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Abstract

The surface of diamond grinding tool manufactured by current production
method exhibits stochastic nature in terms of different grit size, irregular
geometry, random crystallinegraphic orientation, non-uniform spacing,
and varying protrusion heights. These topography characteristics has
been found having various negative effects for the abrasive performance,
especially in high-precision applications, causing less controllable surface
topography, inefficient chip flow, high working temperature and cutting
force.

The thesis covers the design and manufacture of laser generated novel
abrasive pad with ordered abrasive grits from CVD polycrystalline
diamond films, providing repeatable patterns and shapes for abrasive tool
used in load controlled plane grinding process, which is regarded as
engineered abrasive pad. Two major design parameters for engineered
abrasive pad, including abrasive grit geometry and planar contact area
between grits and workpiece surface, were investigated. An inverted test
setup was developed to enable the evaluation for the performance of
ordered abrasive pad under plane grinding operation. The analysis of
material removal and surface topography was made and compared
between conventional abrasive pad (randomly shaped grits) and two
engineered abrasive pad (saw tooth and square frustum) to evaluate the
influence of grit geometry on the grinding performance. Furthermore, a
geometrical model was developed to simulate the surface roughness
generated by engineered abrasive pad. Inverted tests were conducted
allowing the validation of the model. Besides grit geometry, three abrasive
pads (one conventional, two engineered) with different planar contact
were also studied through inverted grinding test to evaluate the influence

of planar contact area on grinding performance. An improvement of



design for better material removal (31.5% in Chapter 7) was achieved by
adjusting the planar contact area of engineered abrasive pad.

It was found that laser generated abrasive pad can provide not the only
superior surface finish, but also introduce less damage to the workpiece
surface. More efficient chip flow and very little tool wear leading to a
longer tool life was also observed. In particular, the engineered grits with
symmetric shape (square frustum) exhibits superior performance over
conventional grits (randomly shaped) and asymmetric grits (saw tooth).
A good agreement between simulation and experimental results was
found for surface roughness prediction, therefore provide good initial
results for numerically studying engineered abrasives under planetary
abrasive machining processes. Moreover, the evaluation of planar contact
area also shows laser generated abrasives can provide significant
advantages in material removal when designed with comparable planar
contact area as conventional abrasive pad under specific applications,
particularly when the abrasive contact geometry is designed to provide
clearance in the cutting directions. Combining the findings above, a
preliminary benchmark methodology was proposed for design of
engineered abrasive pad, which enables the future optimization of

engineered abrasive tool.
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Chapter 1

Introduction

1.1 Research background

As the rapid development of modern industry, the requirement of mass
production with better accuracy, higher reliability and lower cost become
one of the most important concerns for machining. With this increasing
requirement of modern industrial technology and high performance
products for part precision, surface integrity, production quality stability,
grinding has played a major role [1]. As a result, during the last few
decades, the demands of superabrasive grinding has strongly increased.
These demands have grown in various industrial fields including optical,
automotive, aerospace and life science etc. For example, CBN grinding
technology can be used for both the manufacturing of aircraft engine
components and land-based turbine engine components. Efficient
manufacturing needs shorter production runs and longer cycle times, and
electroplated CBN wheels are the preferred choice for high precision form
grinding applications of this nature [2]. Figure 1.1 shows the increase of

global abrasive market in recent years.

Global abrasives market, 2012 - 2019 (Kilo Tons) (USD Million)

35,203.6

Volume (Kilo Tons)
Revenue (USD Million)

2012 2013 2014 2015 2016 2017 2018 2019

m— Volume (Kilo Tons)  ssmssRevenue (USD Million)

‘Source: USGS, IDAA, MFN, UAMA_ FEPA, Primary Interviews, Transparency Market Research

Figure 1.1 Growth of global abrasive market [3]
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Although, grinding has been employed in manufacturing for more than
100 years, the earliest practice can be tracked back to Neolithic times [1].
With the development of current machining technology, grinding is now
regarded as a modern process. Publications by Alden and Guest
contributed to the understanding of the grinding process of by advancing
it from an art into a science [4, 5]. Nowadays, grinding technology is highly
developed process [6] according to particular product and process
requirement. Modern grinding machines can be an inexpensive structure
with a simple reciprocating table, or can be an expensive highly-integrated
machine. Many grinding machines combine computer-controlled feed-
drives and slide-way motions, allowing complex shapes to be
manufactured free from manual intervention. Modern systems will usually
incorporate algorithms to compensate for wheel and dressing tool wear
process [7]. Programmable controls may also allow fast push-button set-
up. Monitoring sensors and intelligent control introduce the potential for
a degree of self-optimization [8].

Advances in productivity and tool performance have relied on increasing
sophistication in the application of abrasives. As a result of the growing
innovation on new synthesis technologies, the range of superabrasives
employed in grinding tools has increased. Various synthetic diamond and
boron nitride products are available for the development of tools for
grinding applications: mono-crystalline and polycrystalline chemical
vapour deposition diamond (CVD), mono-crystalline and polycrystalline
high pressure high temperature (HPHT) diamond abrasives,
polycrystalline diamond (PCD) and polycrystalline cubic boron nitride
(PCBN) with metallic or ceramic binders. Due to the unique combinations
of their exceptional mechanical and thermal properties (e.g. hardness,
electrical conductivity, thermal stability) diamond and boron nitrides find

suitable fields of application in precision grinding industries.



5.5 Hivac

Figure 1.2 SEM images of (a) synthetic diamond abrasive surface (b)
CBN abrasive surface [9]
It is worthnoting that, although by controlling the growth conditions,
especially time and nucleation density, it is possible to grow much higher
quality diamonds with well-defined crystal forms. Nonetheless the shapes
of the synthetic diamond abrasives are generally irregular and due to the
process by which grinding wheels are made, the abrasives exhibit random
cutting edges and different heights of protrusion from the bond, which
result in a lack of process predictability (i.e. a stochastic distribution). In
addition to this, the particle spacing also varies across the tool surface
(Figure 1.2). The consequence of this random layout inhibits the optimal
performance of individual abrasives in the process of material removal,
and where particles are clustered, chip flow is negatively affected [10]. For
this reason, researches have been reported to develop techniques for
generating engineered abrasive tools with ordered grain patterns and
shapes. Luo et al. utilized a LIGA-like process to fabricate abrasive pellets
with regular micro cutting edges to investigate their wear and grinding
characteristics [11]. Tsai et al. proposed a newly designed diamond
conditioner with identically shaped tips with diamond edges of equal
height, called the advanced diamond dresser (ADD), based on the forming
of a pattern in a strong polycrystalline diamond material that is sintered
at ultra-high pressure and high temperature [12]. Besides these two

techniques, Butler-Smith et al. generated preferentially oriented micro-
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crystallites/arrays made of thick-film CVD diamond-based structures by
utilizing a laser ablation [13], this is a very versatile technique able to
generate complex micro-scale shapes of the abrasives features. These
studies have opened the possibility for the application of diamond
abrasives with engineered grain patterns and shapes in precision grinding

operations.

1.2 Problem definition

By adopting technologies such as laser ablation, abrasive tools can now be
manufactured with abrasives having defined geometries, size and spacing.
Studies on comparisons of the cutting performance between tools having
ordered and conventional abrasives have been made, which reveal
smoother workpiece surface roughness, less clogging/wear of abrasive
grits and lower cutting forces [10,13]. Although, these studies have given
an indication the advances of the engineered abrasive tools, reported
results of the tests carried out are under condition of grinding were for
linear tool paths. However this is not the general case for rotary abrasive
machining processes with more complex planetary kinematics where the
produced surface texture on the workpiece result as superposition on the
abrasives having planetary trajectories; moreover, in this case the
direction of the cutting edges change their orientation relative to the
workpiece surface depending on their position on the cycloidal path. The
literature has shown that there is lacking of researches have reported on
the studying the application of engineered abrasives for abrasive
machining processes with planetary movements (e.g. plane grinding)
[109]. In particular, no literature has been identified on how the tool wear
of the single abrasive (within the compounded grinding pads) and the

workpiece material surface roughness and removal evolve with the
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machining time under planetary movements for engineered abrasive tools.

Considering that the conventional abrasive pads have a high randomness
in the distribution, orientation and protrusions of the abrasive grits, it is
quite difficult to predict the resultant workpiece surface topography.
Researches have been conducted to solve this problem in terms of
statistical analysis, some models to establish the distribution function of
the protrusion heights of grits on grinding wheel [14,15]. Moreover,
models have been developed to try and idealize the geometry of the

abrasives as primitive features (spheres, pyramids) [16].

Once the wheel model has been determined there are two predominant
methods of generating the surface finish. In the kinematic simulation
approach used by Nguyen and Butler [17] and Liu et al. [18] the
trajectories of all cutting edges are determined. These trajectories are then
combined together and trimmed in the appropriate manner to create a
surface. In subtractive methods, used for example by Chakrabarti and Paul
[19] as well as Darafon et al. [20], the cutting edge models are subtracted
from a workpiece model in a stepwise manner as the cutting edges move
along their trajectories. However, these existing models in grinding
operations are difficult to be applied on plane grinding process with
planetary movements since their complexity, i.e. planetary trajectories are
affected by slippages; this is because, in contrast with grinding (linear tool
path), plane grinding in a typical machine arrangement occurs under not
only the planetary movements but also have some slippages between
workpiece and abrasive pad, which results in more complex kinematics. In
this respect some models have been developed to predict the trajectories
of the abrasives of the rotary abrasive pads but they are traced only as
points and not as true 3D protruding features [21, 22] and therefore, no
real surface roughness parameters can be derived from this to be

compared with the experimental results. No modeling has been
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identified in the literature which geometrically simulate the workpiece

surface roughness that results after plane grinding process with defined

grit shapes in real (slippage) contact conditions between workpiece and

abrasive tool.

1.3 Objectives of this study

The research work covered in this thesis aims at investigating the

performance of plane grinding pads containing engineered diamond

abrasive grits manufactured by Pulsed Laser Ablation (PLA), in particular,

the influence of two major design parameters (grit geometry and planar

contact area), and to develop a geometrical model to predict the surface

roughness of workpiece material processed by these engineered plane

grinding pads. The main objectives of the present work are:

1)

2)

To understand the influence of grain geometry on the
performance of load controlled plane grinding process. Study the
tool wear mechanism (e.g. microfracture, cracking and flattening)
and its influence on the resulted surface topography and material
removal rate. Study the material removal mechanism (e.g. cutting,
wedge forming and ploughing), enabling the evaluation of
finishing performances. Compare the results between
conventional and engineered abrasive pad to evaluate the novel
abrasive tool.

Based on the study of geometry in object 1, develop a 2D
geometrical model to illustrate the movements of defined
single/multiple grits (square frustum shaped), in order to
determine the distribution of scratches (without considering the
sample slip in the holder). Design an experimental set-up to

capture the slippage of sample in the carrier, and integrate the
6



experimental slippage into the 2D geometrical model. This allows
the full description of scratches on the workpiece material.
Develop an algorithm based on Z-map method (i.e. a spatial-
decomposition or spatial-partitioning approach) for simulating
the workpiece surface profile along the 2D scratches. Predict the
surface roughness by utilizing the resultant surface profile data.

3) Understand the influence of grain planar contact area on the
performance of load controlled plane grinding process. Evaluate
the engineered abrasive pads with different total planar contact
area by examination of surface properties have been analyzed in
object 1. In addition, set up procedures to capture subsurface
damage and micro hardness, which allows the further study of
surface integrity.

4) Understand the working population of abrasives in relation to the
abrasives visible on the surface of a conventional abrasive pad to
enable the determination of planar contact area; in particular
study the effects of abrasive planar contact area, contact
geometry and overlap in the cutting direction on the material

removal rates for conventional and engineered abrasive pad.

1.4 Outline of this thesis

This section briefly outline the content in each chapter. The plan of this
thesis is as follows:

1) Chapter 1 serves as an introduction to the study; in particular
stating in brief the research which was already done in the field
of study, and evaluating the research gaps which would be
beneficial to exploit in order to achieve the aims and objectives of

this research.



2)

3)

4)

5)

6)

Chapter 2 covers a detailed literature review related to the field
of study by including the introduction of diamond material, wear
mechanism of abrasive tools, material removal mechanism and
the techniques to manufacture ordered diamond abrasives.
Besides this, it will also cover the development of modelling
approach for grinding.

Chapter 3 includes the methodology, equipment and techniques
used throughout the research in order to conduct experiments,
modelling and analysis necessary for the research aims
achievements.

Chapter 4 includes characterization of abrasives with
morphology and their wear mechanism during the operation.
Moreover, this chapter presents how the surface roughness and
material removal rates evolves with time, and the influence of tool
wear mechanism on them. Comparison has been made to evaluate
the surface topography and material removal mechanism for
symmetric (square frustum) and randomly shaped (MD-Piano 80)
grits, enabling the evaluation of their influence of grit geometry
on the grinding performance.

Based on the results in Chapter 4, square frustum grits was
selected to develop a geometrical model that can predict the
surface roughness of machined surface. In particular, it aims at
presenting the algorithm of how to simulate the scratches in 2D
form and then create the 3D surface profile data along these
scratches. This chapter also includes the comparison between the
simulated and experimental surface roughness, in order to
validate the model.

Chapter 6 includes the evaluation of three abrasive pads with
different planar contact area (MD-Piano 220, two engineered

abrasive pad with square frustum grits) on their grinding
8



7)

8)

9)

performance. Procedures used in Chapter 4 are applied,
moreover, further analysis on subsurface microstructural
damage and variation of micro-hardness after grinding operation
are also presented.

Chapter 7 covers the determination of abrasive planar contact
area for conventional abrasive pad in terms of circular
interpolation by linear scratch test. An assessment of material
removal of conventional abrasive pad and engineered abrasive
pad with equivalent planar contact area was made to
quantitatively evaluate the improvement of material removal rate
by adjusting the planar contact area.

Chapter 8 briefly summaries the approaches and criteria to
determine the two major design parameters (grit geometry and
planar contact area) studied in Chapter 4 to 7. A preliminary
benchmark methodology was developed for design of engineered
abrasive pad.

Chapter 9 covers a summary of the discussion of the research
work, particularly outlining the outcomes of the project and how
those could be beneficial for cutting edge industrial applications.
In addition, it shows how the research outcomes in chapter 4 to 7
meet the objectives in chapter 1. It also includes a future work

section.

