 10 2.5 157.0 9.934 5.333 11.275 71 

3 Tool 3 10 2.5 157.0 12.030 6.350 13.603 75 

4 Tool 1 10 4 94.2 21.830 11.870 24.848 109 

5 Tool 2 10 4 94.2 22.030 11.820 25.001 113 

6 Tool 3 10 4 94.2 23.760 13.410 27.036 115 

 

The experimental results of machined surface roughness indicate that cutting tool nose 

radius has effects on the machined surface quality. Surface roughness increase with the 

decrease of tool nose radius under entire cutting conditions and cutting parameters. The 

tool wear did not state significant differences for these three tools due to the extremely 

short cutting time. However, the tool wear can be observed and predicted from the 

machined surface roughness and cutting force. The roughness value of outer side 

machined surfaces, which is the starting point of cutting process and cutting tool wear is 

observed as zero, are almost the same in each cutting cycle; while for the surface 

roughness at the centre of machined workpiece shown in Table 7-9, the best surface 

quality only can be find when using PCD tools with larger tool nose radius. In addition, 

the force components in both feed and normal directions together with total force 

magnitudes shown in Table 7-9 indicate that the smallest cutting force occurs at larger 

nose radius. This contributes to the reduction of tool wear rate. As a result, tool with 

larger nose radius and zero rake angles is seen as the optimal cutting tool for obtaining 

better cutting performance including smaller surface roughness, lower tool wear rate 

and smaller cutting force. 

(2) Tool material 

The cutting tool property is another critical factor that affects the machinability of 

MMCs. In this part, PCD insert and natural diamond insert both with zero rake angle 

and same nose radius are conducted to evaluate the workpiece machinability. Figure 7-
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16 shows the tools used in these experiments. Table 7-10 demonstrates the machined 

surface roughness by using these two tools respectively. 

 

Figure 7-16 Cutting tools used in MMCs precision turning process 

Table 7-10 Machined surface roughness by using PCD and natural diamond tools 

Experiment 

No. 

Cutting 

tool 

Feed rate 

(µm/rev) 

Depth of 

cut (µm) 

Cutting 

speed 

(m/min) 

Surface 

roughness (nm) 

1 PCD 10 2.5 157.0 71 

2 Diamond 10 2.5 157.0 124 

3 PCD 10 4 157.0 90 

4 Diamond 10 4 157.0 153 

5 PCD 10 2.5 94.2 113 

6 Diamond 10 2.5 94.2 173 

 

 

(a) Machined surface morphology by using PCD tools 
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(b) Machined surface morphology by using natural diamond tools 

Figure 7-17 Machined surface morphology by using two different tools 

In term of the machine surface roughness, the roughness value shown in Table 7-10 

implies that machined surface has much smaller roughness by using PCD tool than 

natural diamond tool. In addition, both of these two tools exhibit characteristic abrasive 

wear patterns. However, the tool wear rate especially on the wear height of natural 

diamond tool is excessive in a single cut as shown in Table 7-12, while the wear on 

PCD tool is insignificant under same cutting conditions. The actual tool wear presenting 

by the wear height and flank wear length is shown in Figure 7-20 and Figure 7-21. For 

the cutting force in MMCs precision turning process, Table 7-11 and Figure 7-18 show 

the cutting force magnitude in MMCs precision turning by using PCD tool and natural 

diamond tool respectively. The cutting force magnitude by using natural diamond tool is 

almost 10 times smaller than using PCD tool; however, the force increment in this 

cutting process is significant and much larger than that of PCD tool. This is due to the 

rapid tool wear of natural diamond tool when machining particulate MMCs. On the 

other hand, due to the low thermal stability of natural diamond, MMCs machining with 

high temperature generation will lead to its carbonized (ie, graphitized) at 700-800 ° C, 

and further acceleration of the tool wear rate. As a result, dramatically decrease in tool 

life and poor surface finish of machined parts occurs. Even the chip load is extremely 

small when using natural diamond tool due to the relative small edge radius, the rapid 

tool wear and poor surface integrity of machined parts make it unreliable in MMCs 

precision machining. 
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Table 7-11 Cutting force value by using PCD and natural diamond tools  

No. Cutting tool 
Cutting force (N) 

Fc Ft Ftotal 

1 PCD 9.934 5.333 11.275 

2 Diamond 1.502 0.530 1.593 

3 PCD 12.740 7.806 14.941 

4 Diamond 2.602 0.999 2.787 

5 PCD 9.942 5.621 11.421 

6 Diamond 1.656 0.548 1.744 

 

 

 (a) Cutting force signal by using PCD tool 

 

(b) Cutting force signal by using natural diamond tool 

Figure 7-18 Cutting force in MMCs precision turning by using PCD tool and natural 

diamond tool under same cutting parameters 
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Table 7-12 Tool wear and wear rate by using PCD and natural diamond tools 

Tool PCD Natural diamond 

Time (s) 3000 150 

Wear height (µm) 28.2 4.1 

Wear length (µm) 170 12.1 

Wear rate (height) (µm/s) 0.0094 0.027 

Wear rate (length) (µm/s) 0.057 0.081 

 

