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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 SiC,/Al and B4C,/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



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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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.
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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]



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



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.



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.



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]
Route Cost Application Comments
Diffusion bonding High Used to make sheets, blades, vane shafts, structural Handles foils or sheets of matrix and filaments
components of reinforcing element
Powder metallurgy Medium Mainly used to produce small objects (especially Both matrix and reinforcements used in pow-
round), bolts, pistons, valves, high-strength and heat- der form; best for particulate reinforcement;
resistant materials since no melting is involved, no reaction zone
develops, showing high-strength composite
Liquid-metal infiltration Low/medium Used to produce structural shapes such as rods, tubes, Filaments of reinforcement used
beams with maximum properties in a uniaxial direc-
tion
Squeeze casting Medium Widely used in automotive industry for producing dif- Generally applicable to any type of rein-
ferent components such as pistons, connecting rods, forcement and may be used for large scale
rocker arms, cylinder heads: suitable for making com- manufacturing
plex objects
Spray casting Medium Used to produce friction materials, electrical brushes Particulate reinforcement used: full-density
and contacts, cutting and grinding tools materials can be produced
Compocasting/theocasting Low Widely used in automotive, aerospace, industrial Suitable for discontinuous fibres, especially
equipment and sporting goods industries; used to particulate reinforcement

manufacture bearing materials

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].
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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 B,C/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]

Mechanical engineering

Aerospace

Automotive

Defense industry

Cutting tools and dies

Abrasives

Precise instruments parts

Molten metal filter

Turbine engine components

Low weight components for rolary
equipment

Wearing parts

Bearings
Seals
Solid lubricants

Biological, Chemical processing
engineering

Fuel system and valve
Power units

Low weight components
Fuel cells

Thermal protection systems
Turbine engine components

Combustors

Bearings
Seals
Structures

Electrical, Magnetic Engineering

Heat engines

Catalytic converters

Dri vetrain components
Turbines

Fixed boundary recuperators
Fuel injection components

Turbocharger rotors

Low heat rejection diesels
Waterpump seals

Nuclear industry

Tank power trains
Submarine shaft seals
Improved armors
Propulsion system
Ground support vehicles
Military weapon system

Military aircraft (airframe and

engine)

Wear-resistant precision bearings

Antificial teeth, bones and joints
Catalysts and igniters

Hearts valves

Heat exchanger

Reformers

Recuperators

Refractories
Nozzles

Ol industry

Memory elements

Resistance heating elements
Varistor sensor

Integrated circuit substrate
Multilayer capacitors

Advanced multilayer integrated
packages

Electric power generation

Nuclear fuel

Nuclear fuel cladding
Control materials
Moderating materials
Reactor mining

Optical Engineering

Thermal Engineering

Bearings
Flow control valves
Pumps

Refinery heater
Blast sleeves

Bearings
Ceramic gas turbines
High temperature components

Fuel cells; (solid oxide)
Filters

Laser diode
Optical communication cable
Heat resistant translucent porcelain

Light emitting; diode

Electrode materials
Heat sink for electronic parts

High-temperature industripl fur-

nace lining
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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

15



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.
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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].

(a) (c)

h ¢ éf”L h __.:}:’:

Feed ‘ Feed ‘
- ——— —
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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.

[a] Al alloy

[c] Al/SiC/20p composite [d] AI/SiC/30p composite

Figure 2-6 Chip formation at different volume of reinforcement [89]
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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/SIC, 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.

Composite A~ Experimental chip

Composite B — Experimental chip

—

— (1§ M

Composite A~ Simulated chip Composite B- Simulated chip

PC ~ Simulated chip

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
SiCy/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.

S, Mises small saw teeth

particles sticking the chip
and leaving the matrix

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

23



from the matrix material as shown in Figure 2-12 when the volume fraction of the SiC

particle is high.

Rounded particles e Polygonal particles

(a) 7ps (b) 16ps (a) 7ps (b) 16ps

Discontinuous chip

Pulled out SiC

(d) tast step

(c) 22ps

(c) 22ps (d) st step

Figure 2-12 Chip formation in the simulation of machining aluminium and SiC,/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 Software/ MMCs Output variables REF.
materials Model type
modelling
1 Norton—Hoff FORGE2/ SiC Chip formation, 94,
model ANSYS/ PRMMC | Interfacial debonding, | 101
2D tool wear/ Matrix
flow, tool wear and
residual stresses
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2 Johnson—Cook ABAQUS/ 60 pm, Cutting forces and 97
model 2D 56%, stress distribution and
Al/SiC tool-particle
interaction
3 Cowper— ANSYS/LS- 18 um, | Stress distribution and 96
Symonds model | DYNA/2D 20%, particle debonding
Al/SiC
4 Johnson—Cook ABAQUS/ 20 pm, Chip formations and 98
model 2D 5,15,20%, machining forces
Al/SiC
5 Johnson—Cook ABAQUS/ 10 pm, Defect formation 99
model 2D 65%, mechanisms
Al/SiC
6 Johnson—Cook ABAQUS/ 5 um, Particle behaviour and | 103
model 2D 45%, surface formation
Al/SiC
7 Equivalent Third Wave 28 pm, Cutting forces, stress 102
Homogeneous Systems 20%, Al/ distribution and
Material (EHM) | AdvantEdge/ SiC subsurface damage
model ABAQUS/
2D/3D
8 Johnson—Cook ABAQUS/ Al/Al,O4 Temperature and 95
model 2D stress distribution
(ALE)
9 Johnson-Cook ABAQUS/ Al/SiC Tool-reinforcement 104
model 2D particle interaction,
(ALE) reinforcement particle
debonding, cutting
forces, chip
morphology, stresses
and temperature
distributions
10 | Johnson-Cook ABAQUS/ 15 um, Cutting force, 105
model 2D 10%, interaction between
(ALE) Al/Al;O3 tool and particles,
particle debonding
and fracture
11 | Johnson-Cook ABAQUS/ 23 um, | Effect of cutting speed | 106
model 2D 20%, on the tool-particle
(ALE) Al/Al,O3 | interactions as well as
the stress and
temperature
12 Tvergaard- ABAQUS/ 7 um, Matrix damage, 107
Needleman 2D 20%, particle cracking and
damage model Al/SiC interface debonding
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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:

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 Ej, 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 P. in the MMC cutting system and calculate

the cutting force through total energy consumption with the following equation:
Pc:de+PtC+th+ans+Pmnc+Pdeb (2.2)

where, Py is the plastic deformation power of MMC workpiece, P, and P, are the
power consumption at tool-chip interface and tool-workpiece interface

respectively. Pr,s and Py, are the power consumption for the formation of new

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

particles debonding in MMCs cutting process.
Thus, the cutting force can be written as:

P, 2.3
- (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(®) = K,.ah(®) + K;.a
Fr(®) = K,cah(®) + K,.a (2.4)
Fa(®) = K cah(®) + Kze a

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 K., K, and K, are given by:

27



TS cos(fn — an) + tanitannsinfin
sindn  [cos2(@n + fn — an) + tan?nsin?fn

Kic

s sin(fn — an)

sin@ncosi \/cosz((bn + fn — an) + tan®nsin?fn

KTC

(2.6)

TS cos(fn — an) tani — tannsinfin
sindn _ [cos2(@n + fn — an) + tan?nsin?fn

Kac

where, @n is the shear angle, s is the shear vyield 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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dF; = kg *t. xdz
dF, = kg xt, xdz (2.7)
dE, = kgs *t. xdz

where, k;s , k.- and k, are tangential, radial and axial force coefficients in the MMCs
shearing zone. These coefficients are linear to uncut chip thickness t. and can be
calculated by optimising the measured cutting force data as shown in equation (2.8) as
below:

kis = kisy * te + Keso
krs = kps1 *te + kpgy (2.8)
kas = kgs1 * te + kgs2

where, kig1 , Ktz » Krs1 s krso » kst kas2 are the defined constants which have linear

relationship with k; , k,s and k.