Figure 1.3 presents a flow chart showing the relation between each
chapter. As mentioned above, characterization of abrasive grains have
been conducted through the operation process. Analysis on their
geometry and wear mechanism is a necessary step to build the correlation
to workpiece surface topography and material removal rate. After that,
the material removal mechanism is examined to evaluate the finishing
performance, which leads to a better understanding of effects of abradant

geometry on the two-body removal. Based on the results above, the
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ordered abrasive pad has controlled features, it is possible to simulate the
process and predict surface roughness. Therefore, a geometrical model is
developed to simulate the resultant surface profile after grinding by
ordered abrasive pad with square frustum grits for surface roughness
prediction, the results are validated by experiments. In addition to grit
geometry, planar contact area between abrasives and workpiece material
is also examined as an important factor that can influence the grinding
performance. A study of effects of planar contact area between abrasive
and workpiece on material removal is then carried out to enhance the
understating of the relation between visible abrasives and engaged
abrasives and improve the design of planar contact area for ordered

abrasive pad.

| Characterize the abrasive tool ‘

(7

Characterize the workpiece surface topography
and material removal mechanism

@

Study how the grit geometry affect workpiece
surface

@

Develop geometrical model to predict surface
roughness generated by engineered abrasive

::]'U
Q
Q-

Study how the total planar contact area affect
workpiece surface

(-

Develop an approach to determine planar contact
area of conventional abrasive pad and improve
the design for engineered abrasive pad

Vs

Develop a preliminary benchmark methodology
for design of engineered abrasive pad

Figure 1. 3 Flow chart representing the outline of the thesis and

each Chapter



Chapter 2

Literature review

2.1 Introduction to diamond material in grinding

applications

This section presents a comprehensive literature review on the
characteristics of diamond and synthetic diamond materials. A thorough
review is made of diamond in precision and micro-grinding tools, covering
the correlations between diamond characteristics and abrasive machining
applications, in order to demonstrate the advantages of diamond material
in the application of grinding process. The processes (e.g. HPHT & CVD)
used to produce conventional diamond abrasive grits and non-
conventional thin film diamond material (used to produce engineered
abrasive surface) are reviewed, which enables the understanding of the
influence of particular manufacturing process on the characteristics of

diamond material and their usage for different types of grinding tools.

2.1.1 Abrasives

In grinding industry, the abrasive grains are mainly divided into two

groups:

e Conventional abrasive including silicon carbide (SiC) and
aluminum oxide (Al203) etc.
e Superabrasives including diamond (either nature or synthetic)

and cubic boron nitride (CBN) etc.
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For grinding abrasives, the most important property is hardness and it is

the criteria to divide these two groups. Hardness will directly influence the

wear characteristics of abrasives and therefore the grinding performance.

It is important that hardness is retained at high temperatures and that the

abrasive does not react chemically or diffuse too readily into the

workpiece material [1]. Some typical values of hardness for different types

of abrasives are shown in Table 2.1:

Table 2.1 Hardness of different types of abrasives [1]

Superabrasives
Diamond 64GPa
Cubic boron nitride(CBN) 45GPa
Conventional abrasives
Silicon carbide 24.5GPa
Aluminum oxide 13.5-22.3GPa
Cemented carbides 14-18GPa
Quartz 0.78GPa
Glass 0.3-0.5GPa

Hardness H, (kg/mm?”)

S000

6000

4000

2000

Diamond

800

400

Temperature (°C)

Figure 2.1 Variation of hardness for different types of abrasive

material [24]

It is shown that, diamond is the hardest abrasive followed by CBN, other

conventional abrasives possess much lower hardness compared with
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these two. In most cases, hardness of abrasives will be reduced with
temperature [23]. According to Figure. 2.1, diamond and CBN are still the
two hardest abrasive material at high temperature, and it explained why

superabrasives could be utilized for high temperature conditions.

2.1.2 Diamond structure and properties

It is well known that diamond is a metastable allotrope of carbon [25], in
which the carbon atoms are bonded highly compact in a FCC (Face-
centered cubic) crystal structure called diamond lattice (Figure 2.2).In a
diamond cubic, all the carbon atoms are arranged tetrahedrally [26],
where each carbon atom is bonded to four other carbon atoms. This
tetrahedral arrangement provides a strong and solid unit structure which
spread across the whole diamond structure. Furthermore, this unique
structure results in the extraordinary hardness and stiffness for diamond.
Besides this, the strong covalent bonding between carbon atoms requires
a lot of energy to separate, which accounts for its chemical inertness and
high melting and boiling point. Those properties enable the various
industrial applications of diamond in cutting, grinding/polishing, as well

as the scientific applications in diamond knives and diamond anvil cells.

Figure 2.2 Cubic diamond structure showing the carbon atoms and
crystal lattice [27]

The covalent bond between each carbon atom is equal to 1/4 of the width
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of the unit cell i.e. 0.154nm. There is a total of eight whole carbon atoms
located in one cubic cell (Figure 2.2): eight 1/8 at the corners, six 1/2 at
the faces and four inside the cubic cell. Combining the atomic mass of
carbon and the total numbers of carbon atoms in one cubic cell, also by
considering the atomic packing density, the theoretical density of pure
diamond can be determined as 3.53 g/cm3 [28,29]. In real situations, the
density of diamond is ranging from 3.15 to 3.53g/cm3, due to the
impurities and voids [30].
Graphite is the most stable allotrope of carbon, where each of the carbon
atom is bonded to three other carbon atoms which forms regular hexagons.
These hexagons extend in two dimensions to construct a planar hexagonal
lattice structure. Compared to graphite, diamond is relatively unstable
with a negative free-energy change of 2.88k]/mol at room temperature
and atmospheric pressure [31]. Although the rate of transformation of
diamond to graphite is infinitely small under room temperature at
atmospheric pressure, if the temperature is increased to 700°C in the air
[32], the transformation (oxidation) will initiates, while in the absence of
oxygen, e.g. in a flow of high-purity argon gas, the initiation of
transformation occurs around 1700°C [33,34]. In addition, the initiation
temperature will increase at high pressure, under 20GPa the
transformation temperature can be increased to 2500°C [35].
The presence of impurities (e.g. nitrogen, boron and hydrogen) in
diamond, even a small amount, can influence the diamond properties
dramatically. As a result, it is important to classify diamond in terms of
composition of impurities, in order to determine its properties accurately.
In general, there are two types of impurities can be found in both natural
and synthetic diamond:

1. Foreign atoms replace the carbon atoms in the lattice structure.

2. Individual particles which are not inside the diamond lattice

structure.
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For the first type of impurities, nitrogen and boron (they are neighbors of
carbon in the periodic table) are two major impurities can be found in the
lattice structure. Based on the type and amount of impurities, a
classification of diamond has been made in Table 2.2

Table 2.2 Classification of diamond [36]

Type | Prevalence Impurities Colour
(Natural)
Ia 98% Clustered nitrogen atoms < | Colourless, Light
(3000pm) yellow
Ib 0.1% Scattered nitrogen atoms < | Yellow, Orange,
(500ppm) Brown
Ila 1-2% Highly pure carbon atoms | Colourless, Pink,

Yellow, Brown ,

Purple

IIb 0.1% Isolated boron atoms < | Blue, Grey
(0.5ppm)

It is well known that diamond is an anisotropic material, which implies it
has different properties in different directions. According to the lattice
structure discussed previously, carbon atoms inside all the lattices can
construct regular planes separated by equal distances. In order to
designate these crystallographic planes, Miller indices (Appendix 1) is
used to specify the orientation of the planes. The three major
crystallographic planes (See Figure 2.3) described by Miler indices are
(100), (110) and (111), and for each crystalline plane the mechanical and

physical characteristics of diamond are different.
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Figure 2.3 Three common crystalline planes described by Miler

indices [37]
Table 2.3 listed the cleavage energy with respect to three major crystalline
planes. It is shown that plane (111) is the dominant cleavage plane
compared to the other two, however, it is also possible to fracture on other

planes by orienting properly [38].

Table 2.3 Theoretical cleavage energy of diamond for different

crystalline planes [39]

Crystal planes Angle between Cleavage energy
plane and (111)
(111) 0° and 70°32° 10.6
(110) 35°16" and 90° 13.0
(100) 54°44’ 18.4

2.1.3 HPHT Synthesis of diamond

Although natural diamonds have various superior properties that can be
utilized for abrasive machining applications, most of the diamond
materials employed in industry are synthetic ones. There are two general
types of methods for diamond synthesis, which are HPHT (mainly used for
conventional irregular shaped abrasives) and CVD (can be utilized to
generate diamond film for engineered abrasives) methods.

In 1797, it was discovered that diamond is another form of carbon [40],
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which resulted in many attempts to convert carbon into diamond.
Between the late 1800s and early 1900s [41,42], there are some successful
cases of conversation were reported, however in 1928 Sir Charles
Algernon Parsons [43] suggested that no synthetic diamond has been
successfully produced up to that date, and the cases reported so far were
likely synthetic spinel [44].

In 1955, General Electric is the first to report their achievement on
reproductivity of the conversion of carbon into diamond [45], while it was
also achieved by AESA in Sweden and Institute for High-Pressure Physics
in the Soviet Union in 1950s. GE have successfully achieved the pressure
above 10 GPa and temperature above 2000 °C by the invention of the “belt”
press (Figure 2.4). The key step to manufacture the synthetic diamond in
the “belt” press is to dissolve the carbon in the suitable solvent i.e. nickel,
cobalt and iron, these metal solvent can reduce the pressure/temperature
requirement for nucleation of diamond. According to the phase diagram
of diamond-carbon (Figure 2.5), when the carbon-metal solution is cooled,

carbon will be deposited as diamond within diamond growth region.

Figure 2.4 A belt press produced in 1980s by KOBELCO (source:

KOBELCO)
17
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Figure 2.5 Pressure-temperature phase diagram for carbon [36]

The method GE proposed to produce diamond from carbon is called high
pressure high temperature (HPHT) method, which aims at reproducing
the process of diamond growth in natural. Figure 2.6 shows the scheme of
typical belt press HPHT process. Diamond seeds are placed in the growth
cell chamber with high-purity carbon and metal solvent (nickel, cobalt or
iron). The chamber is then heated above 1400 °C and melts the metal
solvent, high-purity carbon dissolved in the molten metal. The upper and
lower anvils apply high load and transmitted by pressure transmitting
medium to produce high pressure in the chamber. As the pressure

released, the dissolved carbon precipitates on the diamond seeds and

form synthetic diamonds [47].
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Figure 2.6 Schematic illustration of belt press for high pressure high

temperature (HPHT) diamond synthesis [46]

As developments of HPHT method for diamond synthesis since 1950s, the
commercial application of HPHT synthetic diamond products has grown
rapidly. There are also many improvements has been made on synthesis
apparatus, the control of the HPHT process parameters and post synthesis
processes. Based on the developments up to date, HPHT synthetic
diamond crystals are generally more superior in crystalline quality and
consistency than naturally occurring diamonds, especially, type Ila
diamond crystals synthesized by advanced control of impurities and
crystal defects have extremely high crystalline quality [48-51]. Figure 2.7
shows an example of HPHT synthetic diamonds demonstrating good

crystalline consistency and minor impurities.
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Figure 2.7 Selection of colorless HPHT synthetic crystals (0.50-0.69
ct) [52]

HPHT synthesis has facilitated the development and enabled the

production of polycrystalline diamond (PCD), which are characterized by

randomly orientated crystals exhibiting various degrees of intergrowth

and supported by a binder phase [46]. This feature allows the recreation

of micro cutting edges during the grinding operation, which is helpful to

maintain the tool cutting efficiency by refreshing the cutting edges.

2.1.4 Chemical vapour deposited (CVD) diamond

In the 1950s, besides the development of HPHT synthesis method, initial
researches on the low pressure conditions using vapour deposition
method for diamond synthesis started in the United States and Soviet
Union. Eversole reported the success vapour deposition of diamond on the
diamond substrate in 1953 [53]. In 1968, Angus reported the
experiments on reproducing the diamond film deposition, while around
the same time Deryagin and Fedoseev achieved the synthesis of diamond
films on non-diamond substrates (e.g. silicon and metals) [54,55].
However, the CVD synthesis methods did not really bring to the table until
the Japanese researchers Seiichiro Matsumoto and Nobuo Sekata

optimized several deposition methods to produce diamond and
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significantly accelerated the growth rate of diamond films in 1980s[55-
58].

Similar to HPHT process, CVD process also utilizes diamond seeds on
which the diamond precipitates and grows. In general, the CVD process
including the elements of diamond seeds, the mixture of hydrocarbon gas
(e.g. CH4) and hydrogen, and method of activating the gas mixture to
generate reactive carbon and hydrogen species [59]. The gas mixture is
activated by an energy source (e.g. hot filament, microwave plasma) in a
vacuum chamber leading to the release of carbon atoms from gas mixture
molecules. After that, the carbon atoms are deposited down toward the
cooler substrate for precipitation and growth.

Figure 2.8 shows the two most common types of methods to generate CVD
diamond i.e. hot filament and microwave plasma. In the hot filament setup
a high temperature filament is placed close to the seeds on the substrate
in the chamber. The gas mixture in introduced into the chamber over the
filament, and the filament is heated to 2000-2500 °C simultaneously
activating the gas mixture and heating the seed diamonds. In the
microwave plasma setup, the hot filament is energy source is replaced as

a microwave generator to form a high energy plasma over the diamond

seeds [60].
(a) process (b)
gases * process gases
filament substrate microwave | + I plasma
| | generator
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Figure 2.8 (a) Hot filament and (b) microwave plasma CVD diamond

reactors [61]
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Although the HPHT process is still more popular to manufacture synthetic
diamond for industrial applications due to its high quality and capability
of mass production, CVD process is proved to be simple and flexible,
therefore suitable for both industrial and research purposes. The
advantages of CVD process are the ability to produces synthetic diamond
over a large area and on various substrates. Moreover, it does not require
high pressure to produce, which reduce the cost of production compared
to HPHT requiring the high pressure condition and catalysts.

As the development of CVD diamond synthesis in terms of size and quality,
many advances has been achieved in the gem industry (Figure 2.9). Since
2008, CVD synthetic diamonds of improved color and quality have gone

into limited commercial production [59].
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Figure 2.9 CVD diamond application in gem industry (Source:
Gemological Institute of America)
In addition to the gem industry, the very low chemical reactively and its
high resistance to corrosion and wear also provide CVD synthetic diamond
with various engineering applications. Table 2.4 shows the grades of single
crystal and polycrystalline CVD diamond classified by grain size. The grain
size depends on the synthesis conditions, substrate and layer thickness.

CVD diamond with the layer thickness greater than 50 um can be removed
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from the substrate as free standing solid diamond material.

Table 2.4 Grades of CVD diamond types [62]

Crystal size Appearance
Single Crystals Wide range Clear-colored
Microcrystalline Diamond (MCD) | 0.5-50 pm Black - clear
films
Nano Crystalline diamond (NCD) | 10- 500 nm Black
Ultra-nano crystalline diamond | 5-10 nm Black
(UNCD)

Both of single crystal and polycrystalline CVD diamond have increasing
demand for mechanical applications and proved to have good
performance in precision machining where required superior surface
finish [63,64]. They can offer a cost effective alternative to either natural
diamond or larger synthetic diamond, which cover the applications of
defined edge tools and tool coatings. For single crystal CVD diamond, the

material size available is generally up to 8 x 8 x 2 mm (Figure 2.10).

Figure 2.10 Commercially available single crystal CVD diamond in

size of 8 x 8 x 2 mm (Source: Element Six [65])
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Polycrystalline CVD diamond is specifically characterized by its diverging
columnar structure in the CVD growth orientation. The structure
culminates in randomly orientated morphological features growth results

in a cubic feature (Figure 2.17).