 

Figure 7-19 Surface morphology of new natural diamond tools 

 

Figure 7-20 Cutting tool wear by using natural diamond tools 
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(a) Wear height 

 

(b) Flank wear length 

Figure 7-21 Cutting tool wear by using PCD and natural diamond tools 

7.3.3 Optimisation on workpiece microstructures 

The micro milling experiments are further conducted on three different MMCs materials 

including  45% SiC/Al MMCs with 5 µm particle size, 60% SiC/Al MMCs with 90 µm 

particle size and 50% B4C/Al MMCs with 5 µm particle size. The machining process 

variables and cutting conditions are set as the same. The experimental results on 

machining characteristics are recorded and analysed by using the same methods as 

shown in section 7.1. The distinct machining characteristics for these three materials are 

summarised in the following Tables. The machined surface roughness of B4C/Al MMCs 

has been illustrated in Table 7-1 in the previous section. 
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Table 7-13 Machined surface roughness of SiC/Al MMCs under varied cutting 

parameters 

Experimental 

number 

Spindle 

speed (rpm) 

Cutting 

speed 

(m/min) 

Feed rate 

(µm/rev) 

Axial depth 

of cut  (µm) 

Surface 

roughness 

(nm) 

1 6,000 188.496 10 150 60 

2 6,000 188.496 20 150 95 

Workpiece material: Al/5 µm SiC/45p; Radial depth of cut: 3 mm 

3 6,000 188.496 5 150 118 

4 6,000 188.496 10 150 105 

Workpiece material: Al/90 µm SiC/60p; Radial depth of cut: 3 mm 

 

 

(a) Cutting force for 45% SiC/Al MMCs with 5 µm particle size 

 

(b) Cutting force for 60% SiC/Al MMCs with 90 µm particle size 
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(c) Cutting force for 50% B4C/Al MMCs with 5 µm particle size 

Figure 7-22 Cutting force for three different materials under same cutting condition 

From the experimental results, it can be observed the surface roughness of B4C/Al is 

smaller than that of SiC/Al shown in Table 7-13 at each set of cutting parameters and 

cutting conditions when the material composition is similar. This is due to the bonding 

of B4C/Al is stronger as revealed by the good mechanical properties [250]. With 

stronger bonding, particles are mostly cut through rather than debonding which leave 

larger defects on the machined surface and lead to poor machining quality. In term of 

SiC/Al MMCs with different grain size of particles, the SiC/Al MMCs with 90 µm 

particle size performs a surface roughness of 105 nm and 118 nm while the roughness 

value is 60 nm and 70 nm respectively for SiC/Al MMCs with 5 µm particle size under 

same cutting parameters. This indicates that the smaller the particle grain size is, the 

smaller the surface roughness will be obtained. From the force signals shown in Figure 

7-22, it can be found that 45% SiC/Al MMCs with 5 µm particle size has smallest 

cutting force with less variation which means the progressive tool wear is smaller than 

machining on other materials. In addition, better surface quality can be obtained for 

MMCs with lower particle volume fraction due to the reduced cutting force and 

decreased tool wear with fewer defects generated on the machined surface. The detailed 

machined surface characteristics are shown in Figure 7-23. The cutting force on B4C/Al 

MMCs is the highest due to its relative higher hardness. However, the better surface 

profiles with less defects including cracks, voids and cavities, smaller surface variation 

and smaller surface roughness can be observed on the machined surface of B4C/Al 

MMCs with small particles and low volume fraction, while the larger surface roughness 

with significant surface defects occurs when machining on 60% SiC/Al with 90 µm 

grain size. Thus, the better machinability is observed on the MMCs with smaller particle 
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size and lower volume with normal distribution, and better surface finish performed on 

MMCs with B4C reinforcements rather than SiC reinforcements.  

   

(a) Machined surface characteristics of 5 µm B4C/Al MMCs 

 

 

(b) Machined surface characteristics of 5 µm SiC/Al MMCs 
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(c) Machined surface characteristics of 90 µm SiC/Al MMCs 

Figure 7-23 Machined surface characteristics of three different materials under the 

cutting parameters: cutting speed: 188.496 m/min, feed rate: 10 µm/rev, DOC: 150 µm 

7.4 Concluding remarks 

This chapter presents the machinability assessment of three different metal matrix 

composite materials in precision turning and micro milling processes. An experimental 

study on the cutting performance of MMCs and the machining process optimisation are 

conducted under varied cutting parameters, cutting tool conditions and workpiece 

material properties. The following conclusions can be drawn from the experimental 

results and analysis: 

1. A series of high precision milling experiments on Al/5µmB4C/50p MMCs by 

using PCD end mills are performed to investigate the surface generation and the 

material machinability can be achieved against the process variables. The optimal 

cutting parameters, i.e. cutting speed of 188.496 m/min, feed rate of 10 µm/rev 

and axial depth of cut of 150 µm, are identified towards lower surface roughness 

and better surface morphology. Analysis of means (ANOM) results reveal that 

these three cutting parameters have similar effects on the surface roughness and 
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the optimal cutting conditions via roughness analysis are confirmed by ANOM. 