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 F. and thrust force F; in micro cutting process can be written as

below:
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Fe =Fee + Fep + Fep
2.9)
Fr =Frc+ Frp+ Frp

where, F-. and Fy. are the cutting and thrust forces generated during the MMCs micro
cutting process respectively. Fqp and Frp 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 F.p and Frp
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.

wUncoated Tungsten Carbide
w Coated Tungsten Carbide
. Polycrystalline Diamond

w Crystal Vapour Deposition

i Cubic Boron Nitride

i Mono-Crystalline Diamond

« Ceramic

“ High Speed Steel

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
SiC, 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] B.C [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
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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].
Rake face

S

Flank face Flank face

(a) at 50 m/min for a distance of 1760 m (b} at 400 m/min for a distance of 880 m

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].

p =W !

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

(5) Crater wear and micro-cracking due to fatigue
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:a) Intergranular fracture formed on the tool edge (b) Crack formed on the flank face

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/SIiC 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.

Cutting process Signal processing Tool condition

Chuck
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Workpiece

Hall Current

Sensor
=
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Z-Servomotor

Portable computer
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and processing sysiem

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].
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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% SiCy,/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.

Disconlinuqxs‘ch }
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(@) round particles mode (b) polygonal particles mode

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].

¥ - v . F 4
2 P i 4 > ~
UGN Ty 'ﬁfﬂ » T X € P /4

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% SiC,/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 SiC,/Al MMCs machining [201]

42



a Ve cutting
tool

7 Al metrix
e

pull out « .
micro

< ‘ ;
4 0 pits fractures
7

x
V'v v

QUID

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.
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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 um, by using small parameters in the range of a few micro-meters, can be obtained
in precision milling of SiCy/Al composites. Karabulut et al. [208] presented an
experimental investigation on the surface roughness in micro milling of B,C/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 MMC:s. 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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The characterisation of MMCs precision machining and its underlying cutting
mechanics especially for chip formation mechanisms have not been fully
understood.

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.

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.

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.
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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.
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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 pum 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°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

um 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 ps. The
output data are collected through NI19234 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 Ibf and the sensitivity is 50 mV/Ibf. 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 N19234 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 um. 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/s? and a
sensitivity of 10.2 mV/(m/s?). The power is supplied by a PCB Piezotronics 482A04
ICP Transducer Amplifier Power Supply. Output signals are collected by N19234 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 um. 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 pum 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 Cultting 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 um edge radius and 0.2 mm nose radius are applied in these micro
milling trials. Three different MMCs workpiece, which are 5 pm 45% SiC/Al, 90 um
60% SiC and 5 pum 50% B,4C/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
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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
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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 a,; and particle fracture
thickness in chip formation a,,. The intrinsic relationship is a, = a,; + a,, 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 7, and un-deformed chip thickness a,; at the

matrix material chip formation point is [113]:

Apyp = Te — T * COS Yy =7, * (1 —cosyhy) (4.1)

where,
P i 4.2
(2 1 $1 1 tan (Fn) (4.2)

e; = ? is the friction coefficient between PCD tool and matrix material in precision

n

machining process. Fy is the friction force and F, is the normal force. ¢, is the angle

between cutting force and normal force and y, 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:

Apy = T, * (1 — cos (% —tan™! el)) (4.3)
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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 r; and un-deformed chip thickness a,, at

the tool-particle interaction point can be expressed as:

Apy =Ts —Ts * COSYP, =75 * (1 — cosy,) (4.4)

where,
= E — = E — -1 & 45
Y2 1 b2 4~ tan (Fn) (4.5)

e, = i—f is the friction coefficient between PCD tool and reinforced particle material in

n

micro milling process. ¢, is the angle between cutting force and normal force and v, 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:

App =15 * (1 — cos (% —tan™?! ez)) (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

o= (1o G nte)) e (1-cos (G one))
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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.

a, = (1, +15) * (1 — cos (% —tan™?! 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 ey 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 pum particle size can be then predicted as
0.594 um. 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
MMC:s 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
B,C is 5 um 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° and 5° 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 um. 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
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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 um, 2.5 um,
4 pm 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 o can be represented by the following equation [234]:

o = [A + B(eP)"] (1 +Cln é) I1 - (TT __7;?O>ml (4.9)

Pl effective plastic strain;
&: equivalent plastic strain rate;
&, reference strain rate;

T, T, and T,, 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.
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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
190 42 2100
(WI(mK))
Density (g/cm®) 2.77 2.52 4.25
Elasticity modulus (GPa) 73 460 1147
Poisson’s ratio, v 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 JA

Al 2024 369MPa 684MPa  8.3e-3 0.73 1.7 502°C 20°C

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]:

&Pl = [D1 + Dyexp (D3 B)] [1 + D,In (i)] (1 + Dg =% ) (4.10)
f q &o Ty —Ty

where s‘}’l is the equivalent strain as a function of temperature, strain rate, equivalent

stress and pressure at material failure, D;~Ds are the material constants for damage

model, g 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, f is the
0

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]

(Y EUISEL

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 w can be defined as
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A&P!
w= z <?> (4.11)
f
where, A£P! 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 w 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:

Ung = — (4.12)

tu

where, G} is expressed as energy required for opening a unit area of crack, o/, is
defined as a tabular function of the associated Mode | fracture energy. In addition, the
post-cracking shear modulus G, in brittle shear model is defined as a fraction of

uncracked shear modulus as shown in equation (4.13).

esk \"
Gc:<1_ — > G (4.13)
emax

where, G is shear modulus of the un-cracked material; ek is crack opening strain; eSk, .
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 ol (MPa)

B.C 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.

trric = min(udy, 7s) (4.14)

where, u is the friction coefficient that defined as a function of contact pressure; &, is
the normal pressure on the chip and cutting tool interface; z is the limit shear stress
which can be calculated from the equation 74 = y/\/§. &, 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]:
oT
pCp ot Vi (kVT) =Q — pCthransVT (4.15)
where, p is density, C, is heat capacity, k is thermal conductivity, Q is heat source and
Virans 1S the velocity of moving part.

The heat flux densities g, and g, going out the surfaces on tool/chip slide and tool

workpiece slide respectively are given by:

1 = qx + qr — f144
(4.16)

a2 = —qk — qr — f244
where, q, is the heat flux density generated by the interface element due to frictional

heat generation; gy, is the heat flux generated due to conduction; g, is the heat flux
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generated due to radiation; f;, f, 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:

—Ng(—kqVTq) = —h(Ty, — Tg) + 1Qfric
(4.17)
—ny, (—k,VT,) = —h(Ty — T) + 1- r)eriC

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
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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
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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 um. 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.
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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)
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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 um 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.

(@) DOC: 1 um (b) DOC: 2.5 pm (c) DOC: 4 um

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 pum 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°, while
the whole tooling system shown in Figure 4-13 (b) has a 5° negative rake angle and 5°
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clearance angle due to the geometry of tool holder. Experiments are performed on the
basal plane of cylindrical Al2024/50B4C, workpiece with a diameter of 50 mm under
various cutting conditions. The average grain size of particle is 5 um 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).

The estimated radius is 3.4279 microns
SRR ]

R=1.2 mm
L=4 mm
1.C.=12.7 mm
$=4.76 mm
H=5.16 mm
RA=0 degree
A=0 degree

10 ym
High-vac. SEI PC-std. 15KkV X 2200 10IBY B Y aRUD DU 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
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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 B,C/Al MMCs
Cutting speed 2.5 m/s 2 m/s 1.5m/s
Depth of cut 0.20/0.30/0.40/0.50/0.60/0.70/0.80 pum

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 (um) 1/2.5/4
Feed rate (um/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 um; However, when the actual DOC is equal to 0.6 um or larger than 0.6 pm,
the measured PV value is similar to the DOC value. This indicates that when DOC
reaches 0.6 um, 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 pum, 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 (um) 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Actual depth of cut
(um)

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 um, 2 um and 4 um 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 um, 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 um. 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 um, the specific cutting energy transits to a stable value which means
MMCs material experiences plastically deformation represents by shearing and chip

formation starts.
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Figure 4-14 Specific cutting force at varied DOC
Table 4-8 Specific cutting energy at varied DOC

DOC (um) 0.2 0.3 0.4 0.5 0.6
Specific cutting ener
P 3g o 1750 1110 733 589 464
(I/mm?)
DOC (um) 0.7 0.8 1.0 2.0 4.0
Specific cutting ener
P 3g i 407 359 351 325 312
(I/mm?)