CVD columnar structure

SEM cross-section through a

diamond film on Si. 25kVY xdk

Figure 2.11 Polycrystalline CVD diamond showing correctional

columnar structure and surface morphology [61]

2.2 Grinding wear mechanism and effects of

diamond abrasives on wear

2.2.1 Grinding material removal mechanisms

Grinding is an abrasive machining process which is generally the last step
for manufacturing engineering components. It can produce very high
surface finish and accurate dimension by utilizing the relative motion
between abrasive grains and workpiece material. Abrasive machining
process, in terms of tribology, is referred to abrasion process, and can be
classified as two categories: a) two-body abrasion b) three-body abrasion.

Figure 2.12 shows the two abrasion modes proposed by Rabinowicz [66].
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Figure 2.12 Abrasion wear modes: (a) two-body abrasion; (b) three-
body abrasion [66]
In the two-body abrasion, the abrasive grains are fixed (bonded) on the
abrasive tool (e.g. grinding, honing), and material in removed by pure
sliding. The abrasive wear induced in two-body abrasion is groove form of
wear. In the three-body abrasion, loose abrasive grains are employed
between the tool and workpiece surface. In this case, abrasive grains are
free to slide and rotate, contacting with other grains and both tool and
workpiece surface. Although, three-body abrasion is less efficient due to
the energy loss caused by free motion and collision, it also have the
advantage that new cutting edges can be introduced when free rotating
[23]. In order to understand the abrasion mechanism and its influence in
the grinding process, various models has been developed to study the

removal mechanism.

2.2.1.1 Simple abrasive wear model

This simple model is developed by assuming an idealized rigid conical grit
sliding across a workpiece surface. The volume of removed material can

be described as [66],

kPL
v="2 (2.1)
where L is the transverse displacement of the grit, H is the hardness of the
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material, and P is the normal load applied on the grit. K is the wear

coefficient and defined as:

K= 21 2.2
"~ mwtand (2.2)

where 0 is the attack angle between grit and workpiece surface, 1 is the
fraction of material displaced from the groove.

This model is varied by experiments conducted by silicon carbide grit
abraded on different types of pure metals [67]. However, when tested with
other materials, the correlation with material hardness does not match
the model very well, which reveals that other material properties also

affect the wear resistance in real situations.

2.2.1.2 Deformation wear models

As discussed in 2.2.1.1, other factors can result in a deviation of
experimental data compared to simple model predicted data. It can been
seen in Figure 2.13, in real cases, stress fields in the deformed material can
cause material pile-up and sink-in on the groove profile, which deviate

from the predicted profile (dashed line).

Figure 2.13 Groove cross-section demonstrating concept of grooving

efficiency in: (a) micro-cutting, and (b) micro-cracking [68]
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Zuhm Gahr [69] classifies wear into four categories including micro-
cutting, micro-ploughing, micro-fatigue and micro-fracture. Micro-
ploughing involves formation of grooves without direct removal of
material, while micro-cutting separates the material as microchips and cut
away from the surface. In real situations, there are always a combination
of the two mechanisms to some extent. As a result, an abrasion mechanism
model is derived in terms of efficiency due to the combination of wear
mechanisms. The abrasion efficiency is given as follows:
Ay — (A1 + 43)
Ay

fab = (2.3)

where fib is the ratio of material removed to the scratch volume, Av is the
measured scratch area relative to the original surface, A1 and Az are the
areas of the pile-up ridges on the both sides of the scratch. The values of
A1 and Az can be negative if the micro-cracking occurs for brittle material
(Figure 2.13 b). fab tends to be less than 1 for ductile material as the pile-
up feature is dominant, while for brittle material can be greater than 1 as
sink-in feature may occurs due to micro-cracking. It has been found that
the values of fab is ranging from 0.15 -1 for 30 types of metals and alloys

(ductile material) [69]. In these cases, efficiency can be estimated as,

T
fap = 1= (Lim) ! (2.4)

Ps

where @iim represents the effective strain required for cutting, s is the
effective strain imposed by the scratch, H is the unreformed material
hardness, Hdef is the hardness of the deformed material or wear chips.
Equation (2.4) is only valid when @s = @iim (fab >0), otherwise no material
removal is possible.

The linear wear rate per unit length w can be given as,
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where p is the applied surface pressure and C is a geometrical factor that

takes into consideration the geometry of the contact and the average

shape of the abrasive particles. Equation (2.5) reveals that the wear is

decreased with the increasing Hdef (deformed material hardness) or @iim

(capacity for plastic deformation).

Unlike the abrasion of ductile metals and alloy, the fracture toughness

becomes more important for abrasion of brittle material when micro-

cracking occurs. For these conditions, the model to describe the wear rate

w as function of unreformed material hardness H and fracture toughness

K¢ is given as [70],

o

1
D2
0

N| =

3
K 4H

(2.6)

where C is a constant and D is the abrasive size. Figure 2.14 shows how

the toughness and hardness affect the wear resistance.
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Figure 2.14 Influence of fracture toughness and hardness on wear

resistance of materials [70]
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[t is noteworthy that, in equation (2.6) the applied pressure p does not
increase with the exponent of 1 but 5/4. This is because in the micro-
cracking dominant mode, the grit pressure can cause a non-linear increase

in the tendency to separate the surface by lateral cracking [70].

2.2.1.3 Orthogonal cutting models

The deformation models discussed in 2.2.1.2 mainly focused on the
material properties, while the abrasive shape and geometry of contact are
described by an empirical constant C. Challen and Oxley proposed a
different model using two-dimensional slip-line fields to predict
corresponding coefficient of friction and wear rate [71]. The three types

of wear mechanisms described by the model are illustrated in Figure 2.15.
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Figure 2.15 Three orthogonal modes of abrasion [71]
This model enables the estimation of forces and the conditions of cutting
initiation. It was reported that the cutting is likely to happen at attack

angle o as small as 22°. This finding is important as the average attack fall
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into this region. As a result, the abrasion mechanism is very sensitive to
the variation of attack angle, and only a small change can cause a transition

from moderate wedge/wave modes to aggressive cutting modes [71].

2.2.1.4 Wear map

Although the orthogonal cutting model can be used to study the different
interactions between asperity and surfaces, it is limited to two-
dimensional conditions. In real cases, the asperity is not three-
dimensional and not necessarily contact with the surface perpendicularly.
A test with spherical indenter was carried out by Hokkirigawa and Kato
[72] to experimentally observe the wear modes with the parameters of
degree of penetration Dp and interfacial shear strength f for brass, castiron
and stainless steel. The three wear regimes are classified as cutting,
ploughing and wedge forming as shown in Figure 2.16. It was found that,
when interfacial shear strength f is small (i.e. well lubricated conditions),
the effective attack angle for initiation of cutting is close to the estimation

of orthogonal cutting model i.e. around 22°.
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Figure 2.16 Wear map showing different wear modes for a spherical
indenter as a function of degree of penetration Dy and interfacial

shear strength f [72]
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2.2.2 Abrasive size

In general, abrasive grit sizes are measured by the fraction of grits that can
pass through a series of vibrating meshes or screens having a specified
numbers of holes per square inch [23]. There are numerous international
standards have been developed to define the grain size by sieving, a table
of FEPA (Federation of European Producers of Abrasives) standard is
listed in Appendix 2.

The effect of abrasive particle size on the material wear rate has been
studied extensively over the last several decades [73-80]. It was reported
that there is a linear correlation between abrasive particle size and mass
loss for small abrasives [74]. The wear rate will increase with the
increasing abrasive particle sizes until it reaches a critical particle size
(CPS), after which the relationship will change accordingly. Figure 2.17
illustrates three trends of wear rate above the CPS conditions [79]. In the
trend 1, the wear rate still increase but becomes slower with the particle
size increase (curve 1) [78]. In the trend 2, wear rate does not vary with
particle size [73-75, 81]. In the trend 3, wear rate decrease linearly with
the increasing particle size [82]. There are many hypotheses to explain
this phenomenon [73, 76,79, 82, 83], however, there is still no explanation

generally accepted by the entire scientific community.

3

1

Wear rate

CPS Abrasive size
Figure 2.17 Schematic representation showing the typical curves of

wear vs. abrasive grain size [79]
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The studies on the particle size effect enables the understanding of
material removal mechanism for diamond grinding process in relation the
abrasive sizes. It can provide a guidance for manufacture of diamond
abrasive for different surface finish and material removal requirement,
and improve the design of current grinding wheels for optimal wear

behavior.

2.2.3 Abrasive shape

The high quality of synthetic diamond crystals can be achieved by
controlling the growth conditions (e.g. temperature, pressure, time,
nucleation density) in HPHT process. For example, cubic shape at low
temperature (growth on {100} or {001} planes), octahedral shape at
highest temperatures (growth on {111} planes). Figure 2.18 shows the

crystallographic morphologies of synthetic diamond.

Figure 2.18 Growth morphologies of diamond [1]

[t can be seen that, the typical growth of synthetic diamond would fall into
the combination of growth on various primary planes, which results in
cubo-octahedral shapes rather than pure octahedral or cubic shape.
Moreover, commercial abrasive products also includes abrasives which
are processed by crushing or ball milling from as-synthesized diamond
abrasives. As a result, the shapes of abrasive are not definitive and difficult
to fully describe. In theory, there is an infinite number of parameters
required to fully define the abrasive shape, however, in practice, only a few
of them are useful to evaluate the wear behavior [84].

De Pellegrin et al. [85] carried out an wear experiment to study the trends
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and correlations of shape properties of diamond particles including major
diameter, minor diameter, minimum diameter, projection area, aspect
ratio, convexity and sharpness with material wear rate. A digital-camera-
equipped optical microscope was used to capture the electronic boundary
projections of a set of sample diamond particles with nominal diameters
ranging from 65 to 197 pm.

It was found that sharpness has a 0.99 correlation coefficient with wear
rate, while convexity has a 0.98 correlation coefficient with wear rate.
Aspect ratio only reaches the correlation coefficient of 0.82. It can be
conclude that sharpness and convexity gave the best correlation with wear
rate for grinding process. The study on abrasive shape effects allowed the
prediction of wear rate based on shape properties and evaluate the

grinding performance.

2.3 Diamond grinding tool: design and modelling

This section aims at describing the characteristics of conventional
diamond grinding tool (with randomly shaped abrasives) and engineered
diamond grinding tool. In particular, novel design of engineered grinding
tool and their improvement of grinding performance will be discussed as
the main difference between conventional and engineered tool is the
design of highly controlled abrasive features. In addition to various
experimental work conducted to study grinding performance, the current

state of modelling approach will also be covered.

2.3.1 Conventional diamond grinding tool

Diamond grinding process has been established for processing various
hard non-ferrous material, which can produce superior surface finish and

high material removal rate with relatively long tool life (low wear).
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Compared to other grinding wheel with conventional abrasive material
such as aluminum oxide or silicon carbide, the demand for diamond
grinding wheels becomes higher due to the excellent performance in
holding force, abrasion, molding, lifetime together with high accuracy in
profile formation and efficiency [86,88].

In order to hold the conventional diamond abrasives during grinding, a
bond system is required to retain the grits without the premature pullout
from the surface, as well as, offer the sufficient strength to transfer the
grinding force and assist the heat dissipation [89]. The bond system can
be divided into two types: single-layer type for those holding a single layer
of abrasive on a solid hub and multilayer type for those providing several
layers of abrasives within the bond material.

For multilayer diamond wheel, three major types of bond are used
including resin bonds, vitrified bonds and metal bonds. In the case of
multilayer arrangement, the abrasive surface is typically produced by
mixing the abrasives and bonding materials (soften or liquid form) in a
mold with required profile and then pressing or sintering. Diamond
abrasives are either half-buried on the abrasive surface or completely
embedded within the bonding material. The advantage of multilayer
arrangement is the continuous regeneration of abrasive cutting edges by
the exposure of embedded grits during grinding process, and the tool form
and girt sharpness can be maintained by regular dressing. Resin bonded
diamond grinding tool tends to be more elastic than other wheels, and it
is usually selected for diamond abrasives to achieve extremely low
roughness. Generally, a new resin bonded diamond grinding tool cannot
remove material efficiently until the heat and abrasion remove some of the
resin material on top of the surface to expose more embedded cutting
edges. Vitrified bond is much harder than resin bond and it can be trued
to produce a form for grinding various profiles. Metal bond is the hardest

and toughest among the three, providing a firm retention of diamond grits
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and high abrasive wear resistance. It is often employed to produce low
surface roughness with accurate, predictable removal of stock material. A
new ELID (Electrolytic In-Process Dressing) grinding can be used to grind
the metallic bond wheel surface to keep its sharpness and form [90].
Unlike multilayer diamond wheel, only metal bond is used for single-layer
diamond wheel. The common method of fixing the diamond grits on the
tool surface is deposition of metal (e.g. nickel) by electroplating. An
alternative method is to chemically bond the diamond grits by brazing.
Brazing has a thinner metal coating around the diamond grits which can
offer higher grinding efficiency due to the much greater exposure of grits.
However, brazed wheel is fabricated under much higher temperature
(1000°C) than electroplated grinding tool, resulting in a less controlled
profile and possible damage on grits [91]. As the high expense to set grits
on single-layer wheel and common dressing process for multi-layer wheel
cannot be used, single-layer wheel required to be set with high accuracy,
therefore can operate with stability during the operation.

The surface topography of diamond grinding tool manufactured by the
bonding process mentioned above tends to have stochastic nature in
terms of random grit size, geometry, crystallinegraphic orientation and
spacing (Figure 2.19). In addition, the exposure and protrusion of grits are
also varying across the wheel surface due to their irregular shapes,
orientations and radial locations in the bond [15]. Then number of active
grits and their cutting effectiveness during grinding are dependent on
factors such as the abrasive concentration and the extent of grits
protrusion from the wheel surface. The stochastic arrangement can
adversely affect the material removal efficiency and chip flow where
diamond grits are clustered. The large numbers of inactive or less effective
grits during the grinding are not only increase the manufacturing cost but
also interfere with normal operation of active grits causing higher

grinding temperature and reduce the tool life [92].
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Figure 2.19 Electroplated diamond grinding wheel surface [15]

2.3.2 Engineered diamond grinding tool

The conventional grinding tool topography has been reviewed in section
2.3.1, showing that the abrasive size, geometry, distribution and
orientation are random due the nature of manufacture process. As a result,
the grinding process becomes less efficient (e.g. inactive grits involved,
less controllable ground surface topography) and can introduce surface
damage and wheel deterioration (e.g. insufficient heat dissipation, more
micofractures and burns, pull-out of grits) [93,94].

Many researches has been done to investigate the texturing/patterning of
abrasive grits, in order to reduce the negative influences of the stochastic
topography of grinding tool surface. The engineered grinding tool
developed based on this concept can be divided as 1) positioning the grits
in a pre-defined format 2) texturing the grits as regular shapes and
identical orientations. The section will review the developments of these
two types of engineered grinding tool and their improvements on

performance of grinding process.
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2.3.2.1 Engineered grinding tool with defined grain pattern

In this type of engineered grinding tool, abrasive girts are planted on the
tool surface by special positioning techniques in a pre-defined
arrangement. The ordered arrangement of grits can reduce the number of
grits required and increase the uniformity of cutting edge positions, thus
makes the process a more predictable one enabling the easier control and
optimization of grinding process [95,96].