Analysis of variance (ANOVA) results indicate that contribution percentages of 

these parameters on the machined surface are contrast. Feed rate, as the dominate 

factor, has the highest influence on the responses, followed by cutting speed and 

depth of cut. Interaction of these factors has the minimal effects on the machined 

surface roughness. 

2. Precision turning experiments on Al/5µmB4C/50p MMCs are also carried out to 

investigate the surface generation. The optimal cutting conditions i.e. cutting 

speed of 157.0 m/min, feed rate of 10 µm/rev and axial depth of cut of 2.5 µm are 

found with lowest resultant surface roughness. The experimental results also show 

the similar results to those in micro milling process that feed rate has the highest 

influence on machined surface roughness, followed by cutting speed, depth of cut 

and interaction of these three parameters. Whereas the effects of interaction of 

cutting speed and feed rate on surface roughness are minimal. 

3. For the surface morphology, feed marks, burrs and pits are noticeable in MMCs 

precision machining. Some of the reinforced particles are pulled out during the 

machining, while most are perfectly cut through. Plastically deformed aluminium 

fills the gaps and covers the cracks and pits generated on the fractured particles, 

which helps result in a smoother surface with smaller surface roughness and better 

surface quality to some extent. 

4. The further material machinability assessment and process optimisation results 

indicate that tool with larger nose radius and zero rake angles is observed as the 

optimal cutting tool for obtaining better cutting performance including smaller 

surface roughness, lower tool wear rate and smaller cutting force. In addition, 

PCD tool has better tool performance and cutting performance than natural 

diamond tool in MMCs precision machining process. Even the chip load is 

extremely small when using natural diamond tool, the rapid tool wear and poor 

surface integrity make it unreliable. Moreover, the better surface profiles with less 

defects and smaller surface roughness can be seen on the machined surface of 

B4C/Al MMCs with small particles and low volume fraction. This is due to the 

bonding between Al matrix and B4C particles are strongest as revealed by the 

good mechanical properties. The better cutting performance under higher cutting 

force occurs due to most particles under strong bonding condition are perfectly cut 

through rather than badly fractured, debonding or dislocation.  



 

 201   

 

Chapter 8 Conclusions and recommendations for future work 

8.1 Conclusions 

In this research, the cutting mechanics of particulate metal matrix composites, material 

machinability and machining process optimisation are extensively investigated through 

multiscale multiphysics based integrated approach. A scientific understanding on 

MMCs precision machining process is obtained from the aspects of MMCs chip 

formation mechanism, dynamic cutting force modelling, multiphysics coupled thermal-

mechanical-tribological tool wear analysis and machinability assessment. The 

distinctive conclusions for this research work can be drawn from the following aspects. 

(1) Multiscale multiphysics based approach to investigate the MMCs precision 

machining process is proposed. The integrated approach demonstrates the 

interrelationship of key process factors and provides an in-depth understanding of 

MMCs precision machining process especially for its cutting mechanics, cutting 

performance, machinability assessment and process optimisation.  

(2) The minimum chip thickness in MMCs precision machining has been identified 

through multiscale based mathematical analysis and experimental evaluation and 

validation on precision turning machine. The perfectly matched outcomes show that 

minimum chip thickness value is significantly influenced by the cutting edge radius and 

reinforced particle grain size together. 

(3) Multiphysics based FE simulation and analysis is further conducted under varied 

cutting conditions and cutting parameters. The simulation outcomes show that the 

material removal mechanism and machined surface profile are strongly affect by the 

tool-workpiece interaction including tool/matrix material pair, tool/particle pair and 

tool/ bonding interface pair. The best surface quality can be observed in the scenario of 

depth of cut is equal to the particle radius along with proper lower feed rate and higher 

cutting speed. 

(4) The chips are found as powder form with extremely small chip length from the FE 

simulation and analysis. This is evaluated and validated via well-designed precision 

turning trials. Discontinued short curled chips due to combined 

fracture/rupture/crumbling process can be identified in each cutting cycle.  
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(5) The chip morphology analysis shows that the inner surface of chip performs ribbon 

form topography due to the material shearing and outer surface exhibits a relative 

smooth morphology with small texture along the cutting direction due to the rake face 

texture of PCD tool and tool-chip interfacial friction. In addition, a significant variation 

ranging from prominent saw-tooth profile to light waviness is commonly featured on 

the chip outer surface with the orientation vertical to the cutting direction that attributes 

to the existence of reinforced particles and their location along the cutting line. The chip 

formation has slightly difference under different cutting parameters. 

(6) The dynamic cutting force model has been proposed. By considering the cutting tool 

runout, instantaneous chip thickness, real tool trajectory and etc., the detailed MMCs 

milling force variation including the matrix material shearing force and particle fracture 

force are demonstrated appropriately. Simulation results indicate that feed rate, radial 

depth of cut, axial depth of cut and also the particle size and volume fraction have 

significantly effects on the predicted cutting force variation. Experimental evaluation 

and validation are carried out by compensating the measured forces via hammer-

dynamometer test determined transfer function. The force model has a good agreement 

with the actual force value from experiments. The modified force model is further 

applied to improve the resultant surface form accuracy and also reduce the surface 

roughness by choosing the optimal process variables in MMCs precision machining 

process. 