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 pm. The estimated MCT for MMCs material is 0.594 pm as shown in

section, thus, the elastic recovery zone for particles can be observed as 0.069 um.
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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 um at 3 different cutting speeds when the DOC is 0.4
pum; the real cutting depth is around 0.59-0.60 um at 3 different cutting speeds when the
DOC is 0.6 um. This indicates that the MMCs material is not totally removed and only
matrix material sheared when the DOC is 0.4 um. 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 (um) 0.4 0.6

Cutting speed (m/min) 157.0 125.7 94.2 157.0 125.7 94.2

Actual depth of cut (um) | 0.272 | 0.289 | 0285 | 0590 | 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 um in length. Light waviness,

saw-tooth profile and even large cracks can be seen on the outer surface of chips. Some

86



extremely small particle segments are also generated. These are evaluate and validated

via precision machining experimental work as below.
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+0.000e+00

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.
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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.
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(a) Chip formation under varied cutting speed
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(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.
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Table 4-10 Orthogonal array of cutting parameters and resultant surface roughness

Experimental Cutting speed Feed rate Depth of cut Surface
number (m/min) (um/rev) (um) 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 25 109
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 25 135
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.
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Figure 4-19 Surface roughness vs Depth of cut
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Figure 4-20 Surface roughness at varied DOC (Cutting speed: 125.7 m/min, Feed rate:
10 pum/rev)
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Figure 4-21 Surface roughness vs Feed rate
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Figure 4-22 Surface roughness at varied feed rate (Cutting speed: 94.2 m/min, DOC: 4
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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.

160 160
= DOC: 1um =

140 140
= :
=120 < 120
£ 100 —Feedrate: £ o0 Feed rate:
H a0 10umfrev = 10um/rev

80
50 ——Feed rate: 60 ———Feed rate:
20umfrev

20um/rev

g

DOC: 2.5um DOC: 4um

)

m
B

£
= 120

Feed rate:
o 10um/rev

= Feed rate:
20um/rev

Surface rough
Surface roughn
3

40
20 Feed rate 20 Feed rate:
o 30um/rev o 30um/rev

942 1257 157 942 1257 157 942 1257 157

Feed rate:
30um/rev

Surface roughnes:
o B & glEls

Cutting speed (m/min) Cutting speed (m/min) Cutting speed (m/min)

Figure 4-23 Surface roughness vs Cutting speed

93



0.000 0 1100
& (mm)
0,370 kL Ra

0.047 1Lk Profile Stats

(a) Cutting speed: 157.0 m/min

+0.17500

J.100
e (mm)

Ra k
Profile Stats

(b) Cutting speed: 125.7 m/min

+0.40000

+0.20000

0.000

0, 633 L1t = 0.113 T

0.134 Ll Profile dtats

(c) Cutting speed: 94.2m/min

Figure 4-24 Surface roughness at varied cutting speed (Feed rate: 10 um/rev, DOC: 1
pHm)

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.

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.

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.

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.

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.

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.

Feed rate (1) Shearing zone (Chip formation)

Ploughing zone

Elastic recovery zone

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.

PCD cutting tool
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SiC particles

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
dF, = k., xt. xdz (5.1)

dE, = kge *xt, xdz
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Figure 5-3 Elastic recovery areas in three directions
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where, t. is the uncut chip thickness, z is the axial depth of cut as shown in Figure 5-3
(@) and k., k.., k4 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 A, in three directions as shown in Figure 5-3 and equation (5.2).
Fe =& * Ay,
F, =& x Ay (5.2)
F, = &3 % Apq

Therefore, the modified cutting forces in elastic recovery zone can be expressed in the

following equations:

Fr=¢exdx*f*xsind (0<6 <6,

Fo=gxd*2x\r,2—(r,— f *sin6)?2 (0< 6 < 6,)
(5.3)

E, = & x [r,? x sin

Te

. <\/rez —(re—f * Sin9)2> _ \/rez — (1, — f * sin@)?

* (r, — f *sinB)] (0 < 0 < 6;)

where, ¢ is the compressive stress of MMCs in three directions respectively, d and f
are the micro milling depth of cut and feed rate respectively, , is the cutting edge
radius, 8 is the rotation angle of tool tip and 6, is the maximum rotation angle in elastic
recovery zone. Thus, the cutting force at the angle of 6, 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:

T o«
Fi = 7 * L % topin * SN0 *tan(Z+E) (6, <6<6,)

) I T o«
FC=Tm*l*tcmin*sm9*(1+—)*tan(—+—

> 7 2) xsing (0, <0<6,) (5.4)

, I T
F, =Tm*l*tcmin*sme*(1+E)*tan(z+i)*cosﬂ (6, <6<0,y)

where, 7, is the shearing stress of matrix material, a is the rake angle of cutting tool
and [ is the active edge length representing the actual cutting width in ploughing process
as shown in Figure 5-6, t i, 1S the minimum chip thickness of MMCs and 8, is the
maximum rotation angle in ploughing zone. Thus, the cutting force at the angle of 9, 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.

103



Feed rate () Shearing zone (Chip formation)

Cutting Tool Ploughing zone

Elastic recovery zone

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 [ can be determined as below [30]:

— 1, * (1 —cosg)

_ o f d
l=rn,*(p+sin (2*rn))+( . ) (5.5)

where, 7, is the nose radius of cutting tool, ¢ is the approach angle between tool and

workpiece as shown in Figure 5-6.

Equivalent cutting edge / Active edge length

“‘“"\/\/‘
. PCD cutting tool
@
d| \,_ .
Coo
\\ / n
by d=mn,

Figure 5-6 Equivalent cutting edges
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5.2.3 Cutting force in shearing region

5.2.3.1 Shearing force in chip formation process

SiC particles in chips
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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:

F, = ind cos(f — a) 9,<0<6
L =TS * @ * C * Sin *sin(Z)*cos((Z)+,6’—a)(2< < 65)
sin(f — a) (5.6)

F. =1s*a*c*sinf (6, <0 <65)

sin@ *cos(@+p —a)
Fa=0(92<9S93)

where, a is the actual depth of cut, c is the actual feed rate in micro milling process. In
addition, g is the milling friction angle and @ is the shear angle that has been shown in
Figure 4-1. t,. = c * sin@ 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 g. Thus, the friction
angle B 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 S can be written as:
F,
g = tan (L) (5.7)
Fy
where, the total friction force Fy is affect by the two body rolling abrasive force F, and
the three body rolling friction force F,. as shown below:
Fp=F,+F (5.8)

For the two-body rolling abrasion force F, along the tool-chip interface can be

expressed as:
Fy, = Ny * A; * 3 % 0y(to01) * q (5.9)

The total number N, of the reinforced abrasive particles involved in the friction area

between the tool edge and workpiece surface is

N. —Vp e 5.10
p — T * rsz ( . )
The tool-workpiece contact area A; is
(" i (5.11)
Ai:7*(180*(2*9p)_51n(2*9p)) :

where, the apex angle 6,, shown in Figure 5-8 can be illustrated as below.