Burkhard proposed a design of grinding wheel with defined grits
arrangement in 2002, where the grits were glued in a pre-defined pattern
before brazing. The arrangement is shown in Figure 2.20, the grit density
was reduced by 75% by selecting the glue dot center as 0.5mm, while the
machining time is reduced by 1/3 without any sacrifice on the workpiece

surface finish [97].

Figure 2.20 Arrangement of CBN grains on the engineered grinding
wheel [97]

Another engineered grinding wheel was designed and produced by

manually fixing the grits by cement at pre-defined positions followed by

electroplating process (Figure 2.21) [98]. However, manual positioning is

very time consuming and can significantly increase the tool cost.
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Figure 2.21 Manually positioned engineered grinding wheel and
conventional electroplated grinding wheel [98]

In a later study, the positioning was improved by using masking
technologies for preliminary adhesion of the grains on the wheel hub, and
then completed by electroplating process. Although it has significantly
reduced the tool cost compared to the manually positioned wheel, the cost
is still considerable higher than the conventional wheels [99,100].

Further studies has been carried out based on the Burkhard’s design of
semi-automatic system for positioning grain pattern. The precision of the
grain pattern was evaluated as a circular region (with diameter Dedge,
Figure 2.22) around the nominal position of the grain's edge. Three
different grain patterns were produced to be compared with conventional
electroplated wheels (Figure 2.22). It was found that for pattern A and B
with Az (parallel distance between adjacent grains) equals to 3.2 pm and
1.6 um respectively can provide superior finishing performance, while
pattern C with Azz equals to 0.8 um exhibited a poor control of positioning

[101].
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Figure 2.22 Parameters of grain patterns [102]
A LIGA-like technology was also utilized to fabricate engineered grinding
pad consisting of micro-diamond abrasive pellets for grinding silicon
wafers. There are two different shape of abrasive pellets were produced:
hexagonal and cylindrical (Figure 2.23). The surface roughness of Ra = 0.05
um was achieved on the silicon wafer, moreover, the engineered
construction also shows higher grinding efficiency and good chip removal

[11].

Figure 2.23 LIGA -like technology produced abrasive pellets a)
hexagonal b) cylindrical [11]
Recently, more developments of engineered grinding pad was made by
using LIGA-like technology. Some novel designs of abrasive grits
arrangement based on the biological structures (e.g. sunflower). The
evaluation tests showed improvement of surface roughness (at least 10%)
indicating their good surface finishing performance [103-105].

As the advances in design of engineered grind tool with ordered grain
39
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patterns, various improvements of grinding performance has been
achieved [106]. Lower grinding temperature and reduced grinding force
are two direct improvements due to reduced number of abrasive grits and
controlled distribution pattern. The experiment conducted by engineered
grinding wheel on 42CrMo4 (65 HRC) indicates that the maximum normal
and tangential grinding force was reduced by 60% and 80% compared to
that of conventional wheels [98]. In another test for grinding heat-treated
steel AISI 4140H of 60 + 2 HRC, the normal and tangential force reduction
of 30-40% and 20-35% were achieved. At the depth of cut of 2Zmm, the
grinding temperature was lowered by 230°C [99]. It was also found a trend
that the ratio between normal and tangential grinding force for
engineered grinding wheel is larger than that of conventional wheel [95].
This suggested that the interaction between workpiece surface and
conventional wheel surface is more aggressive than that of engineered
wheel, indicating that conventional wheel undergoes more severe friction
conditions.

Although some of the studies have proved engineered grinding tool can
produce better surface roughness due their superior chip flow, cooling
performance and better load distribution [105, 107], conventional wheels
with higher grit density tend to produce smaller unreformed chip
thickness leading to better surface roughness, which is also proved by
some other experiments [95,98,108]. As a result, further researches are
needed to specify the critical design parameters for engineered grinding
wheel with defined grain pattern, in order to optimize its surface finishing

performance.

2.3.2.2 Engineered grinding tool with defined grain

geometry

The engineered grinding tools reviewed in the previous section are
40



produced with defined grain pattern by brazing, electroplating and LIGA-
like technology, which position the abrasive grits in a defined pattern on
the wheel hub or backing plate. Unlike these types of engineered tools,
novel concept of grinding tools with defined geometry of micro abrasive
elements were produced on the solid monocrystalline thick-film CVD
diamond by using Nd:YAG Q-switched pulsed laser in 2009 [13]. The laser
ablation technique has provided an effective approach in the rapid
generation of highly uniform abrasive surface with micro cutting elements
having identical size, shape, protrusion and spacing. Technically, any
shape and arrangement of micorfeatures can be produced as the high
flexibility of laser ablation techniques. Three types of micro-arrays were
produced to demonstrate the capability of laser ablation for engineered

grinding tools (Figure 2.24).
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Figure 2.24 Micro-arrays produced by laser ablation on CVD
diamond [13]
It was reported that a more advanced design of engineered grinding tools

with micro cutting arrays was proposed and evaluated by grinding on the
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Ti-6Al-4V [10]. The abrasive micro-array was produced with cutting
elements having (1 0 0) crystallographic orientation on the flank face and
(1 1 0) orientation on the rake face. Each micro cutting element was
produced with a cutting edge width of 100pum with a supporting flank of
50pm to provide additional strength (Figure 2.25). In addition, the
primary/secondary rake angles y=-32°/+1° and clearance angle a=4.5°
was generated for each of the micro cutting element in order to enhance
their cutting performance. This technique was also introduced to produce
engineered grinding pad with square frustum and saw tooth abrasive grits

on the polycrystalline CVD diamond film [109].
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Figure 2.25 Laser ablated micro-arrays with controlled cutting
elements geometry [10]
In addition to generate micro cutting elements on flat diamond film, it was

also successfully produced on the curved surface for rotary micro-
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grinding tool by laser ablation technique. Figure 2.26 illustrates the rotary
grinding tool surface featuring staggered array of uniformly shaped
symmetrical cutting elements around the periphery of the diamond
structure, and the regular pattern of the cutting element was clearly
visible, providing unrestricted chip flow paths between adjacent elements

[110].

Figure 2.26 Laser ablated solid diamond rotary micro-grinding tool
[110]

Another technology called microreplication can be used to generate grits

with defined geometry on the abrasive pad surface [123]. This patented

technology for the deposition of abrasives particles can provide a

controlled size, distribution and orientation of coated abrasive particles.

Figure 2.27 Pyramid-shaped engineered abrasives generated by

microreplication [123]
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Figure 2.27 illustrates the abrasive pad surface with defined grits
deposited by microreplication. In this case, the abrasive surface consists
of pyramidal structures containing micron-graded minerals that are
uniformly applied to a backing material

Similar to the improvements reviewed in section 2.3.2.1, one of the most
obvious improvements can be found is reduction in grinding force for
engineered grind tool with PLA micro-arrays. It was reported that the
grinding force of diamond micro-array is generally lower than that of
conventional diamond electroplated grinding tool (Figure 2.28) [10]. In
addition, the grinding force variation during the process is more
consistent for diamond micro-array thanks to the highly uniformly shaped
and distributed cutting elements which remained intact for the duration
of the test. It also showed that tangential grinding force of micro-array is
much lower that of conventional electroplated wheel, indicating the

friction condition for micro-array is less severe.
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Figure 2.28 (a) Normal and (b) tangential forces produced by
diamond micro-arrays and electroplated elements [10]
Significant improvement on workpiece surface quality has been reported
by comparing between PLA engineered grinding tool and conventional
grinding tool. For the comparison between diamond micro-arrays on flat
surface and grinding wheel with D91 grits (comparative size to the array
cutting elements), surface roughness was improved by greater than 3.5

times, while surface waviness was improved by 21.5 times. Even when
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comparing with D46 grits (half equivalent-size to the array cutting
elements, there are still 1.6 and 3.3 times improvements for surface
roughness and surface waviness respectively [10]. Similar results was also
reported for rotary micro-grinding tool, 3 times improvement on best
surface roughness and 7 times improvement on surface waviness [110].

The PLA micro cutting elements remain intact after grinding operation, no
obvious sign of mico-fracuture can be observed. In addition, the tool
surface showed minimal material clogging and the debris are distributed
over the tool surface, indicating clear chip flow paths help the migration
of material debris. All the cutting elements remain active resulting in a
longer tool time [10]. The improvements of tool wear characteristics and
superior chip flow was also proved by PLA rotary micro-grinding tool [10].
These encouraging findings of engineered grinding wheel have enhanced
the understanding of influence of grinding wheel topography on grinding
performance, and brought more new concepts for development of
innovative grinding tool. Although engineered grinding tools have great
potential to achieve highly controlled surface finish and forms, the design
parameters are still needs to be extensively studied to optimize its
performance. Moreover, the relatively high cost on positioning and
texturing also needs to be addressed before massive industrial

applications.

2.3.3 Development of grinding modelling techniques

It has been discussed in section 2.3.1, conventional grinding wheel has
abrasive grits distributed randomly on the tool surface with different
shapes, sizes and protrusions. As a result, each cutting edge will act
individually in grinding process to remove the material and produce final
workpiece surface topography. Taking the stochastic nature of abrasive

surface topography and various working parameters involved into
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consideration, optimize the design and working conditions solely by
experiments is quite difficult, thus modelling approach is important to
help understand and predict grinding process.

The shape and distribution of abrasive grits can significantly influence the
surface finish and force. Tonshoff characterize the kinematics of the
grinding process by a series of statistically irregular and separate
engagements [111]. Topography models are used to describe the grinding
wheel structure by considering the quantities of motion and geometric
parameters, while chip thickness models are used to describe chip
formation. Another research described the grinding process as a sum of
interactions between abrasive grains and workpiece material [112]. In
order to simulate the surface roughness, grinding wheel topography needs
to be specified first.

In general, empirical (i.e. model coefficients are fit to experimental data)
and mechanistic (i.e. based more on physical grinding processes) methods
are two main types of methods used to develop wheel topography models
[113]. For the empirical models, simplifications based on experimentally
measured data, such as average distance between grits and average grit
protrusion, are employed to describe the wheel topography. For example,
an empirical grinding wheel topography model was developed having the
identical grit protrusions and autocorrelation functions [17]. Empirical
models have the advantage of relatively easy to be generated, however,
they are lack of accuracy and require excessive experiments for each
specific application. The analytical model can be divided into two groups:
statistical and kinematic. Statistical part is to study the distribution
function of the grit protrusion heights, while kinematic part is to study the
kinematic interaction between grains and workpiece. Hecker et al.
predicted surface roughness based on a probabilistic undeformed chip
thickness model, where surface roughness was expressed as a function of

wheel microstructure, the process kinematic conditions and the material
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properties [114]. After that, several models based on probability
distribution of chip thickness were developed to predict surface
roughness [115-117]. A typical research work for kinematic model took
the random distribution of grit protrusion height into consideration, and
develop a numerical solution for that [118]. In the subsequent work,
Yueming et al. established a kinematic model to predict the workpiece
surface roughness by using three types of grain shapes (i.e. sphere,
truncated cone and cone) [119].

The extensive research work conducted on the modelling of grinding
process have provided various solutions to address the stochastic nature
of wheel surface topography. However, the distribution and grain shapes
can be controlled for engineered grinding tool, little researches has been
reported to establish surface roughness model for such kind of engineered
grinding tool. Moreover, the current models are mainly focused on linear
grinding process, very little researches have been reported on grinding

with planetary movements (i.e. plane grinding).

2.4 Summary and research gaps

An extensive literature review has been carried out covering the structure,
properties and characteristics of nature of synthetic diamond material.
The superior mechanical and chemical properties allows diamond to be
employed in various industrial applications, in particular, abrasive
machining processing (e.g. grinding/polishing) due to its high hardness
value among the typical abrasive materials. HTHP and CVD synthesis
methods provide the opportunity to control the growth of diamond to
enable the production of diamond with more customized properties, less
impurities and higher consistency in crystalline structures. Therefore, as
the development of synthetic diamond production, their versatility in
structure and properties will provide wider scientific and engineering
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applications.

For the conventional diamond grinding tool, it has been found that the
abrasive surface having a stochastic nature. The diamond grits are random
in size, shape, orientation and distribution, moreover, the protrusion
heights are also varying from one grit to another. These stochastic
characteristics are caused by manufacturing process for conventional
grinding tools, which can negatively affect the chip flow and grinding
temperature, resulting in less cutting efficiency and introduction of more
damage. Many researches has been carried out to provide solutions in
term of engineered grinding tool with controlled tool surface. By
positioning the abrasive grits in a pre-defined arrangement has
successfully reduced the grinding force and temperature with longer tool
life. Further improvements has been made by producing micro cutting
elements with controlled features on the monocrystalline and
polycrystalline CVD diamond, in particular, utilizing a novel laser ablation
technique. High accuracy of micro cutting elements was achieved. These
PLA engineered grinding tool showed a significant improvement in
grinding force and temperature, in addition workpiece surface finish was
also improved a lot compared with conventional electroplated grinding
tool. However, the reported researches for engineered grinding tool are
mainly focused the grinding operation with linear kinematics, there is a
lack of knowledge on the engineered grinding tool with planetary
kinematics (i.e. plane grinding).

In the case of conventional grinding tool, in order to predict the workpiece
surface roughness, grinding process has been extensively studied by
modelling approach. Two main methods (i.e. empirical and analytical)
were developed to provide solutions to express the stochastic grinding
tool surface topography. Most of the related work are conducting for
conventional grinding tool, less information is available for engineered

grinding tool, especially the one with planetary kinematics (i.e. plane
48



grinding).

Research challenge 1 (Refers to objective 1 and 3 in section 1.3)

While many researches have been conducted to generate engineered
abrasive tool with controlled features, and various preliminary
evaluations have shown the advantages of engineered abrasive tool over
conventional abrasive tool with stochastic nature, it seems there have not
been many studies to examine the influence of specific design parameters
of engineered abrasive tool (e.g. grit geometry, total planar contact area)
on the performance of grinding, especially lacking of study for the process
with planetary movements (i.e. load controlled plane grinding).
Considering the possible optimization requirement for future industrial
applications, an important research challenge is to understand the
influence of design parameters of these novel abrasive tools on the
machined surface quality to enable the generation of desired workpiece

surface.

Research challenge 2 (Refers to objective 2 in section 1.3)

Although previous researches have been focusing on modelling the
grinding process employing conventional grinding tool, there is still a lack
in study of engineered abrasive tool by modelling approach, especially
under the abrasive processing with planetary movement (i.e. load
controlled plane grinding) due to its complex kinematics. There is also a
need to take the slippage between workpiece and abrasives into
consideration when simulating the process with planetary movements

(experimentally).