(7) The heat generation and cutting temperature are represented by the heat sources in 

five different cutting areas. The cutting temperature partition in MMCs precision 

machining is investigated by means of multiphysics coupled thermal-mechanical-

tribologial modelling and simulation. Simulation results show that the highest 

temperature on the workpiece material is normally along the round cutting edge rather 

than the area that largest plastic deformation occurs. In term of the cutting tool, the 

highest temperature occurs around the round cutting edge while close to the material 

separation point. When machining on the brittle particles, the highest temperature can 

be observed at the tool-particle interaction point where particle fracture occurs. The 

resultant temperature is much higher than that in machining on matrix material. 

(8) The tool wear type and characteristics have been investigated via experimental trials. 

The tool wear rate model is proposed by taking the cutting stress and cutting 
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temperature obtained from multiphysics based simulation into consideration. The 

outcomes indicate the tool wear model is reasonable to apply for the prediction of 

cutting tool wear. 

(9) The machined surface generation and machinability assessment of particulate 

MMCs are investigated covering the aspects of machined surface roughness, cutting 

force, tool wear, tool life and machining efficiency. Cutting parameters, cutting tool 

conditions and workpiece material conditions are found as the most critical factors that 

have significant effects on the tool performance and cutting performance. The 

machinability of particulate MMCs can be improved through process optimisation by 

taking account of these factors. 

Major contributions to the knowledge spanned out from this research can be as follows: 

(1) A multiscale multiphysics based approach to modelling and analysis of MMCs 

precision machining is formulated, which is particularly helping address the intrinsic 

relationships among the micro geometry of the cutting tool, process variables, particles 

size and density, tool-workpiece interfacial multiphysics phenomena in the cutting. 

(2) The dynamic cutting force model is developed by considering the multiscale aspects 

of tool-workpiece interface in the dynamic process and also the tool runout, 

instantaneous chip thickness and real tool trajectory in micro milling. This improved 

force model can be further applied to predict the cutting force variations in precision 

turning and micro milling of MMCs. 

(3) The holistic experimental study is conducted in light of the research approach above 

to investigate the surface generation and surface roughness in MMCs precision 

machining, and the corresponding process optimisation. 

8.2 Recommendations for future work 

The recommendations for future work can be summarised in the following aspects: 

(1) In this research, the simulation set-up has not taken all the bonding conditions into 

consideration. For mechanical bonded particle-matrix interface, the set-up with only tied 

together is enough due to the fabrication method of MMCs. However, for MMCs with 

chemical bonding methods, the simulation set-up is worth investigating in the following 

research. 
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(2) The dynamic cutting force model still need to be improved due to the current 

multiscale model did not take cutting temperature and tool wear into account. The 

change of material properties at different cutting temperature and change of tool 

geometries under continue tool wear condition may obviously affect the cutting force 

behaviour and magnitude. 

(3) Cutting temperature partition model has not been verified due to the cutting heat 

areas cannot be divided in real cutting condition and also the limitation of experimental 

environment. The experimental validation process and improvement are required. 

(4) Tool wear characterisation especially for the wear status throughout its lifespan is 

still less understood and need to be further analysed from frequency analysis and 

wavelet analysis. 
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Appendix 2 Tool Wear in Micro Drilling of PMMC 

 

 

Figure 1 Multiphysics based approach to analyse the tool wear in MMCs micro drilling 

As illustrated in Figure 1, tool wear is significantly affected by cutting force, cutting 

temperature and friction due to the interaction between tool and workpiece. There is an intrinsic 

relationship among these three cutting physics. Friction force and cutting force especially for 

thrust force are significantly affected by cutting tool geometry and cutting parameters. The 

actual cutting force is also affected by chip formation process. On the other hand, cutting speed 

and feed rate in micro drilling processes determine the resultant drilling temperature. In 

addition, the resultant heat between tool, chip and workpiece at deformation and friction zone 

result in the cutting temperature gradually increased. Moreover, the resultant tool wear, in turn, 

increases the cutting force, cutting temperature and friction during continuous cutting processes. 

This vicious circle prompts us to find out the interrelationship between the process variables and 

cutting tool wear in order to enhance the tool performance and cutting performance. Therefore, 

an investigation on the thermo-mechanical-tribological properties of micro-drills and workpiece 

is of great important to have a better understanding on the MMCs micro cutting mechanics. In 

addition, multiphysics based analysis and experimental evaluation and validation are critical to 

select the optimal cutting parameters in MMCs micro drilling process. 