Sp
0, =cos™ (1 ——) (5.12)
TS
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Figure 5-8 Abrasive particles and tool surface interaction
For the three-body rolling friction force F,., the force can be calculated using equation:
F. = p3 * Fy (5.13)
where, the friction coefficient u; can be obtained from the following equation:

ke 2 % 15\° g 1
— (1= (Y y2y12 5.14
s n*Ht*(rg)*(l (A= G (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 = \/rsz — (s — p)z (5.15)

The shearing stress k; for the cutting tool material has relationship with the yield

strength of tool material 0,00y and the hardness of the tool H, that can be calculated

with the following equation:

H
e = —Gy(;""” == (5.16)

The fraction of reinforced particles along the tool-chip interface contributes to the total
normal loading force. The normal loading force Fy due to the particle fracture across

the tool-workpiece contact area can be obtained with the following equation:

EFy = Fy1 % Ny x q (5.17)
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where, Fy; 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]:

Fyi =29 % %7, * 0yro0n) * Op (5.18)

In this equation, &, is the critical value of the relative penetration between MMCs and

PCD tool. This value can be achieved from the following equation:

9% o 2
y “""”) . (5.19)

5, = o
where, Y; 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. Y; and Y, are the Young’s
modulus of MMC and cutting tool respectively. v, and v, 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 _ (1-v,)? n (1 —v,)?

il 5.20
Y 1l v, 520

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 ¢ can be predicted in this situation as

shown in the following equations respectively.

d
a=-—-—- (5.21)
sin ¢
c= fxsing’ (5.22)

108



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,

\/Z*rn*d—d2+§

@' =cot™ y ,d <, (5.23)
When the depth of cut is larger than the tool nose radius,
T+ f/2
@ = cot‘l(%),d >, (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:

T «
Fo=1, % L% tomm *tan(Z+E) 0, <6 <6,)
T T «
E, =rm*l*tcmin*(1+E)*tan(z+5)*sinz9 (6, <0 <65) (5.25)

I T o«
Fa=Tm*l*tcmm*(1+z)*tan(z+§)*00519 (6, <0 <03

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:
Fo = pgic*m 12 % (Lxp'/2 1) (6, < 6 < 63)
F,=ugic*mxr2x(lxp' /2 x1,) xtano * sind (6, < 6 < 65) (5.26)
F,=pUgic*m*12*(lxp'/2 1) *tano xcos?9 (0, < 6 < 65)

where, ug;c is the specific stress of SiC particle fracture, p’ is the volume fraction of the
particle involved in the workpiece along the cutting edge, r; is the average radius of the
particle, 65 is rotation angle that tool approach out the workpiece as shown in Figure 5-
5 and o is the angle between the resultant particle fracture force and the cutting
direction. The angle o 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 o is given as the equation [243] below:

H

2%7, + 2% re) (5:27)

o = sin~1(
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 = tae tac < tmin

(5.28)
H = Te * (1 + sin a), tac = tmin

PCD cutting tool

SiC particles

Figure 5-9 Height of the particle ploughing zone
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The specific stress ug;- for the fracture of each reinforced SiC particle that represented
by the fracture toughness K, that can be found from the Griffith formula and expressed

as below:

Usic = 77— (5.29)
2 *7

In addition, the total fracture energy of the particle U can be calculated following the

equation [244] below:

1-— 2
U=f<(y—v1)>*n*,usicz*/1*w (5.30)

1

where, v; is the poison ratio of MMCs, Y; is the Young’s modulus of MMCs, 4 is the

initial interface crack length and w is the initial interface crack width.

The cutting force in shearing zone can be expressed as:

cos(B-a)

F,. = *q*C*Ssinf ¥ ————
t sxa sin @xcos(@+B—a)

!
+Tm*l*tcmin*tan(z'l'z)‘i'ﬂsic*T[*TSZ*(l*p_)
4 2 2%Tg

sin(B-a)

a
sin @xcos(@+B—-a) 2

F. =tsxa*c*sinf x .

+‘rm*l*tcml-n*(1 +g)*tan(g+ )*sinﬁ

(5.31)

tusic * T x12 % (L*xp' /2 % 7;) * tano * sind

!

p
247Tg

Fa=rm*l*tcmin*(1 +§)*tan(%+%)*cosﬁ+ustc*Tt*rsz*(l* )*tana*cosﬁ

Thus, the total cutting force in tangential, radial and axial directions can be expressed

as.
( exdxf*sing, (0560 <6,)
Tm * L * f *sinf *tan(%+g),(91<9S92)
F,(total) = ing « — B0 , Ty
t( ) rs*a*c*sm@*Sinm*cos(mﬁ_a)+Tm*l*tcmm*tan(4+2)
Hhsic * w12+ (L*p'/2 % 15),
6, <6 <03)
exdx2%\1,2—(r,— fxsind)%,(0< 60 <6,)
( D Tm*l*f*sine*(l+§)*tan(g+%)*sinﬁ,(91<GSGZ)
F.(total) = )
. sin(B-a) ] s T, a .
Ts*a*c*sm9*7sino*cos(®+ﬁ_a)+rm*l*tcmm*(1+2>*tan(4+2)*51n19
\ tugic * T x 1,2 % (ILxp' /2% 1;) *tano = sind, (6, < 6 < 65)
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F,(total)
2 - ing)?2
‘- [ s (T

Te

)—\/rez—(re—f*sinG)Z*(re—f*sinH) ,(0<6<6,)

TL' T
Tm*l*f*sinH*(l +E)*tan(Z+E)*cosﬂ,(91 <606,

Tm*l*tcmin*(l +g)*tan(g+%)*c0519

!

+Hsic*7f*7"sz*<l*2p )*tana*cosﬁ,(ﬁl2 <6 <86,

* TS

(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:

E, = F,(total) * cosf + F.(total) * sinf

F, == —F(total) * sinf + F,(total) * cos0; (5.33)

F, = F,(total)
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°, a feed rate of 10 pm/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 pum 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.

Fy Fy

Figure 5-10 Predicted cutting forces for MMCs micro milling 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(8) = f * sinf (5.34)

where, h(0) is the uncut chip thickness, f; is the feed per tooth and 6 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=r1,*sin(lw*t+a,) + f*t/60
(5.35)
y=r1,*cos(w*t+a,)

where, a, is the initial runout angle of tool centre, r, is the cutting tool runout at the
rotation angle of w * 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’ =\/R02 + 1,2 — 2% Ry %1, * coS(2 * 1 * —a,) (5.36)

where, R, 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.

T, * Sina,
Ry + (—1)&E-D (1, % cos ay)

>+f*t/60

x=R’>f<sin(a)>i<t+tan‘1

(5.37)

1

T, * sina, )

=R’ ( t+tan”
y * cos | w * an Ry + (=1)E-D(r, % cos a,)

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™ tooth is smaller than a, or larger than @, + 7, the rake angles at
these tooth are positive; when the angle between the first tooth and the k™ tooth is larger
than a, while smaller than a, + m, 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™ tooth is smaller than a, or larger than

a, + m, the rake angle at the k™ tooth will be:

R?+Ry>—r,2

5.38
2xR"*R, ( )

a, = cos™I(

The angle between the first tooth and the k™ tooth is larger than a, while smaller than

a, + , the rake angle at the k™ tooth will be:

R?+ Ry —r,2

5.39
2*xR" xR, ( )

a, = —cos™I(

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.
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Figure 5-17 Real tool tip trajectory in micro milling
The instantaneous chip thickness t. is given by:
t, = HJ — HI (5.40)

where, H is the tool centre at the j path of cutting tool, | 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 = X5 — Ko *R_C,* (27 — xp)
(5.41)

t
yact:y]_KO*R_C,*(y]_yH)

where, K, is the material recovery constant. K, = 1, when the chip thickness is smaller
than the elastic recovery thickness; K, = &, when the chip thickness is larger than
elastic recovery zone while less than minimum chip thickness and ¢ 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. K, = 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:

tc

Xact = X) — Ko * X1 *(x]_xH)
\/R02+r02—Z*Ro*ro*cos(Z*n* N~ %)
(5.42)
tC
YathYJ—Ko* K =1 *(J’]—YH)
\/R02+r02—Z*Ro*ro*cos(Z*n* N~ %)
Therefore, the actual chip thickness is given by:
(5.43)

tact = J(xactU) - xact(l))2 + (yact(]) - yact(l))z

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.