Research challenge 3 (Refers to objective 4 in section 1.3)
In spite of all the reported literature in the comparison between

conventional grinding tool and engineered grinding tool, there is no
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quantitatively evaluation has been done between grit working population
and visible abrasives on the tool surface, no studies has been done to
determine the engaging planar contact area of conventional grinding pad
and adjust the design of engineered abrasive pad based this to improve

the material removal performance.
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Chapter 3

Methodology

This chapter is the key chapter to understand the methods,
instrumentations and algorithms. In this chapter, it will introduce the
material been used and the experimental procedures and research
approaches been utilized to conduct the research and achieve the

objectives.

3.1 Methodology background

Based on the research work demonstrated in section 2.3.2.2, it can be
found that previous researches have been conducted to generate abrasives
with regular geometry and spacing [13,110]. In this research work, the
already established PLA technique has been applied to develop the
engineered abrasive pad. According to Chapter 1 and Chapter 2, there is a
lack in understanding the wear progression and material removal
mechanism for engineered abrasive pad under the condition of abrasive
machining with planetary movement (e.g. plane grinding). Moreover, no
researches have reported to develop a geometrical model for predicting
workpiece surface roughness for engineered abrasive tool under
planetary grinding process. The steps of research works are summarized

below in Figure 3.1.
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Selection of diamond material CVD diamond:
Sec. 3.2

=

Design and manufacture ordered abrasive pad
for grit geometry study (Based on MD 80): Sec.
3.3

“

Inverted test setup and procedures for evaluation Develop geometrical model to predict surface
of grinding performance (test the design [> roughness generated by ordered abrasive pad:
proposed in Sec 3.3) : Sec. 3.4 Sec. 3.8

@

Design and manufacture ordered abrasive pad
for planar contact area study (Based on MD 220):
Sec. 3.5

=

Linear scratch test setup for design

hardness analysis (test the design proposed in improvement: Sec. 3.7

Procedures for subsurface damage and micro- :
Sec 3.5) : Sec. 3.6

U

Results and analysis of tests and model from
Sec. 3.3-3.8: Ch.4-Ch.7

Figure 3.1 Flow chart of methodology for the research programme

3.2 Selection of material for the generation of
abrasive arrays and workpiece material for

grinding test

Polycrystalline chemical vapour deposition (CVD) synthetic diamond has
been selected for generation of ordered abrasive pad to achieve the
objectives of this research. The polycrystalline CVD diamond thick films
(0.5 mm) used in the experiments are directly synthetized on a WC
substrate (10 mm x 10 mm x 1 mm). The literature review in Chapter 2
has covered that diamond and cubic boron nitride (CBN) are two main
types of superabraisves used in grinding industry, as the hardness of
diamond is superior (Figure 3.2) to CBN both at room temperature and
high temperature (typical in high-speed operation), diamond is chosen as

the material to generate abrasive pad.
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Figure 3.2 Variation of hardness for different types of abrasive
material [24]
In the majority of applications, monocrystalline diamond tools give good
results in terms of cutting performance and relatively low cost. However,
for certain applications, in particular grinding/polishing hard or sintered
material, polycrystalline diamond has proved to achieve better
performance in terms of higher removal rate and outstanding surface
finish than that of monocrystalline diamond [120]. This is due the
differences in their structure, the distinct cleavage planes of
monocrystalline diamond may cause facture when operating under stress.
Compared to monocrystalline diamond, polycrystalline diamond has
numerous particles whose sizes are less than 0.01 pm bonded together in
a random structure. This structure prevents major fracture of diamond
from occurring when under high stress, the fracture are limited in a small
group of crystallites on the perimeter, and only some microfracture may
occur. In addition to this, other advantages of polycrystalline are listed

below [120]:
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e Polycrystalline diamond tools can cut material very fast due to its
ultra rough nature and more cutting edges compared to
monocrystalline diamond

e Polycrystalline diamond produce less random scratches and
subsurface damage which gives a smoother finish compared to
monocrystalline diamond

e Polycrystalline structure tends to produce more cutting edges due
to microfracture during operation which can maintain its cutting
performance throughout the machining process

304 stainless steel disc (diameter 200mm) is selected as the workpiece
material for grinding test. Stainless steels are commonly regarded as
difficult to machine material by diamond tools due to the diffusion wear
caused by the chemical affinity of the diamond with carbon in the steel
being machined, which can cause reduced tool life and inferior surface
finish. As a result, 304 stainless steel is a good option to demonstrate the
capability of novel engineered diamond abrasive pad on grinding widely

used ferrous material.

3.3 Design and manufacture ordered abrasive pads

As discussed in section 1.3, in order to fully exploit the advantages of the
grinding pad with controlled features, it is important to understand how
the workpiece surface roughness and wear responds to different grit
geometries, which needs to compare the performance of engineered tool
with conventional tool. In order to achieve this, the dimensional
characteristics of engineered abrasive grains are supposed to be
comparable to conventional tools. In this research, Stuers MD-Piano plane
grinding pad is chosen as the benchmark conventional tool, as this series

of products are used for surface preparation under planetary movements,
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and the abrasive grits are resin bonded, which is a good example of
conventional abrasive pad with stochastic nature. Figure 3.3 shows the
MD-Piano 80 grinding pad, the nickel coated abrasives are mixed with
resin bonding in the abrasive element (pellet), and the abrasive element is
attached to the metal backing. Based on the small hexagonal abrasive
pellet on the MD-Piano pad, the design concept of engineered abrasive pad
is proposed in Figure 3.4. The abrasive grits are distributed regularly on

the hexagonal pellet, and the girt geometries are identical.

9=200mm

Figure 3.3 MD-Piano 80 grinding pad and enlarged abrasive

element with SEM image of one grit buried in the bonding material

Ordered abrasive grit

O O 0 O O
0O O O OO0
O O O O 0O O O
0 0O OO0 0O
O O O O OO0
O OO O O

wuwz'q

Abrasive pellet

Figure 3.4 Schematic illustration of Concept image of engineered

abrasive pad with ordered abrasive grits based on MD Piano pad
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The dimensional characteristics of the grit sizes were chosen to be
approximate as the abrasive tools situation of the MD-Piano 80 (i.e. grit
size of FEPA D252, appx. 200mm). Into these hexagonal features two types
of abrasive grits (Figure 3.5) which either have symmetric cutting edges
(e.g. square frustum) or asymmetric cutting edges (e.g. saw tooth), which
enables the evaluation of the effect of abrasive grits geometry (cutting
edges arrangement) on the finishing performance. The selection of grit
geometry is not based on the possible geometry, theoretically of infinite
variation which can be generated, but on the utilization of cutting edges
when operated in rotary motions. For example, when employing the
square frustum grits, the cutting edges are axially symmetrical relating to
its own axis, which means it can provide relatively uniform cutting edge in
cutting direction when driven by planetary movements. It is the different
case for a saw tooth grit, as it can only provide effective cutting in one

direction under the condition of linear tool path (Figure 3.5).

Ineffective cu
n

omm \ —

[ |
Saw tooth abrasive grit

<

50mm Effective cutting direction
—_

Square frustum abrasive grit

Figure 3.5 Examples of saw tooth and square frustum abrasive grit

and their effective cutting directions under planetary movements
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Previous researches have demonstrated that Pulsed laser ablation (PLA)
technique can be used to shape CVD diamond material into cutting tool
[10]. The laser processing is enabled by a hybrid laser machining centre
equipped with a Nd: YAGQ-switched pulsed laser (wavelength 1064 nm;
100 W max. Output power; 50 kHz max. pulse frequency; focal point size
40 um) which mounted on a linear stage to allow the three axis motion
under pre-optimised process/beam path parameters [10]. The laser beam
parameters employed were, 20% of max output powver, 25 kHz Frequency,
and transverse speed of 100mm/s. The adopted beam path strategy is
cross hatch scan, which is shown in Figure 3.6. The cross-hatch beam
paths ablate the material around defined profiles in horizontal and
vertical directions and initiate the protrusion of the features, the size and
overall protrusion of the abrasive is determined by the numbers paths

move across the material.

Figure 3.6 Schematic illustration of cross-hatch beam paths for

generating engineered abrasive grits
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As discussed previously, the engineered abrasive pad will emulate the
dimensional characteristics of MD-Piano 80 plane grinding pad. Therefore,
the ordered abrasives are generated on the small hexagonal pellet as the
MD-Piano 80 pad. An example design of one pellet with the square frustum
grits is shown in Figure 3.7. The minor dimensional errors introduced in

manufacturing process are ignored.

L2 square frustum grit

o .

Figure 3.7 Optical micrograph of one ordered abrasive pellet with

square frustum grits

3.4 Procedures for the evaluation of plane grinding

performance

The key parameters needs to be analyzed for evaluation of the grinding
performance including abrasive tool wear mechanism, workpiece surface
topography, material removal rate and mechanism. As shown in section

1.3, these key parameters will be analyzed and compared between
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conventional tool and engineered abrasive tool under load controlled

plane grinding process.

A benchmark procedure is set to allow the evaluation of these parameters

for both conventional and engineered abrasive grits:

e (Characterization of tool geometry and examine their wear mechanism.
Identification of the influence of wear mechanism on the workpiece
material.

e Identification of the workpiece surface topography progression and
material removal rate.

e Evaluation of the material removal mechanism.

3.4.1 Inverted test setup

The grinding system used to conduct the test is Struers LabPol-5 (Fig. 3.8).
Generally, the grinding pad is mounted on the grinding platen (diameter
of 200mm) while workpieces are mounted in the mover plate (diameter
of 100mm), and the eccentricity between platen center to mover plate
center is 50mm. However, in this research, the position of workpiece and
grinding pad is reversed to facilitate an accelerated wear test setup. The
inverted test setup can minimize the number of hexagonal grinding
elements to be generated, which is more time and cost efficient for a
laboratory investigation. The micro arrays are generated on the hexagonal
diamond pellets, and seven pellets are mounted on a 30 mm cylindrical
dummy (Figure 3.9) to perform the grinding test on 304 stainless steel
disc (diameter 200mm). The MD-Piano 80 pad was also cut to the same
arrangements as PLA micro arrays and mounted on the cylindrical resin

dummy:.
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Figure 3.9 Seven abrasvie pellets cut from MD-Piano 80 glued on the
resin dummy (left) and seven PLA micro arrays glued on the resin
dummy
The 2:1 relationship for rotation speed between head (150rpm) and disc
(300rpm) was found to give the best distribution of wear on the grinding
surface. This speed combination is reduced by 1/3 (200rpm/100rpm), as
high speed may cause stability problem under the setup when only one
specimen is mounted in the mover plate. Cutting force was chosen based
on the standard grinding pressure of approximate 40kPa between the
workpiece and the cutting elements, which is 20N for 30mm diameter
specimen. The test time is split into 4 intervals, and each of them is 5min.
Measurements and evaluations will be done for these test intervals, the
procedures are described in the following sections, and only one set of
data was captured for each design parameter due to the limitations on the

resources (provided by Element Six and processed by EWAG).
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3.4.2 Procedure for the characterization of abrasive tool

In this research, it is important to characterize the geometry and
distribution of conventional and engineered abrasive grits. The geometry
and distribution of grits can affect their wear progression during the
operation, and then influence the scratches across the workpiece material.
This will result in different surface topography and material removal
mechanism. The characterization is done by Scanning Electron
Microscope, SEM (Philips XL30). As shown in Figure 3.10, an overview
image was taken for the conventional pad, this allows the understanding
of the morphology of conventional pad and the how the grits distributed
across the pad surface. Back Scatter Electron (BSE) image was also taken,
as the grits are mixed with resin bonding, BSE can differentiate between

the bonding and grits (nickel coating) in terms of different phase color.

Bright phase indicating nickel coating

575

=" Worn features' of resin

G R |
AccV SpotMagn Det WD p———| 1mm
200KV 6.0 50x BSE 100

(b)

Figure 3.10 Example (a) SEM image of MD 80 abrasive pad surface
after inverted grinding test; (b) BSE image of MD 80 abrasive pad
surface after inverted grinding test
Higher magnification images were also taken to further characterize
single grits, some typical grits (Figure 3.1.1) was selected to examine the
geometry and therefore their influence on the finishing performance.
Features like cutting edges and cleavage are of concern during the
characterization, these information can tell how the grits remove the

material and how the wear progression may occur. For the engineered
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abrasive pad, same characterization procedure was adopted to analyses

the abrasive features (Figure 3.12).

Embedded grit

AccV SpotMagn Det WD p———— 200 m

200kV 40 200x SE 100

Grit tip

Cleavage plane

AccV SpotMagn Det WD p———] 100 zm

200KV 40 500x SE 100

(b)
Figure 3.11 Example SEM images of (a) Embedded abrasive grit on

the MD 80 abrasive pad surface (b) details of abrasive grit features

(b)

Figure 3.12 Example SEM image of (a) engineered abrasive pellet

with square frustum grits (b) single square frustum grit
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3.4.3 Identification of the workpiece surface topography and

material removal rate

The surface topography of workpiece material was captured by white light
interferometry (Brucker Contour GT 3-D). After each test interval, the
workpiece disc was sent to Brucker for surface characterization, this
topographical measurement enabled the analysis of surface topography of
workpiece including the evaluation of surface roughness. The profile and
distributions of scratches were examined based on the surface topography
(Figure 3.13), which allows the evaluation of generated surface texture.
Surface roughness values are also studied to validate the finishing

performance reflected by surface texture.

237
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(b)

Figure 3.13 Examples of workpiece surface topography: generated

by (a) conventional abrasive pad (MD 80) (b) engineered abrasive

pad with square frustum grits after 5min of grinding
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In order to evaluate the efficiency of material removal for abrasive pad,
material removal rate was measured between each test interval. The mass
difference was weighed by analytical balance and then divided by the time
interval to reflect the material removal rate. By analyzing the material
removal rate, the correlation between tool properties (e.g. geometry, wear
mechanism) and material removal efficiency can be built, enabling the
understanding of how conventional and engineered abrasive pad affect

the material removal of workpiece material.
3.4.4 Evaluation of the material removal mechanism

Material removal mechanism is important when study the machined
surface topography. The removal mechanism can demonstrate how the
wear occurs on the surface during machining which enables the
understanding of different efficiency of material removal (e.g. cutting
mechanism is more efficient than ploughing mechanism in terms of
removing material). SEM images with different magnifications were taken
to study the removal mechanism by identifying certain removal
mechanism across the workpiece surface. Referring to literature on
material removal mechanism in Chapter 2, the influence of removal

mechanism on removal efficiency and surface texture were then analyzed.

3.5 Design and manufacture engineered abrasive
pad for study of planar contact area

In addition to the grit geometry, planar contact area was also evaluated to
study its influence on grinding performance. One conventional abrasive

pad and two engineered abrasive pad (square frustum grit) with different

planar contact area was used to conduct the test. Unlike the study for grit
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geometry, the conventional abrasive pad employed for planar contact area
study is MD-Piano 220 pad (FEPA D68), which has smaller grit size
compared to MD-Piano 80 pad (FEPA D252), as MD-Piano 220 pad tends
to remain the planar contact area (number of exposed grits) during the
operation. Although all MD series pads are multilayered pad, MD-Piano
80 is more like monolyaered pad due to its largest grit size among the
series, which is lacking of continuous regeneration of grits compared to
MD-Piano 220 pad. This section will briefly introduce the design
specifications of the new engineered abrasive pad as an emulation of MD-
Piano 220.