The test material in this micro drilling experiment is aluminium metal matrix composite 

material reinforced by silicon carbide particles with 17.8% volume fraction. The external 

dimension of MMCs workpiece is 50*50*2 mm. Table 1 illustrates the microstructure of this 

metal matrix composite workpiece and its chemical composition that measured by SEM 

respectively. The grain size of silicon carbide particles is normally ranged from 2 μm to 40 µm 

and the average grain size of SiC in this workpiece is around 25 µm. The chemical composition 

and mechanical properties of Al/SiC MMC workpiece are shown in Table 1. Tungsten carbide 
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drills with identical diameter of 0.5 mm are used in these micro drilling experiments. Table 2 

shows the specifications of the micro drills. 

Table 1 Chemical composition and mechanical properties of the MMC workpiece 

Al (%) SiC (%) Cu (%) Mg (%) Mn (%) 

Balanced 17.8 3.3 1.2 0.4 

 

             (a) Silicon carbide particles’ sizes                          (b) Elemental composition (Si, C, Al %) 

Density 

(g/cm3) 

Tensile 

modulus 

(GPa) 

Tensile 

strength 

(MPa) 

Yield 

strength 

(MPa) 

Poisson's 

ratio 

(1) 

Thermal 

conductivity 

(W/(m*K)) 

Thermal 

expansion 

(1/K) 

Heat 

capaci

ty 

(J/(kg

*K)) 

2.85 100 610 400 0.32 247 23e-6 897 

 

Table 2 Micro drilling tool specifications 

 

Drill  

type 

Surface 

condition 

Drill 

diameter 

Flute 

length 

Overall 

length 

Shank 

diameter 

Point 

angle 

Helix 

angle 

Twist drill UT coat 0.5mm 7.5mm 38mm 3mm 130
o 

30
o 
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Micro drilling experimental set-up  

The schematic of the micro drilling experimental set-up is shown in Figure 2. The MMC micro 

drilling experiments were conducted on the KERN CNC machine. The data acquisition system 

consists of a Kistler 9256C dynamometer connected to PC with A/D card and LabView 

programming for acquisition of drilling thrust force data. Tool wear and surface profile were 

analysed by imaging and further measured with JCM-6000 Benchtop SEM and TESA Visio 200 

GL.  

 

Figure 2 Micro drilling experimental set-up 

Micro drilling experimental trials and procedures  

In the micro drilling experiments, Taguchi’s method, as a powerful tool, was applied to identity 

the optimal drilling parameters. In these experiments, spindle speed and feed rate were the 

process parameters that significantly affected the tool wear in micro drilling processes. Thus, 

during these experiments, only one of them was varied while another was hold constant in order 

to observe the effects of input parameter. For a comparison study, the different combinations of 

these parameters were investigated. Due to the SiC particles were easily debonded and flushed 

away which leave the voids and pits on the machined surface when using the coolant, all of 

these micro drilling experiments were conducted under dry cutting conditions. Table 3 below 

shows the micro drilling conditions and orthogonal array of input parameters. 
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Table 3 Orthogonal array of micro drilling parameters and cutting conditions 

Environmental temperature: 20
o
C      Relative humidity: 50%       Cutting condition: Dry  

Experiment No. Spindle speed (rpm)  Cutting speed (m/min) Feed rate (mm/min) 

1 6,000 9.425 12 

2 6,000 9.425 24 

3 6,000 9.425 36 

4 9,000 14.137 12 

5 9,000 14.137 24 

6 9,000 14.137 36 

7 12,000 18.850 12 

8 12,000 18.850 24 

9 12,000 18.850 36 

 

Results, analysis and discussion 

(1) Micro drilling force analysis 

Micro drilling thrust force against the micro-drills into the MMC workpiece material was 

recorded during the entire micro drilling processes. In order to better characterise the generation 

between the cutting force and process parameters, drilling thrust force in various spindle speed 

and feed rate that measured by dynamometer respectively were showed in Figure 3. Figure 3 

illustrates drilling thrust force performance in a complete circle. It can be found that thrust force 

increased as more holes drilled in each cutting parameter. This occurred due to the significant 

increase of tool wear on micro-drills.  

 

Figure 3 Micro drilling thrust forces in one circle 

Figure 4 shows thrust force in one rotation of micro drills. Due to the inhomogeneity of MMC, 

the suddenly increase of cutting force occurred when the cutting edge touches the SiC particles 

and against this hard-to-machined material as shown in Figure 4. In this cutting processes, the 

shear deformation of Al matrix occurs when the micro drill cutting through the workpiece. 

When the tool tip meets the SiC particle, the stress concentration increases while the SiC still 
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not fracture. With the continuing increase of cutting force, the SiC particle reaches its limit 

strength and break into chips together with the Al matrix. Then the cutting force suddenly 

decrease and keep cutting through Al matrix. 

 

Figure 4 Micro drilling thrust force specification 

 

Figure 5 shows the comparison of thrust force in various process parameters. It can be observed 

that for a given spindle speed, the drilling thrust force increases with the increase of feed rate 

and the ratio of force increased became higher. In addition, with the continually increase of feed 

rate, the rapid micro-drills breakage occurred after drilling only a few holes. In addition, for a 

given feed rate, the drilling thrust force had a slight decrease and then gradually increased with 

the increase of spindle speed. In addition, considering the simulation results and experimental 

results together, the micro drilling thrust force versus spindle speed and feed rate are completed 

matched. Thus, it can be concluded that feed rate and spindle speed are the main factor that 

affect the micro drilling thrust force. 