Yes ____

— Lact = J(xact(j] B xact(f])z + [:}’act(}] - yﬁcﬂn)z

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 um 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 pum 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°) 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,
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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

Levels
Process parameters
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 (um/rev) 5 10 20

Axial depth of cut, a, (um) 70 150 250
Workpiece material: Al/SiC/45p; Cutting condition: dry
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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.

|

! Accelerometer
Spindle

|
L ]

PCD end mill i ' g DAQ »] PC
i ],_“ A v
— Dynamic

Workpiece Signal
Impact Analysis
Hammer
Fixture
Dynamometer

Work Table of KERN Machine

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.

|
|
Spindle
| |
PCD end mill : > DAQ —>»] PC
' A
| ¥
- Dynamic
Workpiece Slgna!
Impact Analysis
Hammer
Fixture
Dynamometer »| Amplifier

Work Table of KERN Machine

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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Figure 5-24 System frequency response in three directions

128



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™(s) is reconstructed shown as below.

Fixya Fayam — -—: A Fayae
—> H(s) —> —_—

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
0.85225"% +1731s° + 7.267e%s® + 3.165e8s” + 9.3888e1056 + 2.604e'%s5 + 3.3e3s% + 2.712e1%s3 + 1.276e%s2 + 2.197e'5s — 9.399¢ 14
510 + 638.55% + 6.999e5s8 + 1.974e857 + 9.16e1056 + 2.447e1255 + 3.822e135* + 2.867e1*s3 + 1.791e1552 + 3.159¢e15s + 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
B 0.6948s° 4+ 2604s° + 4.982¢7s* + 7.352e1%s3 + 6.882¢1%5% + 2.012¢'7s + 1.214e??

s6 4+ 2109s5 + 5.728e7s* + 5.693¢10s3 + 7.373e1%s2 + 1.682e17s + 1.269¢21

(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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1y LO75" +2.136e"s° + 394257 +1.024¢°%5 +3.539¢° oo
fz= s* +2.102e%s% + 1.444e5s? + 1.015e8s + 5.782¢€8 '

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.

Cutting force in X direction
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(a) feed rate: 10 pum/rev, depth of cut: 0.25 mm, cutting speed: 282.743 m/min
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Cutting force in X direction

40 T T T T T T

Measured Force

Compensated Force
30~ —
20 —

X Force (N)
=)
T
|

!

| 1 | | | |
0.00283 0.00577 0.00866 0.01154 0.01443 001732 0.02020
Time (s)

-20
1)

(b) feed rate: 20 um/rev, depth of cut: 0.25 mm, cutting speed: 282.743 m/min

Cutting force in X direction
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(c) feed rate: 20 pum/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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Cutting force in Y direction
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(a) feed rate: 10 pum/rev, depth of cut: 0.25 mm, cutting speed: 282.743 m/min
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(b) feed rate: 20 um/rev, depth of cut: 0.25 mm, cutting speed: 282.743 m/min
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Cutting force in Y direction
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Figure 5-27 Measured and compensated forces in Y axis

Cutting force in Z direction
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(a) feed rate: 10 pum/rev, depth of cut: 0.25 mm, cutting speed: 282.743 m/min
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Cutting force in Z direction
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(b) feed rate: 20 um/rev, depth of cut: 0.25 mm, cutting speed: 282.743 m/min

Cutting force in Z direction
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(c) feed rate: 20 um/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.
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Figure 5-29 Comparison between simulated and experimental forces in MMCs

machining at feed rate: 10 um/rev, depth of cut: 0.25 mm, cutting speed: 282.743 m/min
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Figure 5-30 Comparison between simulated and experimental forces in MMCs
machining at feed rate: 20 um/rev, depth of cut: 0.25 mm, cutting speed: 282.743 m/min

Cutting force in X direction
30 T T T T

Predicted Force
Measured Force

X Force (N)

/ /l nM\mﬂw
I U\IU |

15 1 1 1 1 1 1 1
11.2379 11.2399 11.2418 11.2439 11.2459 11.2479 11.2499 11.2519 11.2539
Time (s)

(al) Predicted and measured cutting force in X direction

139



4.

Amplitude
N w
(]

—_
8y}
T

0.

n
T

% 10

g Frequency Domain Signal

5

E=N
T

(o0}
T

[
T

-—
T

il

=

i Lllthan.“...“.lJ; M 4 ——

1000 2000 3000 4000 5000 6000
Frequency (Hz)

(a2) Power spectrum of Fx

Cutting force in Y direction

40

0

20

g
I

=

—1
=

Predicted Force
Measured Force

-30
11.2379

| | | | | | |
11.2399 11.2419 11.2439 11.2459 11.2479 11.2499 11.2519
Time (s)

(b1) Predicted and measured cutting force in Y direction

140

11.2539



¥ 10° Frequency Domain Signal
T T T T T T

45 .

Armplitude
— N w
n (N} n w n
1 1 1 1 1

—
T
1

-

05
D| “JH.JLJJL““LidJJmplﬂmh$wmdi“thh“jhlJ.VLM.

1000 2000 3000 4000 5000 6000
Frequency (Hz)

(b2) Power spectrum of Fy

Figure 5-31 Comparison between simulated and experimental forces in MMCs
machining at feed rate: 20 um/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.
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.

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.

1: Primary shear zone

2: Secondary shear zone

3: Separative zone

4: Tertiary shear zone

5: Preliminary deformation zone
T Heat conduction

T Heat convection and radiation

Heat generation:
dissipation of friction work
Tool / Chip

2 contact & friction

—b

Workpiece

il

Chip Heat generation:
seperation dissipation of friction work

Heat generation:
dissipation of plastic work

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 Qy.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:

Ry % qq * (. * d xcsc @)
Crxpy*xVxt.*d

Ts—chlpl = + Ty (6.1)
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Ts—workplecel = 0.754 =

Thus, the cutting temperature can be written as:

Ry *qq *csc®

T._ = +Tyg=R;{*qq*xi;+ T
s—chipl CLxp *V 0 1¥q1* 0 63)
. (1—R,) * gy * (tC*ZM
Ts—workaecel = 0.754 * P \/L_l + Ty (6.4)
=1 —-R)*qLxiy+T
where,
) csc @
BT o
t.*csc@
i, = 0.754 * (e ) (6.6)

2*k*\/L—1

where, k is the thermal conductivity of workpiece, R, * q; and (1 — R,) * q, are the
heat per unit time per unit area that left on the chip and workpiece in the shear zone
respectively, t. is the uncut chip thickness, T, is the initial temperature in the cutting
zone, Cy * p; is the volume specific heat at the mean temperature; where C; is the
specific heat capacity and p, is the density. The heat flows from the shear zone per unit

time per unit area g, can be expressed as below:

Fs + Vs
J*xt.*xd=*csc@

d1 = (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—Chlp = Ts—workplece (6-8)
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Rl = -
1+4 (6.9)
ly

The value of R, is modified and calculated from the following equations. According to
the theory of Loewen and Shaw, the dimensionless velocity parameter L, is defined as

follow in this precision machining process:

leVs*(tC*SSC(D):V*g*tC (6.10)
2x K 4 * K,
Therefore, R, can be written as:
R = 1 6.11
1+1.328+ ’;17*5 (6.11)

where, K; 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:
1 — *FS*VS*]V*sinQ)* sc
1*9

] 1+41328» [ o

s—chipl — C1 % Py * V 0
Ts—workplecel (6.12)
= 0.754

(1- 1 )*Fs*l@*]V*sin(D*(tc*gsc(Z))