Table 3.1 shows the specifications of two engineered abrasive pads.
Instead of generating grits on seven small hexagonal pellets, all the grits
were generated on a single big hexagonal pad in order to reduce the
processing time and effort of positioning individual pellet on the dummy,
dimensions can be seen in Figure 3.14. Same pulsed laser ablation system
and beam parameters described in section 3.3 were used to manufacture
these two pads.

Table 3.1 Specifications of two new engineered abrasive pad

No of grits (on

one big Grit size (side Single grit Total planar
hexagon) length) surface area contact area
pm mmA2 mmA2
Pad 1 840 50 0.0025 21
Pad 2 840 40 0.0016 1.344

24.0 mm

Figure 3.14 Schematic illustration of grit arrangement of new

engineered abrasive pad
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3.6 Approach for the evaluation of micro-hardness

and subsurface damage

In addition to the analysis described in section 3.4, further analysis on the

micro-hardness and subsurface damage was also captured for the study of

planar contact area, as the purpose of load controlled plane grinding is to

finish the workpiece surface and remove the subsurface damage

introduced from previous manufacturing process. The procedure to

prepare samples for micro-hardness and subsurface evaluation is listed

below:

Firstly, use waterjet to cut a 10mm x 10mm square piece from the
machined workpiece disc after the grinding test. Then, use
Buehler's AcuThin Cut-off Wheels (5inch in dia) for precision
sectioning to reveal the cross section of the piece, and mount the
piece by hot mounting press.

The section was prepared by grinding and polishing processes on
Struers Tegramin-20 polishing/grinding machine to reveal the
subsurface microstructure. Table 3.2 shows the steps of
polishing/grinding process.

After each step of grinding or polishing, the sample will be cleaned
by detergent and Industrial methylated spirit (IMS), and taken to
the drier

Micro etching will be done, after grinding/polishing, to reveal the
general microstructure. The enchant used is Glyceregia (15cc HCI

+10cc Glycerol + 5cc HNO3).
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Table 3.2 Surface preparation steps for micro-hardess and

subsurface analysis

Preparation
steps
Plane

grinding
(water
cooled)

Fine grinding

Polishing

Oxide
polishing

Surfac
e
Sic Foil
#220

MD
Largo

MD

Dac

MD
Chem

Abrasive type

DiaPro
Allegro/Largo
9um
DiaPro Dac
3um
OP-S, 0.04um

Speed(rpm) Force(N) @ Time(min)
Platen/head

300/150 25 1:00
150/150 40 5:00
150/150 20 4:00
150/150 15 3:00

Once the sample has been prepared, it will be sent to Buehler MicroMet

micro-hardness tester-Vickers for micro-hardness testing (Figure 3.15).

The procedure to conduct this is shown as follows:

e The indenter is pressed into the sample by an accurately

controlled test force.

e The force (100gf) is maintained for a specific dwell time, normally

10 -15 seconds to avoid elastic recovery.

e After the dwell time is complete, the indenter is removed leaving

an indent in the sample that appears square shaped on the surface.

e The size of the indent is determined optically by measuring the

two diagonals of the square indent.

e The Vickers hardness number is a function of the test force

divided by the surface area of the indent.

e Loadsare applied starting from 20pum (the lowest depth required

to leave a clear indentation mark) beneath the machined surface

with and increment of 5um.
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Vic'(er indenter

Figure 3.15 Buehler MicroMet micro-hardness tester-Vickers for
micro-hardness testing and Vickers micro-hardness test scheme
The Subsurface damage captured by SEM was right beneath the machined
surface. Generally, a layer of plastic deformation on the top of the material
can be seen from the cross section view as shown in Figure 3.16. By
evaluating the thickness of subsurface damage and variation of micro-
hardness beneath machined surface, the grinding performance can be

further analyzed.

cc.V Spot Magn Det WD
20.0 kV 4.0 3000x BSE 15.0 Hivac

N, 5
y N\ GOr U

Figure 3.16 Example image of machined subsurface characteristics

of 304 stainless steel
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3.7 Approach to determine the planar contact area:

linear scratch test setup

After evaluation of planar contact area, a scratch test was carried out to
determine the engaging planar contact area and specific removal volume
of conventional abrasive pad (MD-Piano 220). The approach discussed in
section 3.3 were used to produce PLA abrasive pads (square frustum grits)
having equivalent engaging planar contact area of conventional abrasive
pad. Linear scratch test was also conducted for PLA pad to measure the
specific removal volume and made comparison to conventional abrasive
pad, which enabling the improvement of engineered pad design by
adjusting planar contact area.

During the grinding operation the active grains on the abrasive surface
pass through the workpiece and remove the material, therefore only active
grains will leave scratches on the workpiece surface. Therefore, scratch
test is helpful to determine the real planar contact area and volumetric
removal of conventional grinding pad with random protrusions. The
scratch test was conducted on the Tegremin-20 grinding/polishing system,
the setup is shown in Figure 3.17. The abrasive pad was attached on the
dummy as previous inverted tests, the pin is used to apply the load. Tests
were conducted on the Piano 220 pad after 20 minutes of grinding at
orientations in a selected cutting direction designated as 0° followed by a
repeat test at 909 to the initial cutting direction ensure the capture of the
material removal information of overlapped abrasives. During the test,
sample material (304 stainless steel) was carefully guided through the
machine for a distance of approximately 20 mm at approximately 50 mm.s-
1, Measurements were made of the scratch depth at selected sites and the

specific volume of material removed was demined using a measured
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distance of 0.1mm on the Alicona G5 (at 20X objective). Similar tests and
measurements were conducted on two laser generated abrasive pads
designed to have an equivalent total planar contact area to a Piano 220
pad at 30N. One pad having square frustum grits and the other having an
equal abrasive size and layout but incorporating a dimpled relief of 40um

diameter and 10pum deep on the abrasive grit contact face.

Pin to apply Id '
\.

I the -"s:'slm‘ple to
produce scratches

Hold the dummy
when pulling

Figure 3.17 Linear scratch test setup on Tegremin-20 system
The cross-sectional scratch profile was taken by Alicona to determine the
planar contact area. Assume the general geometry of grains are spheres
based on Chen’s model [16], planar contact area of each active grain can
be calculated by the profile of scratches. In Figure 3.18, the diameter of the
spherical grit is assumed to be the width of the scratch, and the planar

contact area can be calculated as the area of the circle.

A
Y

Y

Planar contact area

Figure 3.18 Cross-sectional profile of a scratch generated by
conventional abrasive grit and the spherical interpolation of this

active grit to calculate planar contact area
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3.8 Modelling approach and validation for surface

roughness prediction

In order to predict the surface roughness produced by engineered
abrasive grits, this section will briefly introduce how to geometrically
model the workpiece surface roughness that results after grinding process
with defined grit shapes in real (slippage) contact conditions between
workpiece and abrasive tool. In this respect, the 2D kinematic model of
single and multiple grits trajectories in planetary grinding system was
combined with the z-axis map of the geometrically defined abrasive grits
(obtained by laser ablation) and used to output a real 3D workpiece
surface profile. To emulate the real grinding process, the model contains
the experimentally measured slippage of the abrasives relative to the
workpiece, the setup for capturing the slippage is shown in Figure 3.19.
The setup is based on the inverted setup described in section 3.4.1, the
abrasive pad was fixed on the cylindrical dummy and located in the mover
plate, and an aluminum pin was fixed on the top of dummy and go through
a PST-360 rotational sensor. When the dummy rotates, the rotational
sensor was able to capture the variation of angles. The details of model are
covered in Chapte 5.

The validation trails was conducted on the Tegremin-20
grinding/polishing system, while the position of workpiece material and

abrasive pad were reversed (Figure 3.8).
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—

Resin Dummy PST-3 ensor

Figure 3.19 Experimental Setup for capturing the slippage between
abrasive pad and workpiece by PST-360 rotary senor
By using the inverted setup, the following working parameters (same as
section 3.4.1) were used: head speed=100rpm; disc speed=200rpm;
Force= 20N, which are pre-optimized in previous work [8], and the
operation time is 10s. Figure 3.20 shows that the induced slippages of
abrasive pad were captured by PST-360 angular position sensor, and then
the signals were transmitted wirelessly between two series 1 Xbee
modules. The setup are two Arduinos micro controller, each attached to an
XBee Series 1. The coordinator XBee reads the analog values from PST-
360 sensor and tranfer the values via the XBee to the other Arduino
attached with end XBee. The analog data read from the sensor is between
0 and 1023, in order to convert these to actual angles (degree), they need

to be multiplied by 0.44. An example of conversion is shown in Figure 3.21.
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Coordinator Xbee module

§
End Xbee module

Sensor connected to Xbee Computer connected to Xbee
Coordinator end receiver end

Figure 3.20 Wireless signal transmission system

120

Slippage (degree)
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20 Time (s)

—actual values —analog values

Figure. 3.21 Example of analog angle data conversion to actual angle
data

The micro array (Figure 3.22) for validation test has been generated by

utilizing proprietary technology for the laser generation of abrasive

surfaces on polycrystalline chemical vapour deposition diamond solid

structures described in section 3.3. Table 3.3 shows the specifications of

the micro array for validation test.
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Table 3.3 Specifications of micro array for validation test

Distance

Single grit | Total contact between
No. of grits Grit size surface area area Base area grits
um mm* 2 mm* 2 mm* 2 um
25 50 0.0025 0.0625 100 950

10 mm

10 mm

Figure. 3.22 Schematic illustration of grits arrangement and SEM

image of the micro array for validation test (25 grits in total)

Once the validation trial is done, the scratched surface was scanned using

an Alicona on three locations (20mm, 40mm, 60mm away from the centre)

radially across workpiece disc with equal area as simulated surface to

allow the evaluation of surface roughness. The scanned surface roughness

have been compared with the geometrically simulated surface roughness

(Done by Matlab, the code is shown in appendices) for the validation.

3.9 Conclusions

This section aims at summarizing the previously described methodology

used to conduct the research and achieve the objectives of this thesis.

According to section 3.2-3.8, the key points can be summarized as follows:

1. The selection of material

(described in section 3.2) for

manufacture of laser ablated micro arrays was done based on the

hardness (resistance to wear) and structure, which enables the
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understanding of how the material may influence the cutting
performance. For this reason, polycrystalline CVD diamond was
selected as its superior performance other superabrasive
materials. In addition, 304 stainless steel was selected to be the
workpiece material as its hard to grind nature can be used to test
the capability of engineered abrasive tool.
As described in section 3.3, PLA abrasive array was generated as
an emulation of Struers MD-Piano 80 plane grinding pad, in order
to compare the performance with conventional tools. The criteria
to select the grit geometry for PLA pad is the utilization of cutting
edges during operation (symmetry), as a result square frustum
and saw tooth grits were manufactured for the test. The laser
processing is enabled by a hybrid laser machining centre
equipped with a Nd: YAGQ-switched pulsed laser, and the
parameters adopted are preoptimised.

In the process of testing PLA abrasive array and conventional

abrasive array (described in section 3.4), an inverted test setup

was adopted which allows to minimize the PLA abrasive grits to
be manufactured for cost and time efficiency purpose (section

3.4.1). Abenchmark procedure is set to allow the evaluation of the

data from the grinding test for both conventional and engineered

abrasive grits:

a) Characterization of tool geometry and examine their wear
mechanism. Identification of the influence of wear
mechanism on the workpiece material. (section 3.4.2)

b) Identification of the workpiece surface topography
progression and material removal rate. (section 3.4.3)

c) Evaluation of the material removal mechanism. (section 3.4.4)

Two PLA engineered abrasive pad (different planar contact area)

emulates the dimensional characteristic of MD-Piano 220 pad was
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produced to study the influence of planar contact area on grinding
performance (specification details in section 3.5). Same testing
conditions and procedures described in section 3.4 was employed.
In addition, further analysis on the micro-hardness and
subsurface damage was also studied (section 3.6).

Linear scratch test (section 3.7) was used to determine the
engaging planar contact area and volumetric removal of Piano
220 pad. Spherical interpolation was adopted to calculate the
planar contact from grit cross-sectional profile. Based on the
planar contact area derived from scratch test, PLA abrasive pads
emulating the planar contact area of Piano 220 was produced
(with and without dimple on the top), in order to study the
influence of planar contact area on the material removal rate.
Section 3.8 explains the geometrical model, which allows to
predict the surface roughness generated by engineered abrasive
grits. The model was developed under the inverted test condition,
and also took the consideration of the slippage between abrasives
and workpiece (experimentally determined). A testing PLA array
with 25 grits was generated on the laser system described in
section 3.3. A wireless transmitting system consists of two Xbee
units and one PST-360 angular position sensor were employed to
measure the slippage between abrasive grits and workpiece. Once
the validation trial is done, the workpiece surface was scanned by
Alicona on three locations, and then compared with

corresponding simulated surfaces in terms of surface roughness.
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Chapter 4

Evaluation of influence of grit geometry

on the grinding performance

This chapter contains the results achieved in testing the PLA micro arrays
with engineered abrasives (i.e. square frustum and saw tooth) and
conventional abrasive grits (irregular shape as discussed in section 2.2.3),
which enables the study of influence of different grit geometries on their
performance in load controlled plane grinding operation. It also allows the
evaluation of engineered abrasive grits over conventional abrasive grits,
providing specific types of geometries can be employed for design of
engineered abrasive tool for future studies. In particular, it contains:

1) Characterization of conventional/engineered abrasives before testing
2) Evaluation of tool wear mechanism

3) Response of surface topography and material removal rate to the

engineered and conventional abrasive grits

4) Material removal mechanism of scratched/ground surfaces

4.1 Characterization of abrasive grits

As described in section 3.2, conventional abrasive grits were cut from
Struers MD-80 Piano plane grinding pad, while PLA abrasive grits were
emulating the size and arrangement of MD-80 Piano pad. For PLA grits,
both square frustum and saw tooth geometries were generated. In order
to acquire an in-depth understanding of how the surface topography and
material removal rate are influenced by grit geometry, it is necessary to

conduct a full characterization of abrasive grits before the grinding test.
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The methodology and procedure to characterize abrasive pad and grits are
described in section 3.3.2 in detail.