 

Figure 5 Micro drilling thrust forces against feed rate and spindle speed 
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(2) Micro drilling tool wear mechanism and characterisation  

In MMC micro drilling processes, tool wear can be significantly observed. These tool wear are 

mainly attributed to the interaction between the micro drills and workpiece. Due to the specific 

hardness of SiC particles, the tool surface were rubbed by these particles above, below or on the 

cutting line when micro drills cutting through the workpiece surface. Figure 6 below shows the 

wear characterization of the micro-drills. From the experimental results it can be observed that 

adhesion, abrasion, diffusion, fatigue and plastic deformation are the typical wear significantly 

occurred on micro-drills. Abrasive wear, as the main wear on micro-drills, occurred on flank, 

rake face and also chisel edge. The reinforced SiC particles with pretty high hardness continue 

rubbing on the micro-drills and lead to the extremely high abrasive wear. In addition, cutting 

chips are difficult to be removed from the cutting area due to the dry drilling condition. Thus, 

cutting chips, that rubbed and damaged the tool surface, significantly increase the speed of tool 

wear. It can be observed that abrasive wear with the form of grooves mainly existed in at the 

outer corner of micro-drills cutting edge. This occurs due to the contact length is the largest in 

this area. Thus, the edge rounding can be observed on micro-drills. In term of other tool wear, 

adhesive wear mainly occurs on the tool tip and helical flute. Build-up edge (BUE) easily 

occurs on the helix flute and cutting edge due to the adhesive property of Al. Margin wear, as 

another tool wear, gradually appeared on micro-drills with the increased number of holes drilled. 

 

Figure 6 Tool wear characterisation in micro drilling MMCs 
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(3) Tool wear analysis against the process parameters  

Wear characterisation of micro drills in various cutting parameters were measured afterwards by 

using SEM respectively. The SEM images showed the effects of each factor on the wear of 

micro-drills. Table 4 illustrates the effects of feed rate and spindle speed on the tool wear in 

different levels. Wear height, as an effective method to analyse the tool wear, were measured. 

Figure 7 shows the method of measuring average wear height and maximum wear height. 

According to the comparison of tool wear as shown in Figure 8, it can be found that tool wear 

was extremely obvious with process parameters varied when micro drilling on MMC materials. 

The wear degree on micro drills increased with the increase of feed rate. This attributed to the 

build-up-edge (BUE). In micro drilling, BUE generally formed in high feed rate conditions and 

raised the friction coefficient and cutting force. In addition, the adhesive property of Al matrix 

led to the BUE easily occurred. Thus, the higher feed rate resulted in the large BUE, chip 

removal rate reduced and eventually accelerated the tool wear. On the other hand, the resultant 

higher friction coefficient and cutting force led to the increase of friction between micro drills 

and workpiece. Thus, the flank wear rate significantly increased. In term of spindle speed, 

cutting temperature increased with the increase of spindle speed and the diffusion wear rate 

would be raised. From the experimental results, it was found that the wear rate of micro-drills 

decreases with the increase of the spindle speed. This can be illustrated that the abrasive wear 

was dominant at lower cutting speed. In addition, abrasive wear have a much higher impact on 

the resultant tool wear than the high temperature oriented diffusion wear achieved in the higher 

spindle speed conditions. At the point of view of these process parameters, feed rate and spindle 

had significantly effects on the tool wear in micro drilling MMC. Feed rate was much more 

dominant than spindle speed. A lower feed rate and higher spindle speed (12 mm/min in feed 

rate and 12,000 RPM in spindle speed) were observed as the optimal process parameters to 

minimise tool wear and extend tool life appropriately in micro drilling MMCs. 

 

Figure 7 Method of measuring the micro drilling tool wear 
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Table 4 Wear of micro-drills with respect to spindle speed and feed rate by using SEM 

 

 

Figure 8 Variation of tool wear with respect to drilling feed rate and spindle speed 

Conclusions 

In this part, a multiphysics based investigation is presented on micro drilling metal matrix 

composites (MMCs). The simulation results on the drilling tool wear and thrust force are 

validated with well-designed micro drilling experiments. The detailed conclusions can be drawn 

as follows: 

(1) Micro drilling tooling performance especially for the tool wear was significantly affected 

by the fully coupled cutting force, cutting temperature and friction between the micro drills 

and workpiece. The intrinsic relationships of these three factors can be established based on 

the drilling tool geometry and process parameters. 

(2) Abrasive wear, as the most obvious wear in micro drilling processes, mainly occurs on the 

flank face, chisel edge and rake face of micro-drills. The SiC particles with high hardness 

rubbing the tool surface in drilling MMC lead to the excessive abrasive wear. Adhesion, 

BUE, diffusion, fatigue and plastic deformation also occur on micro-drills during the micro 

drilling processes. 