Ki*g

* + TO

k * \/L—l
(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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VL (6.13)
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where, R, * q, , (1 — R,) * q, are the heat per unit time per unit area that left on the
chip and cutting tool in the tool-chip interaction zone. T, is the initial temperature in
the tool-chip interaction surface, . Ty = Ts_cpip1- To" IS the initial ambient temperature
of the cutting tool, where in this MMCs micro milling process, T,"” =T,. k' is the
thermal conductive of the cutting tool material. A is the area factor, which is a function
of the aspect ratio of the surface area represented by m/I. The value of A can be found

according to the aspect ratio m /[ in the following equation.

m d

= 6.14
[ 2xap (6.14)

where, d is the width of chip and a;; is the chip contact length in the cutting direction.
The initial chip temperature is
T0, = TS—Chlpl (6.15)

Due to the cutting temperature on the chip and tool should be equal, the resultant cutting

temperature can be expressed as:

Ts—chlpz = Ts_tootn

Ty — TS—Chlpl (6_16)
Gz * iy

1+2
lg

1+
R2:

The dimensionless velocity parameter L, is defined as below:

a;
1% i1
L, = ) (6.17)
2
2K,

where, K, 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 g, can be expressed as

below:

Fe Ve

Trdra. (6.18)

q; =

The value of R, is modified and calculated from the following equation:

A _
qz * (ail * F) - Ts—chlpl + TO
0.754 * g, * SiL (6.19)

v)
¥\ Ajq * 77 +
qz ( i1 k k *\/L—z

R2=

Therefore, the chip and tool temperature at the secondary shear zone can be expressed

as below:
TS—ChlpZ
F. V. A
]*d*all*(ail*k1>_Ts—ch1p1+To FC*VC aj
0.754 x V., a, Jvdva; 2
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(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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(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].

2 * * A
ATf(4a) _ qs i2
ko * AT % (E % Sp + Peg)
(6.22)
2% Qs *a;
AT¢ap) =

ks * /T % (E * Sp + Pe3)

where, g4 and g5 are the heat flux densities, which are the heat rate supply per unit
area. a;, is the contact length between chip and tool rake surface and a;; 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. P,, and P, 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:
Uy * t1
Ppy =
WW
(6.23)
Uy * t2
Py, =
WW



where, v; and v, are the velocities of the moving sources in these two processes, w, IS
the thermal diffusivity of the workpiece material. w,, can be calculated from the

following equation:

ke
W =
Y (Cop)w

(6.24)
where, k,, is the thermal conductivity of the workpiece material, (C,p),, is the volume
specific heat of the workpiece material.

2xq*(a;y+a;+azs)
k*\Jmx(E xS, +P,)

ATf—toolz = (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 ATy, = 0.
Thus, the temperature of the cutting tool can be expressed as below:
Ttoo1 = ATf—toolz + Ts_toonn (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]:

rPt = n,,08P (6.27)

where, rP! is the heat rate per unit volume, 1,, is the fraction of dissipated mechanical
energy converted to heat, o is the equivalent stress, and P! 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]:

TP = NfTcY (6.28)

where, 75 is heat rate per unit area in friction area, ny is the fraction of the friction

energy convert into heat, .. is the frictional stress, and y is the slip rate.

The density of heat flux at tool-chip interface r, can be illustrated as a function of heat
generation in friction area ry, heat flux results from the chip deformation at friction

region r. and fraction of heat energy convert into chip g and can be given by:
=1, — PBry (6.29)

Fraction of heat energy convert into chip 8, 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:

g = E. (6.30)
E. +E,

where, E. and E; are the heat energy conducted on the chip and cutting tool

respectively. These can be expressed as:

E.= chccpc

Er = /Ktptcpt

152

(6.31)



where, K, and K; are conductivities of chip and tool surfaces respectively, C,. and Cy;
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 um 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 um

(b) DOC: 3 um

(c) DOC: 4.5 um
Figure 6-2 Cutting temperature under varied depth of cut
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(@) 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.

(@) PCD inserts
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(b) PCD end mills
Figure 6-5 New tools before MMCs precision machining
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(@) PCD inserts
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(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
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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 um to 3.4634 um after a few cutting cycles.

New tool Used tool

Figure 6-7 PCD end mill surface morphology of new and used tools
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re=3.4122 pm

re=3.4634 pm

Figure 6-8 Edge radius of PCD tool (a) New tool (b) Used tool
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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]:

LU (6.32)

dt
where, c¢; and c, 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 o as below:

et - é T—To\" (6.33)
W, = cove /" [A+ B(eP)"][ (1 + Cln—) |1 —
€o Tn —To

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 pm/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 um /tooth feed

rate are selected as the optimal parameters in this micro milling process.
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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.

Face

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 um /tooth feed rate, the milling
tool wear height and wear length are measured as 28.2 um and 170 pm respectively.
According to the tool wear rate model, the predicted total tool wear height under the
same machining process is around 30 pum. 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 () 3000

Wear height (um) 28.2

Wear length (um) 170
Wear rate (height) (um/s) 0.0094
Wear rate (length) (um/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.
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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.

(@) V i (b) i
Cutting Tool ' ‘

N\

w

a0

M---mass C---damping coefficient K---stiffness
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
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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.

Cutting tool geometry Workpiece condition Cutting parameters

_—

Minimum chip thickness model & real chip thickness model

Dynamic cutting force model 15| Dynamic response model | -/ Chip formation

Real tool trajectory

Surface generation

-,
e h
& cty

Surface morphology Surface roughness

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.

|
|
Spindle
|
! Capacitive Sensor
PCD end mill i:—" DAQ »| PC
t A A
! i IS \d
— Dynamic
Workpiece Signal
Impact Analysis
Hammer
Fixture
Dynamometer

Work Table of KERN Machine

Figure 7-3 Transfer function identification for tool and workpiece in X and Y directions

iy

PCD end mill

N

Capacitive sensor

~_/

100g weight

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) 1

F.(s) M,s2+Cys+K,

Xy(s) _ 1 (7.1)
E,(s) M,s?+C,s+K,

Xz(s) 1

E(s) M,s?2+C,s+K,
where, Xy, , and Fy , are the dynamic response of displacement and static cutting force
for cutting tool respectively; My, ., Cxy . and Ky, , 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.

Force-Displacement
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|
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() 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) 1
F,(s) 2.93e%*s? + 2.47¢e~2s + 31.80 7.2)
Xy (s) B 1

F,(s) 1.78e%*s? + 2.71s + 20.07

The experimental transfer functions for workpiece in Laplace form are shown as below:

X (S) _ 1

F.(s) mys2+c,s+k,

xXy(s) _ 1 (7.3)
E,(s) mys?+c,stk,

xz(S) 1

E,(s) mys2+c,s+k,
where, x, ,,, and F, , , are the dynamic response of displacement and static cutting force
for workpiece respectively; my , ,, ¢y, and ky,, , are the mass, damping coefficient and

stiffness in three directions respectively.
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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) 1

E.(s) 1.24e5s% + 4.41e3s + 6.83e2
xy(s) _ 1 (7.4)
F,(s) 8.03e3s2 +3.89s + 10.66
xz(s) 1

E,(s) 4.45e5s2? + 3.40s + 3.22¢2
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

) Spindle Cutting Axial Surface
Experimental Feed rate .
speed speed depth of roughness | S/N ratio
number ] (um/rev)
(rpm) (m/min) cut (um) (nm)
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 umB4C/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




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 pm/rev. However, when the feed rate is larger than 10 pum/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 um/rev. Due to the milling tool has two flutes, the
feed rate of each tooth is 2.5 um/tooth, 5 pum/tooth and 10 pum/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 pum. 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 pm;
while, the roughness value increases when the DOC is over 150 pum. 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

pum/rev and axial depth of cut of 150 um are visualised as the optimal cutting conditions

to obtain the best surface quality with surface roughness Ra< 20 nm in MMCs micro

milling processes.
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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:

178



n

1
= —10log;o| Yiz] (7.5)

Nsmaller n i=1

where, Y; is the experimental value of surface roughness in the i 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 Vv 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 Vv 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 um/rev and axial depth of
cut of 150 pum are adopted to obtain the lowest surface roughness. This shows a good

agreement with the presented analytical results of machined surface roughness.
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(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

) Cutting Surface
Experimental Feed rate Depth of .
speed roughness S/N ratio
number ] (um/rev) cut (um)
(m/min) (nm)
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 Vv 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 Vv 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 um/rev and
depth of cut of 2.5 um are found with resultant lowest surface roughness. This shows a

good agreement with the presented analytical results of machined surface roughness.