Both the conventional and PLA abrasive grits have been characterized by
SEM. The overview images of conventional abrasive pad (as discussed in
section 3.2) before grinding (i.e. in fresh conditions) are shown in Figure.
4.1 (a) and (b). It can be observed, in this stage, most of the abrasive grits
are not visible due to the resin bonding (Figure. 4.1 a), and some craters
are located across the abrasive pad surface, which are deliberately
introduced during the manufacturing process which are likely to hold

fluids and help chip flow.

crater

J

-

AccV SpotMagn Det WD ——— 1mm
200kv40 50x  SE 100
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(b)

Figure 4.1 SEM images (before grinding) of (a) conventional

abrasive surface (b) BSE of conventional abrasive pellet
In order to give some indications on where the grits are located and the
approximate number of grits, BSE image also has been taken for the

overview of abrasive pad (Figure 4.1 b). It can be found that the zones
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surrounded by bright sites are the locations of diamond grits as indicated

by their nickel coating encapsulations (Figure. 4 a).
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(b)

Figure 4.2 SEM images (before grinding) of (a) conventional
abrasive grit bounded by resin and (b) uncovered conventional
abrasive grit
Figure. 4.2 (a) presents one selected abrasive diamond partially buried in
the resin and it shows clear evidence of stochastic nature of conventional
abrasive grits of irregular shape. Figure 4.2 (b) further illustrates the
stochastic nature by showing the uncovered grit, features like cleavage
planes and micro cutting edges can be clearly observed from it. Besides
the crystallographic features, Energy-dispersive X-ray (EDX) analysis is
also used to identify the existence of diamond. As shown in Figure 4.3, the
element composition reveals that the dark phase surrounded by the bright
phase is diamond grit, and the bright phase is nickel coating on the

diamond grit.
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(b)
Figure 4.3 EDX analysis of (a) buried diamond grit (b) nickel coating
on the diamond grit
The polycrystalline structure of conventional grits contributes to multiple
cutting edges and make the edges easier to break down by abrasion and
to facilitate the cutting. Besides this, the cleavage planes and relatively
weak grain boundaries are likely to fracture (split apart) during grinding

process.
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(b)
Figure 4.4 SEM images of PLA engineered abrasive pad with: (a)

square frustum girts (b) saw tooth grits

In contrast to conventional abrasive grits, both PLA square frustum and
saw tooth grits (Figure. 4.4) in each case have identical protrusion heights
and defined cutting edges. It can be observed that the spacing between
grits are well defined which can provide good chip flow paths. As the
engineered cutting edges are made of polycrystalline CVD (no binder
phase) diamond, and with its columnar structure with integral growth
planes (as discussed in Chapter 2) due to the well-controlled nucleation
process, during the grinding process grain fracture is likely to occur across
the nucleation face or along the growth boundaries of its columnar

structure, being the weaker regions of this material.

4.2 Preliminary evaluation of the influence of grit
geometry on the finishing performance for
engineered abrasive grits

Before conducting the grinding test described in section 3.3.1, the

preliminary test was conducted to evaluate the performance of two types

of grits with different geometries: symmetric (i.e. square frustum) and
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asymmetric (i.e. saw tooth). As the possible options for defined grit
geometry are numerous, it is important to set these two generic types and
gain an understanding of their finishing performances, in order to select
appropriate geometry for further analysis. Figure 4.5 shows the proposed

types of grits utilized in the test.

Abrasive pellet

Engineered Abrasive grit Square frustum grit
Symmetric edge '
—
PLA generated grits
———
Saw tooth grit
L

Asymmetric edge

Conventional Abrasive grit

Random shaped grit

L =
Conventional .

generated grits

Polishing pad

Figure 4.5 Schematic illustration of proposed types of grits

Basically, the main difference between these two types of grits under
planetary motion (e.g. plane grinding), as discussed in the section 3.2, is

the utilisation of their effective cutting edges during grinding process.

wrl

pm

Sa=0.217pum Sa=0.298um
(a) (b)

Figure 4.6 Surface micro-topography generated after 5 minutes of

grinding by: (a) square frustum abrasive (b) saw tooth abrasives
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For the preliminary testing, two surfaces were generated by abrasive pads
with square frustum grits and saw tooth grits respectively for 5 minutes,
whose details are covered in section 3.2. According to surface topography
captured in Figure 4.6, it can be observed that the scratches generated by
square frustum grits are more uniform, while the scratches generated by
saw tooth grits are more random in width and depth (Fig. 4.6 b). This
reveals that the cutting edges of square frustum are more stable in its
transient cutting direction when rotating with the grinding pad. It can be
concluded that, although, saw tooth grits have excellent cutting
performance under a linear tool path, they become less efficient in the
aspect of achieving a better surface finish compared with square frustum
grits under planetary movements. When both types of grits rotating with
respect to a central axis, the effective cutting orientations will be dominant
for square frustum grit due to its symmetric geometry. However, it is a
different case for saw tooth grit, rotation will deviate the cutting edge from
its effective orientation during most of the grinding time. In addition, the
values of surface roughness also provide the evidence that square frustum
grits can produce better surface finish in grinding process, hence leading
to the conclusion that, in the grinding operation (i.e. planetary movement)
the grits with symmetric cutting edges (e.g. frustum grits) are superior to
the performances of the asymmetric girts (e.g. saw tooth). For this reason,
the use of asymmetric grit shapes will not be taken any further, and the
follow-up analysis has been focused on examining the symmetrical grits
(square frustum) when compared with the conventional randomly shaped

abrasive grits.

4.3 Evaluation of tool wear mechanism

From the work on the characterization of engineered and conventional

abrasive grits before the inverted test (section 4.1), their morphology and
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some possible wear mechanism has been discussed. In order to fully
exploit the tool wear mechanism and build a correlation between this and
finishing performance, characterization of tools after the inverted test was

conducted by SEM.
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(b) (c)

Figure 4.7 The conventional abrasive surface after (a) 0 min (b) 10

min and (c) 20 min of grinding

Overview images of conventional abrasive pad after grinding tests were
depicted in Figure 4.7. The progressional time behavior of the
conventional abrasive surface caused by abrasion between abrasive
surface and workpiece surface shows the resin bonding being gradually
broken down and the exposure of grits becames higher compared to its
initial state; in addition, some evidences of grit pull-out leaving new

craters on the abrasive surface has been observed.
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Figure 4.8 (a) Conventional abrasive grit after 20min grinding; (b)

High magnification image of conventional abrasive grit after 20min
grinding; (c) Uncovered conventional abrasive grit after 20min
grinding; (d) High magnification image of uncovered conventional

abrasive grit after 20min grinding

SEM images of higher magnifications have been taken to further
investigate the wear mechanism of conventional abrasive grits (Figure
4.8). After 20 minutes of grinding, the conventional abrasive grit exhibits
clear evidence of microfracture on the grit surface (Figure 4.8d). The
original geometry of the grit has broken away to increase the number of
secondary cutting edges. In addition to microfracture, cracking can be
observed at the center of the grit along the cleavage plane. Due to repeated
abrasion, it also can be seen that flattening effects occurred on the
abrasive surface (Figure 4.8 b). Referring to Figure 4.8 (a), very few debris
and workpiece material built-up can be observed, which is probably due

to the large grit size and spacing between grits.
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(a) (b)

Figure 4.9 (a) Square frustum engineered grit after 20min grinding;

(b) Higher magnification image at the grit corner

For comparison, the micrograph of square frustum grits after 20 minutes
of grinding were also taken (Figure 4.9). In contrast to conventional
abrasive grits, the edges of square frustum grits nearly remain intact at
this test interval. Few microfractures can be found on the nucleation
surface around the edges of grit, as well as, the material built-up (Figure
4.9 b). As polycrystalline CVD diamond thick film has a compact integral
columnar structure (Refer to Section 2.1.4), its wear resistance is better
than the synthetic polycrystalline diamond grits with more haphazard
crystalline structure used in the conventional tool. Moreover, the darker
phase around the edges also exhibits the trace of ablation from the PLA

generation of the grits.

4.4 Response of surface topography and material
removal rate to the engineered and conventional
abrasive grits

In this section results of progression of surface topography (surface

roughness) and material removal rate are illustrated. The influence of
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engineered and conventional abrasive grits on the variation of topography
and material removal rate has been discussed, which aims at
understanding the how the grit geometry and arrangement can affect
finishing performance. The progression of surface roughness for both

engineered and conventional abrasive pads is reported in Figure 4.10.
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Figure 4.10 Variation of surface roughness generated by square
frustum and conventional abrasives through the entire grinding
process
The results clearly depicted the difference between surface finish achieved
by square frustum abrasive grits and conventional abrasive grits. By
analysing the performances of the square frustum grits and that of
conventional random grits in Figure 4.10, it was observed that
conventional abrasive grits produced worse surface roughness (0.488um)
than square frustum grits (0.217um) at 5 minutes. This initial analysis
revealed the advantage of square frustum grits to achieve better surface

finish than that of conventional abrasive grits.
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Figure 4.11 Variation of material removal rate generated by square
frustum and conventional abrasives through the entire grinding
process
The results of progression of material removal rate for both square
frustum and conventional abrasive grits are shown in Figure 4.11. By
comparing the material removal rates between square frustum grits and
conventional grits, it showed that the removal rates of square frustum
girts, which is 0.00980g/s at the beginning and 0.0048g/s in the end of the
process, are lower than that of conventional grits, which is 0.01270g/s at
the beginning and 0.00780g/s in the end of the process. This gives a
preliminary indication that conventional grits are superior to square

frustum grits in the aspect of material removal.

4.4.1 Response of surface topography to the engineered and

conventional abrasive grits

By comparing the surface texture, there is strong evidence that
conventional grits produced random and pronounced scratches, resulting
in rougher surface texture compared to that produced by square frustum
grits (Figure 4.12 a,b,c). In contrast to the previous, square frustum grits
with their orderly distributed/defined cutting edges generated smoother
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surface texture with more uniform coverage of grinding scratches (Figure

412 def).
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Figure 4.12 Surface topography generated by conventional
abrasive grits after: (a) 10 minutes (b) 15 minutes (c) 20 minutes
of grinding; Surface topography generated by square frustum
engineered abrasive grits /pellet after: (d) 10 minutes (e) 15

minutes (f) 20 minutes of grinding
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However, it was observed that the difference in value of surface
roughness (Figure 4.10) between conventional and square frustum grits
was significant at the beginning of the process (0.271um) and gradually
decreased to a relatively low level (0.036um). As previously discussed,
most of the grits were buried in the resin bonding before the
engagement into the workpiece, thus they were inactive at the
beginning of the grinding process and the exposure of grits increased
with elapsed testing time. Moreover, the pull-out of girts and the
micro/macro fracture on the grit surface after several minutes of
grinding result in secondary cutting effects on the workpiece. As a
result, the transitory stage for conventional grits to achieve a stable
level of surface roughness (e.g. Ra= 0.225pm) can be lengthy (e.g.
17min), while square frustum engineered grits are active and their
cutting edges remain well defined through the process, which enables
better surface roughness (e.g. 0.189um) right after 5 minutes of
grinding (Figure 4.10).

Table 4.1 Comparison between worn and fresh conventional grits

Type of grits Length of Surface
grinding(min) roughness(pum)
Worn 5 0.328
fresh 5 0.488

In order to investigate the effects of number of grits exposed during the
grinding test on the generated surface roughness, a validation test was
conducted by using conventional abrasive grits being employed for 20
minutes (full exposure of grits). Result is shown in Table 4.1, after 5
minutes of grinding, the surface roughness was significantly improved
(0.328um) compared to the surface roughness (0.488um) generated by
unworn conventional abrasive surface (low exposure of grits). Taking

into consideration of the above results, it can be concluded that abrasive

90



grits with defined geometries and arrangement not only generate better
surface finish but also reduce the time to achieve desirable surface

finish.

4.4.2 Response of material removal rate to the engineered

and conventional abrasive grits

It is noteworthy that material removal rate follows the similar trend as
surface roughness improvement where the removal rate is high initially
and then gradually decreases to a stable level (Figure 4.11). The decrease
in removal rate is likely to be due to a flattening effect and a clogging effect.
Grinding is a process to prefentially remove the high peaks on the
workpiece surface by repeated abrasion. The initial abrasion will remove
the peaks in a relatively fast rate due to the amplitude differences between
peaks and valleys, as the peaks flatten down the contact area between the
abrasives and workpiece is increasing resulting in decrease in cutting
pressure. In addition to flattening effect caused by increasing contact area,
material built-up in the grinding process resulting in clogging which also
may decrease the removal rate. Clogging can reduce a greater part of the
load on the abrasive particles and the space between the abrasive particles,
which will result in lower removal rate. Moreover, clogging could be
expected to cause wedging and ploughing rather than cutting and give rise
to comparatively less wear. However, in both cases no predominant
clogging of the surfaces was observed, which is likely due to the relatively
large grit size and spacing for conventional abrasive grits (MD-Piano 80)
and well defined chip flow path for square frustum grits. Thus, the
flattening effect could have predominant effect on the decreasing removal
rate of the grinding pads. The material removal rate of conventional
abrasive grits is found to be higher (67%) than the material removal rate

of square frustum abrasive grits. This can be explained as the effects of
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attack angle and sharpness, conventional abrasive grits have random
cutting edges which are sharper with higher attack angles, while cutting
edges of square frustum grits are blunter with lower attack angles.
Rabinowicz and Mutis[73] have studied attack angle dependence on the
wear rate and found shaper grits with higher attack angle tends to give
higher wear rate. Besides this, the random cutting edges of conventional
grits introduced more damage on the surface, the sharp cutting edges and
secondary cutting effect (microfacture of grits) both contribute to plough
new valleys with various depth of cut rather than remove peaks. In
contrast to the above, square frustum abrasives have defined cutting edges
resulting in uniform cutting depth, thus introduce less damage. As a result,
the predominant effect of square frustum abrasive is flattening the surface

rather than removing material.

4.5 Material removal mechanism of

scratched/ground surfaces

In section 4.4, a study on the topographical properties of the grinded
surfaces has been achieved. In this section, it is important to characterize
and investigate the mohopological aspects of the grinded surfaces in terms
of material removal mechanism.

The SEM imaging gives the opportunity to investigate the mechanism by
which the material is removed/ploughed under the engagement of both
conventional abrasive grits and square frustum grits. As abrasive grits are
well known to be acting with negative rake angles, cutting/ploughing are
dominant in the case of negative rake angles. In this study, conventional
abrasive grits have sharper tips with various negative rake angle than that
of square frustum abrasive grits, hence the material removal mechanism

of conventional abrasive grits is expected to be combination of cutting and
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ploughing. For square frustum grits, the rake angle is almost negligible and
as the clearance angle is zero, its large and flat contact surface is in contact
with the workpiece surface. This results in a sliding contact mode between
abrasive grits and workpiece material rather than cutting/ploughing
mode, as the absence of abrasive grits cutting into the material due to
insufficient pressure and inappropriate sharpness of cutting edges (large
and flat contact area). Moreover, these two types of material removal
mechanism also can be used to explain the higher removal rate for

conventional abrasive grits than that of square frustum grits.
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(b)
Figure 4.13 Scratched workpiece surface ground by: (a)
conventional abrasive grits (b) square frustum grits after 20min of

grinding
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According to SEM images of the workpiece surfaces (Figure 4.13) taken
after 20 minutes of grinding, both surfaces generated by conventional
abrasive grits and square frustum abrasive grits shows multiple
overlapped scratches. For conventional abrasive grits, there are strong
evidences of plastic deformation on the surfaces (Figure 4.13a) indicating
ploughing is the predominant mechanism rather than cutting. This
provides evidence that the material removal on the stainless steel surface
is predominantly caused by the macro geometry of the abrasive and not
the micro fractures/geometries. Furthermore, except the scratches, large
amount of plucking also can be observed on the surface. This is likely due
to the damaging material removal caused by conventional abrasive grits
with various negative rake angles and sharper tips, which tends to pluck
out more material. In contrast to conventional abrasive grits, surface
generated by square frustum grits also exhibit the mechanism of plucking

and also be predominant by sliding and ploughing as the large amount of

plastic deformation across the surface (Figure 4.13b).