(3) The cutting spindle speed and feed rate are considered as the main factors that affect the 

tool wear and tool life in micro drilling processes. Wear rate of micro drills decreases with 

the decrease of feed rate and increase of spindle speed. In addition, feed rate is more 



 

 245   

 

dominate to the tool wear than spindle speed. Drilling with appropriate lower feed rate and 

higher spindle speed can significantly reduce the tool wear and extend tool life. 

(4) Micro drilling thrust force, as the collective simulation and experimental results, is affected 

by process parameters as well. The drilling thrust force increases with the increase of 

drilling feed rate. With the continuous increase of the feed rate, micro-drills breakage 

occurs. In addition, the increase of the drilling spindle speed results in the slightly change 

of drilling thrust force. The influence of spindle speed on thrust force is insignificant 

compare to feed rate. 
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Appendix 3 Technical Specifications of Kistler 9256C2 MiniDyn 
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Appendix 4 Technical Specifications of Impact Hammer 9722A500 
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Appendix 5 Experimental Trials Results: Minimum Chip Thickness 

 

 

(a) DOC: 0.2 µm 

 

(b) DOC: 0.3 µm 

 

(c) DOC: 0.4 µm 

 

(d) DOC: 0.5 µm 
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(e) DOC: 0.6 µm 

 

(f) DOC: 0.7 µm 

 

(g) DOC: 0.8 µm 

Figure 1 Machined surface roughness at various depth of cut 

 

(a) Cutting speed: 157.0 m/min 
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(b) Cutting speed: 125.7 m/min 

 

(c) Cutting speed: 94.2 m/min 

Figure 2 Machined surface roughness at varied cutting speed when DOC is 0.4 µm 

 

(a) Cutting speed: 157.0 m/min 

 

(b) Cutting speed: 125.7 m/min 
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(c) Cutting speed: 94.2 m/min 

Figure 3 Machined surface roughness at varied cutting speed when DOC is 0.6 µm 
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Appendix 6 Part of Programs for Dynamic Cutting Force Modelling 

 

x1 =[a1 a2 a3 a4 a5 a6]; 

y1 =[b1 b2 b3 b4 b5 b6]; 

ellipse_t = fit_ellipse(x1,y1); 

t=linspace(0, 2*pi,10000); %rotation angle 

phi=linspace(0, 2*pi,10000); %rotation angle 

a=ellipse_t.a; 

b=ellipse_t.b; 

x0=ellipse_t.X0; 

y0=ellipse_t.Y0; 

X=a*cos(t+pi/2)-x0; 

Y=b*sin(t+pi/2)-y0; 

Z=sqrt(X.^2+Y.^2); 

d=0.25; %depth of cut 

f=0.010; %feed rate 

beta=0.4845; %friction angle 

alpha=0; %rake angle 

rn=0.2; %nose radius 

re=0.002; %edge radius 

f1=0.1; 

p=0.75; %per of SiC 

rs=0.0025; % radius of SiC 

K=3.3;%particle fracture toughness 

miu=K/(sqrt(2*rs*0.001)); %particle fractur stress 

Theta=acot((rn+f/2)/d); %tool approach angle 

A=d/sin(Theta); %actural DOC (mm) 

c=f*sin(Theta); %actural feed rate (mm/r) 

c1=f*sin(Theta); %actural feed rate (mm/r) 

ts=1500; %shear strength of MMC (Mpa) 

tm=283; %shear strength of Al (Mpa) 

Phi=atan(rct*cos(alpha)/(1-rct*sin(alpha))); %shear angle (deg) 
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H=re*(1+sin(alpha)); % Hight of ploughing zoon 

sigma=asin(H/(2*rs+2*re)); 

l=rn*(Theta+asin(f/(2*rn)))+((d-rn*(1-cos(Theta)))/sin(Theta)); 

L=2*rs/(l*p); 

Ft=(tm*A*c.*sin(phi)).*((0<=phi)&(phi<theta1))+(ts*A*c.*sin(phi)*cos(beta-

alpha)/(sin(Phi)*cos(Phi+beta-

alpha))+tm*l*re*tan(pi/4+alpha/2)+miu*rs*l*p*pi/2*sin(1600*phi)).*((theta1<=phi)&(

phi<=pi/4))+0*((pi/4<phi)&(phi<=pi))+(tm*A*c.*sin(phi)).*((pi<phi)&(phi<pi+theta1)

)+(ts*A*c1.*sin(phi)*cos(beta-alpha)/(sin(Phi)*cos(Phi+beta-alpha))-

tm*l*re*tan(pi/4+alpha/2)-

miu*rs*l*p*pi/2*sin(1600*phi)).*((pi+theta1<=phi)&(phi<=5*pi/4))+0*((5*pi/4<phi)

&(phi<=2*pi)); 

Fc=(tm*A*c.*sin(phi)).*((0<=phi)&(phi<theta1))+(ts*A*c.*sin(phi)*sin(beta-

alpha)/(sin(Phi)*cos(Phi+beta-

alpha))+tm*l*re*tan(pi/4+alpha/2)*(1+pi/2)*sin(Theta)+miu*rs*l*p*pi/2*sin(1600*phi