Main effects plot for S/N ratios Main effects plot for S/N ratios Main effects plot for S/N ratios
38 -38 -395
9 157 1257 9432 385 30 20 10 4 25 1
-40
395 JE "
2 95 2
£-20 % yd Eags W
z Z-40 Z
Hos & / 5
s 305 / % "
=-a1 = = -
g ga — g
-i15 s
-415
42 a2 /
425 -425 -42
Cutting speed (m/min) Feed rate (um/rev) Depth of cut (pm)
(a) Main effects plot for the surface roughness
Main effects plot for Ra Main effects plot for Ra Main effects plot for Ra
140 140 125
z120 gl20 & 120 \
§ g g \
H
E.wc ;ﬁon e
2 e g
80 g 30 8
E - g e
o feo : SNe——
Em “540 E 105
H H H
250 20 2 100
o o 95
157 1257 94z 30 20 10 4 25 1
Cutting speed (m/min) Feed rate (um/rev) Depth of cut (um)

(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%
* 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 pum 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.
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Figure 7-10 Surface morphology of the machined B,C/Al MMCs workpiece in micro

milling process
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Figure 7-11 Surface morphology of the machined B,C/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
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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) B4,C

particles

(b) SEM images of the machined surface: (i) BsC/Al, (ii) Al matrix, (iii) B4C particles

Figure 7-12 SEM images of the un-machined and machined surfaces

T =1 v Signal A= SESI = Date :21 Nov 2016
WD = 127 mm Photo No. = 789 : = o No. = ime

(a) Surface morphology of un-machined MMCs
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EHT=10.00 kV Signal A= SESI Date :21 Nov 2016 EHT=10.00 kV Signal A= SESI Date :21 Nov 2016
WD= 13.0 mm Phofo No. = 783 Time :16:00:30 WD = 13.0 mm Photo No. = 782 Time :17:59:19

(b) Surface morphology of machined MMCs

Figure 7-13 Surface morphology of un-machined and machined MMCs

.
EHT=10.00 kV/ Signai A = SESI Date 21 Nov 2016 @ EHT=10.00 kV Signal A= SESI Date 21 Nov 2016 ﬁ

WD =130 mm Photo Ne. = 780 Time :17:57:43 WD = 13.0 mm Photo No. = 779 Time :17.55:10

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
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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.

m=1.6 mm m=1.2 mm m=0.4 mm
1=3.5 pm 1=3.5 pm 1=3.5 pm
zero rake angle zero rake angle zero rake angle

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

) Feed Depth | Cutting Cutting force (N) Surface
No. Cl:;zrg rate of cut | speed Feed | Normal | Cutting | roughness
(um/rev) | (um) | (m/min) | force force force (nm)
1 Tool 1 10 2.5 157.0 9.499 | 4509 | 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.

10 ym 5um -
High-vac. SEI PC-std. 15kV X 2200 10/DVIZDIVARUDDDIBE High-vac. SElI PC-std. 10 kV x 4400 12/10/2015 000094

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 |  Cutting Feed rate Depth of Cutting Surface
No. tool (um/rev) cut (um) spee.d roughness (nm)
(m/min)
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 ()
Fe Ft Fiotal
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

Fe (N)

L 1 1 1 1 L 1
108.34 108.345 108.35 108.355 108.36 108.365 108.37
Time (s)
T T T T T T T
6l
5
4
3
=
= 2
1
o
-1
-2 | | 1 | | | |
10834 108.345 108.35 108355 108.36 108365 10837
Time (s)
(a) Cutting force signal by using PCD tool
IH I T H
25— —
= el !
I
156 -
in | ! ! ! ! i
100.24 100.245 100.25 100.255 100.26 100.265 100.27
Time (s)
T T
08
06 -
g 04 |,-|
= 02 I, —
0 — —
02 .
0.4 1 | | | | | H
100.24 100.245 100.25 100.255 100.26 100.265 100.27

Time (s)

(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 (um) 28.2 4.1
Wear length (um) 170 12.1
Wear rate (height) (um/s) 0.0094 0.027
Wear rate (length) (um/s) 0.057 0.081

20 um

Figure 7-20 Cutting tool wear by using natural diamond tools
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(@) Wear height

199 .
(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 pm particle size, 60% SiC/Al MMCs with 90 um
particle size and 50% B4C/Al MMCs with 5 um 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
_ _ Cutting _ Surface
Experimental Spindle Feed rate | Axial depth
speed roughness
number speed (rpm) ) (um/rev) | of cut (um)
(m/min) (nm)
1 6,000 188.496 10 150 60
2 6,000 188.496 20 150 95
Workpiece material: Al/5 um 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 um SiC/60p; Radial depth of cut: 3 mm
Z 5 N
L>: 5 — —
0?9 [],9![]5 0,!‘31 0,9‘15 [],‘92 n,9|25 ﬂ,|93 [],9|35 l],lsd.
Time (s)
5 — —
£ of
& 5 i
= 0 i
5H ! | ! | ! | ! | i
09 0.905 0.9 0.915 092 0.925 0.93 0.935 0.94
Time (s)

(@) Cutting force for 45% SiC/Al MMCs with 5 um particle size
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(b) Cutting force for 60% SiC/Al MMCs with 90 um particle size
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(c) Cutting force for 50% B4C/Al MMCs with 5 pm 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 B,C/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 SiIC/Al MMCs with 90 pm
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 um 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 um 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 B,C/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 B,C/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 um

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.
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(b) Machined surface characteristics of 5 um SiC/Al MMCs
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(c) Machined surface characteristics of 90 um 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 um/rev, DOC: 150 um

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/5umB4C/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 um/rev
and axial depth of cut of 150 um, 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.

Precision turning experiments on Al/5umB4C/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 um/rev and axial depth of cut of 2.5 um 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.

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.

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
B,C/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.
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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
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Figure 1 Multiphysics based approach to analyse the tool wear in MMCs micro drilling
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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 um to 40 pm
and the average grain size of SiC in this workpiece is around 25 um. 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

y i T 1 T
300 6.00 7.00 800 2.00 10.00

High-vac. SEI PC-high 15KV ©
(a) Silicon carbide particles’ sizes (b) Elemental composition (Si, C, Al %)
Density | Tensile Tensile Yield Poisson's Thermal Thermal Heat

(g/cm3) | modulus | strength strength ratio conductivity | expansion | capaci
(GPa) (MPa) (MPa) (1) (W/(m*K)) (/K) ty

(J/(kg

*K))

2.85 100 610 400 0.32 247 23e-6 897

Table 2 Micro drilling tool specifications
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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°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.

Drill penetrates into workpiece

t
+ Drill entry

’ ; ”
" Cutting edge enter workpiece Drill exit }-

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.
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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.

’ 100 pm 100 pm
High-vac. SEI PGEstdl 5KV x 170 29/07/2015 000057 |High-vac. SEI PC-std. 15kV x 170 29/07/2015 000059

f\/m
)

A

100 pm 700
High-vac. SEl PC-std. 15kV x 170 29/07/2015 000058 |High-vac. SEI PC-std. 15KV x 170 29/07/2015 000061

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.

v | VB
VBmax

>
|

et - ===

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

6000RPM 9000RPM 12000RPM

12

mm/min

24

mm/min

36

mm/min

Tool wear (VB) Tool wear (VB)
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12 24 36 6000 9000 12000
Feed rate (mm/min) Spindle speed (RPM)

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
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(4)

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.