)*tan(sigma)*sin(Theta)).*((theta1<=phi)&(phi<=pi/4))+0*((pi/4<phi)&(phi<=pi))+(tm

*A*c.*sin(phi)).*((pi<phi)&(phi<pi+theta1))+(ts*A*c1.*sin(phi)*sin(beta-

alpha)/(sin(Phi)*cos(Phi+beta-alpha))-tm*l*re*tan(pi/4+alpha/2)*(1+pi/2)*sin(Theta)-

miu*rs*l*p*pi/2*sin(1600*phi)*tan(sigma)*sin(Theta)).*((pi+theta1<=phi)&(phi<5*pi/

4))+0*((5*pi/4<phi)&(phi<=2*pi)); 

Fa=tm*A*re*tan(pi/4+alpha/2)*(1+pi/2)*cos(Theta)+miu*rs*l*p*pi/2*sin(1600*phi)*t

an(sigma)*cos(Theta)+tm*2.8*re*tan(pi/4+alpha/2)*(1+pi/2); 

Fx=(Ft.*cos(phi)+Fc.*sin(phi)); 

Fy=(-Ft.*sin(phi)+Fc.*cos(phi)); 

Fz=Fa; 

plot(phi,Ft,(phi+2*pi),Ft,'Color',[0 0 1]); 

plot(phi,Fc,(phi+2*pi),Fc,'Color',[0 1 1]); 

plot(phi,Fa,(phi+2*pi),Fa,'Color',[1 1 1]); 

plot(phi,Fx,(phi+2*pi),Fx,'Color',[1 0 1]); 

plot(phi,Fy,(phi+2*pi),Fy,'Color',[1 0 0]); 

plot(phi,Fz,(phi+2*pi),Fz,'Color',[0 1 0]); 

 

 



 

 254   

 

Appendix 7 Part of Programs for Measuring Tool Edge Radius 

 

% this program calculates the approximate cutting edge radius by selecting points that 

consists of the edge circle based on least-square algorithm and draws the fitted circle 

and its center. 

clc 

clear all 

[FileName,PathName] = uigetfile('*.jpg','Select the Image'); 

IM=imread(FileName); 

I=rgb2gray(IM); 

imshow(I); 

% Get size of image. 

m = size(I,1); 

n = size(I,2); 

% Get center point of image for initial positioning. 

midy = ceil(m/2); 

midx = ceil(n/2); 

% get resolution every pixel represents 

r=find(I(:,midx)==255,1); 

s=find(I(r+3,:)==255,1,'first'); 

e=find(I(r+3,:)<=10,1,'first'); 

l=e-s+1; % pixels of the scale bar 

prompt = {'Enter bar length:','Enter zoom factor:'}; 

IN=inputdlg(prompt); 

bl=str2num(IN{1}); %bar length in um 

d=bl/l; 

% zoom in on tool tip 

zoom(str2num(IN{2})) 

% select points that consists of cutting edge circle 

[x, y]=getpts(gcf); 

 

% solve for parameters a, b, and c in the least-squares sense by 
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% using the backslash operator 

abc = [x y ones(length(x),1)] \ -(x.^2+y.^2); 

a = abc(1); b = abc(2); c = abc(3); 

 

% calculate the location of the center and the radius 

xc = -a/2; 

yc = -b/2; 

radius  =  sqrt((xc^2+yc^2)-c); 

% display circle 

viscircles([xc yc],radius); 

% display calculated center 

hold on; 

plot(xc,yc,'yx','LineWidth',2); 

Ra=radius*d; 

title(['The estimated radius is ',num2str(Ra),' microns'],'FontSize',16,'Color','b');  
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Appendix 8 Part of Programs for Measuring Chip Dimensions 

 

% this program calculates the approximate cutting chip dimensions 

clc 

clear all 

[FileName,PathName] = uigetfile('*.jpg','Select the Image'); 

IM=imread(FileName); 

I=rgb2gray(IM); 

figure 

imshow(I); 

% % Get size of image. 

% m = size(I,1); 

% n = size(I,2); 

% % Get center point of image for initial positioning. 

% midy = ceil(m/2); 

% midx = ceil(n/2); 

% % get resolution every pixel represents 

% r=find(I(:,midx)==255,1); 

% s=find(I(r+3,:)==255,1,'first'); 

% e=find(I(r+3,s:end)<=250,1,'first'); 

% % l=e-s+1; % pixels of the scale bar 

% l=e; 

prompt = {'Enter bar length:','Enter zoom factor:'}; 

IN=inputdlg(prompt); 

bl=str2num(IN{1}); %bar length in um 

% d=bl/l; 

% zoom in on tool tip 

zoom(str2num(IN{2})) 

% measure bar length 

[xb, yb]=getpts(gcf); 

re=bl/(xb(2)-xb(1)); 

% measure chip length 
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[xc, yc]=getpts(gcf); 

num=length(xc); 

for i=1:num-1 

    Ds(i)=sqrt((xc(i)-xc(i+1))^2+(yc(i)-yc(i+1))^2)*re; 

end 

 