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

roree KISTLER

measure, analyze, innovate,

Mini Dyn Type 9256C...

Multicomponent Dynamometer up to 250 N

Multcomporent dynamemeter for measurng the thiee or-

thogonal components of 2 forca. 1s very kow thrashald allows
moasuring extromaly small forces.

& FOr CUCHngE TOrce measuremeants Im uiira pradise machining
» small desgn

= High sanstivity and natural freguency

= Small temperature emor

» Top plate made of titanium

Dascrpuon
The dymamometor consists of four 3-component force sensors Technlcal Data
miounted under high prelsad betwoen the covor plate and the

twi lateral base pates. Meassiing range Fr Fy. Fz H =
A low temperature ermor Is obtaned by this speclal mounting Type 325601 I, Wy H-m 3.8
of the sensors. Fach force sensor contains three crvstal ings. Type 925602 M. W H.m 11N
of which one Is sensiive to pressure in the y-drection and the Calibrated measuring range
w0 0aners o shear Inthe x- and Z-dirrcions The Tonces ane 100 % F. l'.;, Fz M 0.. sl
mazsurad practically without displacemeant. 10 % Fe Fy F H 0. Is
Tha outputs of the four mownted fomce sensoms ane fad tothe  Cerinad Fr. Fy. Fy H =300/300
7-pole flanged socket. There are zlse multicomponent force- Threshsoid H <0,00%
moment measurements possible. Seasitvity Fu Fr pC/H =-2h
Th four sensors are fitted =0 that thoy are ground-lsolated. Fy pCM S ]
This largely eliminates ground loop problems. Liranty, &l ranges RF0 S04
The dynamometer 15 comzsion-resistant and protected 2gainst Hystereds, all ranges W0 0.5
penctration by splashing water or cutting fluld. The dyna- Crasstalk % o2l
mometer Including connecting cable Type 16856A5 or Type Rigidity o, G Hipm R
169745 meets the degres of protection IP&7. [ Hipm =300
Matuml frequency (mounted on rigid becal
Examples of Application Type 325601 (BLET kHz =4,1
s CUting fone maassurement in predsion machining such as: Ta iy kHz =55
- outting wafoers falz kHz -5k
- grinding hard-disk read heads Type 323602 fin {31 kHz =4 )
- dizmand turning iy kHz =48
- high speed machining [ kHz =4k
- micremachining Oiperating Lempersiue range T 0.0
= Litra-high precision machinng of brictle hand materials Insuletion sesstanoe [i] =30"
« Multioomponant forre maasuoment of small oo Ground isclation o =A0F
= Force measurement in confined spaces Ceegres of protection EMNGIsZ IPGT
(with connecting cable Type 1636A5M169TAS)
Whight
Crynamormister Type 32560102 b 0,750,687
Top plate Type 925501702 bz 0,24/0,36
Clarmping, area
Type 325601 mm I3B0
Type 32562 mim 55x80
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Appendix 4 Technical Specifications of Impact Hammer 9722A500

Technical Data
Type Units 9722A500 9722A2000
Foree Range Ibf 0... 100 0 ... 500
Maximum Force Ibf 500 2500
Sensitivity nom. m/1bf 50 10
Resonant Frequency kHz 27 27
Frequency Range with steel impact tip (-10 dB) Hz 8200 9300
Time Constant nom 5 500 500
Rigidity Ibf/sin 4.8 48
Temperature Range Operating °F -5 ... 160 -5 ... 160
Output:
Voltage FS. W =5 =5
Bias nom. VDC 11 11
Impedance [+ <100 <100
Source:
Voltage W 20 ... 30 20 ... 30
Constant current ma, 2..20 2..20
Hammer head dimensions:
Diameter in 0.69 0.69
Length in 2.4 2.4
Weight gram 100 100
Length of handle in 7.4 7.4
Connector type BHC neg. BHC neg.
1 W =0.2248lb, 1 g = 980665 m/s2, 1 inch = 25.4 mm, 1 gram = 0.03527 oz
) Ordering Key
Accessories Included Type Measuring Range 9?22’\?
* impact tip, steel F202A 100 Ibf (500 N) 500
= impact tip, steel with Delrin cap S904A, 500 Ibf (2000 N) 2000
= impact tip, soft PVC 9906
= impact tip, rubber hard (green) 9908 d8
= impact tip, rubber medium (red) 9910 ‘ ] i Em
= impact tip, rubber soft (gray) 9912 -1 I
= adapter for rubber impact tips 9928 -1 il r_zg
= extender mass (50 grams) 9922 - [
= impact tip wrench 1370 — N T
* Plastic carrying case W B \'\\ !
-5
-
=X
=i
100 1000 AN
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Appendix 5 Experimental Trials Results: Minimum Chip Thickness
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Figure 1 Machined surface roughness at various depth of cut
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Figure 2 Machined surface roughness at varied cutting speed when DOC is 0.4 um
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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 pm
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Appendix 6 Part of Programs for Dynamic Cutting Force Modelling

x1 =[al a2 a3 a4 a5 a6b];

y1 =[b1 b2 b3 b4 b5 b6];

ellipse_t = fit_ellipse(x1,yl);

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.XO0;

yO=ellipse_t.YO;

X=a*cos(t+pi/2)-x0;

Y=b*sin(t+pi/2)-y0;

Z=sqrt(X."2+Y.12);

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)
cl=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));
I=rn*(Theta+asin(f/(2*rn)))+((d-rn*(1-cos(Theta)))/sin(Theta));

L=2*rs/(I*p);

Ft=(tm*A*c.*sin(phi)).*((0<=phi)&(phi<thetal))+(ts* A*c.*sin(phi)*cos(beta-
alpha)/(sin(Phi)*cos(Phi+beta-
alpha))+tm*I*re*tan(pi/4+alpha/2)+miu*rs*I*p*pi/2*sin(1600*phi)).*((thetal<=phi)&(
phi<=pi/4))+0*((pi/4<phi)&(phi<=pi))+(tm*A*c.*sin(phi)).*((pi<phi)&(phi<pi+thetal)
)+(ts*A*cl.*sin(phi)*cos(beta-alpha)/(sin(Phi)*cos(Phi+beta-alpha))-
tm*I*re*tan(pi/4+alpha/2)-
miu*rs*I*p*pi/2*sin(1600*phi)).*((pi+thetal<=phi)&(phi<=5*pi/4))+0*((5*pi/4<phi)
&(phi<=2*pi));
Fc=(tm*A*c.*sin(phi)).*((0<=phi)&(phi<thetal))+(ts*A*c.*sin(phi)*sin(beta-
alpha)/(sin(Phi)*cos(Phi+beta-
alpha))+tm*I*re*tan(pi/4+alpha/2)*(1+pi/2)*sin(Theta)+miu*rs*I*p*pi/2*sin(1600*phi
)*tan(sigma)*sin(Theta)).*((thetal<=phi)&(phi<=pi/4))+0*((pi/4<phi)&(phi<=pi))+(tm
*A*c.*sin(phi)).*((pi<phi)&(phi<pi+thetal))+(ts*A*cl.*sin(phi)*sin(beta-
alpha)/(sin(Phi)*cos(Phi+beta-alpha))-tm*I*re*tan(pi/4+alpha/2)*(1+pi/2)*sin(Theta)-
miu*rs*I*p*pi/2*sin(1600*phi)*tan(sigma)*sin(Theta)).*((pi+thetal<=phi)&(phi<5*pi/
4))+0*((5*pi/d<phi)&(phi<=2*pi));
Fa=tm*A*re*tan(pi/4+alpha/2)*(1+pi/2)*cos(Theta)+miu*rs*I*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]);
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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(l);

% Get size of image.

m = size(l,1);

n =size(l,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’);

I=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/I;

% 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=rgh2gray(IM);

figure

imshow(]);

% % Get size of image.

% m =size(l,1);

% n = size(l,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/I;

% 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
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