Void volumes: Void volumes:
39.274 nm3/nm3 19.855 nm3/nm?3
(a) (b)

Figure 4.14 Void volumes after 5min of grinding for (a)conventional

abrasive grits (b)square frustum grits
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Quantitatively, the amount of plucking can be described by the volume of
material has been plucked out per unit surface area. The interferometry is
used to capture the typical surface texture and determine the amount of
plucking. The specific volume of material bounded by the surface texture
from a reference plane at a certain height corresponding to a chosen
percentage value (e.g. 80% in general) to the lowest valley is termed as
void volume. The void volumes of selected sample area are calculated
respectively for surface generated by conventional abrasive grits and
square frustum grits. The results in Figure 4.14 showed the amount of
plucking of conventional abrasive grits (39.274 nm3/nm3 ) is
approximately 2 times greater than that of square frustum grits (19.855
nm3/nm3). This indicates conventional abrasive grits are more effective in
removing material but also introducing damaging material removal and

causing fractures to make the surface rougher.

4.6 Conclusions and remarks

This chapater has exploited novel design of abrasive tool with engineered
abrasives for grinding process, and discussed how the workpiece surface
roughness and material removal evolve with machining time. An in-depth
topographical and morphological study of surfaces generated under
abrasive grits with different geometries, i.e. conventional and engineered
saw tooth and square frustum is presented. The key findings can be
summarized as follows:

e The symmetric engineered abrasive grits (e.g. square frustum) can
generate better surface roughness than that of equivalently sized
non-symmetric abrasive grits (e.g. saw tooth) which indicating the
influence of continuous change in cutting orientations under

planetary movement. Symmetric grits tend to provide effective

95



cutting orientation more often during the grinding process than
that of asymmetric grits. This showed that it is beneficial to employ
symmetric abrasive grits for achieveing a better workipiece surface
finish.

The wear mechanisms of the conventional abrasive grits are found
to be microfracture, cracking and flattening. In contrast with the
above, no sign of aggressive wear can be observed for square
frustum abrasive grits. Although, conventional abrasive grits have
better performance on material removal (67% higher than
engineered grits), it took much longer time (17min) to achieve the
desired surface finish compared to square frustum grits (7min).
Metrological examinations of the surface generated by
conventional abrasive grits and square frustum grits revealed that
plastic deformation is the predominant wear mechanism for both
type of grits, however, conventional abrasive grits cause more
plucking ( approximate two times greater) on the surface than that
of engineered square frustum grits. The possible explanation is
conventional abrasive grits have more cutting edges with negative
rake angles and sharper tips leading to more plucking mechanism.
For engineered grits, the large and flat contact area result in sliding
contact, hence less damage on the surface.

Based on the above findings, it can be concluded that symetric
engineered abrasvie grits (square frustum) is a good option for
surface finishing purpose, while its capability of material reomving
is adversely influenced by large plannar contact area. The
improvement of this by adjusting planar contact area will be

discussed in Ch6 and Ch7.
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Chapter 5

On modelling of workpiece surface
roughness when using rotary abrasive

pads with engineered abrasive grits

According to the results in Chapter 4, it has been found that engineered
abrasive pad with square frustum grits have superior finishing
performance under load controlled plane grinding process. As the square
frustum abrasive pad has defined grit geometry and arrangement, a
geometrical model can be utilized to determine the machinated surface
texture and surface roughness, which can not only enhance the
understanding of abrasive processing with engineered abrasive grits, but
also provide a preliminary modelling approach for future study of load
controlled plane grinding process with engineered abrasive pad.

This chapter aims to geometrically model the workpiece surface
roughness that results after a load controlled plane grinding process with
defined grit shapes (square frustum) in real (slippage) contact conditions
between workpiece and abrasive tool. In this respect, the 2D kinematic
model of single and multiple grits trajectories in planetary polishing
system was combined with the z-axis map of the geometrically defined
abrasive grits (obtained by laser ablation) and used to output a real 3D
workpiece surface profile. To emulate the real plane grinding process, the
model contains experimentally determined slippage of the abrasives
relative to the workpiece (details in Section 3.8). The validation of the
model was carried out by conducting grinding trials on a ductile
workpiece surface (i.e. 304 stainless steel) utilizing abrasive elements

with identical grit features produced by pulsed laser ablation on thick film
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CVD diamond in the common industrial operation conditions while
monitoring the grit slippages using a wireless sensing system embedded
onto the polishing machine (details in Section 3.8). In particular, it
contains:

1) Kinematic simulation of 2D single abrasive trajectory

2) 3D material removal and surface updating algorithm

3) Validation and discussion

5.1 Kinematic simulation of 2D single abrasive

trajectory

In order to facilitate accelerated validations tests, the setup of the grinding
system was inverted as described in previous chapters, i.e. the position of
workpiece material is fixed on the rotating platen while abrasive pad is
fitted into the mover plate (Figure 5.1); this allows the simulation and
manufacture of reduced number of abrasives on abrasive pads of smaller
dimension in comparison with that of the workpiece while without

affecting the validity of the modelling procedure.

Wy

Applied

force Abrasive pad
Workpiece on dummy
material
Mover plate

Polishing Platen

Wy

Figure 5.1 Schematic illustration of inverted test setup for

modelling
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There are two basic motions involved in plane grinding system, which are
grinding platen rotation and mover plate rotation. In real cases, there are
also some unspecified free rotations of the samples in mover plate due to
slippage (w3 in Figure 5.1). In order to simplify the analytical derivation of
2D trajectory of abrasive girt, an assumption that abrasive pad is operating
without the unspecified free rotation has been made. Alternatively, this
unspecified free rotation will be determined by experiments. Thus, in the
slippage-free conditions, the trajectory of single abrasive grit, simplified

here as a point P, is shown in Figure 5.2.

Mover plate

P (Abrasive Particle)

Grinding Platen

Y

Figure 5.2 Schematic illustration of kinematic system for plane
grinding process
Figure 5.2 presents a transient moment in grinding process. Coordinate
XOY is a fixed global coordinate and the origin O locates at the centre of
grinding platen, while coordinate xoy is a moving local coordinate, the
origin of which locates at the centre of mover plate, and it rotates with the
mover plate simultaneously. There is an eccentricity e between the
grinding platen centre and the mover plate centre. Abrasive P locates at a

distance rp from the centre of the grinding platen. The rotational speed of
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the grinding platen and the mover plate are w1and w2 respectively. 6 is the
angle between OP and OX, while a is the angle between ox and OX. They

can be described as follows:

a=a0+(l)2t

where 8o and ao are the initial values of angle 6 and . The position of

abrasive in coordinate XOY in an arbitrary transient can be derived as:

Xp = 1,C0s 6
{ . (5.2)
Yp = Tpsinéf
It can be further derived by combining Equation (5.1):

X, = T, cos(6y + wqt
{p_p_(o 10) (5.3)
Yp = Tp sin(fy + wqt)

From the geometric relationship, the trajectory of abrasive P in the moving
coordinate xoy can be given as follows:

{xp, = cos((8p — @) + (w; — w;)t) — ecos(ag + w;t) (5.4)

V' = sin((@o —ay) + (0w — wz)t) + esin(ay + wyt)

As Equation (5.4) is the condition without the slippage, in order to take
this factor into consideration, the slippage is captured by a wireless
sensing system (details in section 3.6), and applied that into Equation (5.4)

The equation will then be:

{xp’ = 1,c08((6y — ap) + (w1 — W)t + @(t)) — ecos(ay + w,t) 5.5)

V' = rpsin((Ho — ag) + (w1 — W)t + (b)) + esin(ag + w,t)

Where ¢(t) is the slippage angle varies with time.
100



5.2 3D material removal and surface updating

algorithm

Upon have the 2D trajectories of gits, 3D surface profile can be developed
based on these trajectories. In this section, a Z-map based method is used
to simulate the profile workpiece surface. It is a spatial-decomposition or
spatial-partitioning approach, which subdivides the space with grids. In Z-
map approach, the heights at meshing points are stored in two-
dimensional arrays. Thus, using Z-map method the three-dimensional

workpiece surface is decomposed into a two-dimensional mesh shown in

Figure 5.3.
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Figure 5.3 Illustration of how Z-map approach updating the surface
profile
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When conducting the simulation, the simulated abrasive grits are cutting
into the workpiece surface and producing scratches based on their macro
geometry and cutting depth. The model will update the height Z at each
point being cut during the whole process to achieve the resultant
workpiece surface texture. AX and AY are the mesh sizes in X and Y
direction respectively, which can influence the accuracy and computation

time of simulation.

5.2.1 Abrasive grit model

Square frustum was selected as the abrasive geometry to develop the
model, since this type of symmetric engineered grits has been proven to
can give good finishing performance and introduce less damage as
discussed in Chapters 4. In order to update the surface height cut by one
abrasive grit, it is necessary to describe the height of grit at each point
across the grit surface parametrically. The parametric form of square
frustum is based on the parametric form of a square pyramid, a threshold
was set on the top of the square pyramid (in Matlab) to convert it into the
square frustum (Figure 5.4 a). The square pyramid grit is located in a local
coordinate where the origin is the centre of bottom surface. As square
pyramid is axially symmetrical, it can be further simplified as Figure 5.4

(b) for derivation of its parametric form.

Threshold H’
When exceed threshold
h=H'

(a) (b)
Figure 5.4 (a) geometry of square pyramid grit (b) parametrically

described grit

102



Two parameters, ¢ and d are employed to describe the position of points
in X'0’Y’ plane, where h is the height of points on the surface of pyramid

grit. Height of any point on the grit surface can be given as:

H(1-21) ¢ e[0°,45°]

[Y7|

"= H(1-T1) e 450,90

(5.6)

It is noticeable that when pyramid height H and half of the bottom length
w is known, height of any point on the girt surface is determined by angle
¢ and X' or Y’ coordinates. Equation (5.6) can be used for other axially
symmetrical part by taking the absolute values of X' and Y', and

transforming angle ¢ by angle transformation formulas.

5.2.2 Grit motion discretization

In the plane grinding process, the rotatory motions of polishing platen and
mover plate will introduce a shift in orientation of grits relative to
workpiece surface. Figure 5.5 (a) shows two transients of the square
pyramid grit normal to the workpiece surface. To quantify this rotation
relative to workpiece surface, one global and two local coordinates are
employed as discussed previously (Figure 5.5 b). It assumes that the initial
orientation of coordinates X'0'Y’ and x'0’y’ are parallel to xoy; therefore (8
is equal to 6o and oo is equal to 0. This assumption does not affect the
profile generated on the workpiece, but facilitate the analysis. In this case,
the orientation of coordinate x'o'y’ relative to X'0'Y’, which demonstrates
the shift in orientation (counter clockwise) of the grit relative to the

workpiece move coordinate, can be given as follow:

Y = (w; — wy)t — 6 (5.7)
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Figure 5.5 (a) Transient projections of a single grit (b) transient

orientation of a single grit
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5.2.3 Material removal algorithm

The key point in material removal simulation is to update the heights
stored in two-dimensional array of workpiece surface. As the trajectory of
the grit on the workpiece surface has been derived, the position of grit on
the workpiece surface at any time can be determined as well. Figure 5.6
shows the projection view of the active part of girt cut into the material on

the workpiece surface.
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Figure 5.6 Projection view of grit on the workpiece surface

The orientation and position of a grit at the certain transient in workpiece
coordinate can be determined by Equation (5.5) and (5.7). Assuming all
the meshing points on the workpiece surface within the grit projection has
heights of Zw. According to Equation (5.6), the heights h of cutting points
at corresponding positions on the grit surface can be calculated. The

surface updating algorithm gives as:

Zy < —h, Z, =12,

Z, >» —h, Z, = —h (5.8)
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After updating for one transient it goes for next transient and follows the
same material removal algorithm until the end of the machining process.
For multi grits case, same algorithm is employed, the only difference is to
set multi positions of grits and perform the simulation one by one. The

procedures of the geometrical simulation are summarized in Figure 5.7.

Initial parameters (workpeice surface,
cutting conditions etc.)

Too motion calculation

v

Define cutting area in a certain transient

!

Active tool heights calculation

v

Update the workpiece heights within
cutting area

v

Repeat for all trasients

Figure 5.7 Algorithm for 3D updating the surface texture

5.3 Validation and discussion

As described in section 3.8, the surface roughness of simulated surface will
be validated by inverted test. The working parameters used were: head
speed=100rpm; disc speed=200rpm; Force= 20N, and the PLA abrasive
pad used have 25 square frustum grits in total, the dimensional
characteristics are described in detail in section 3.8.

The slippage between workpiece material and abrasive pad was captured

by PST-360 rotational sensor and transmitted wirelessly between two
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Xbee modules. The measured slippage data under the operation
conditions listed above is shown in Figure 5.8, which represents the time
dependantterm ¢(t) in Equation (5.5), and it was introduced to the grits
trajectories as shown in Equation (5.5) for the simulation. Once the
scratched surface were generated, it has been scanned using an Alicona on
three locations radially across workpiece disc with equal area as
simulated surface to allow the evaluation of surface roughness. The
scanned surface roughness have been compared with the geometrically

simulated surface roughness (Done by Matlab) for the validation.

Slippage

Figure 5.8 Data of measured slippage ¢(t) in Equation (5.5)
To validate the geometrical model for surface roughness prediction,
measurements were taken on three spots radially (20mm, 40mm, 60mm
away from the centre) across the stainless steel disc, the simulation was
also conducted on these three spots. The experimental and simulated
surface topography are compared in Figure 5.9 for each spot respectively.
The matlab code used to simulate the surface profile is listed in the
appendices. It can be observed, the experimentally measured and
simulated surface topography are qualitatively similar. It is noteworthy
that, although the experimental and simulated surface looks similar,
experimental surfaces tend to have more variations on heights than that
of simulated ones. It is possibly due to the measurement noise, micro

cutting edges in experiments or material flow in real test conditions.
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Figure 5.9 Workpiece surface topography for three spots (20mm,
40mm, 60 radially away from the disc centre): (a) experiment (b)
simulation
Figure 5.10 shows the experimental and simulated profiles taken along
the horizontal axis for each of the three spots. It can be seen that the
simulated surface produced heights are very similar to the experimental
results, while the simulated heights appear to be somehow greater than

the experimental heights.

To quantitatively validate the predicted surface roughness results, Figure
5.11 shows the arithmetic mean surface roughness Sa all over the sample
area for three different spots. For each spot, the experimentally measured
surface roughness are plotted along with the corresponding simulated
surface roughness. The results shows a good agreement between
experiment and simulation, the differences between the measured and
predicted surface roughness are 15.1%, 12.1% and 13.7% for the three
spots respectively. The simulation results are slightly higher than the
experimental results. This can be explained by the polycrystalline
structure of diamond grits, which provide more micro cutting edges that
assist the finishing performance rather than the solid geometry in

simulation.
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Figure 5.10 Cross section profile of experimental and simulated
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5.4 Conclusions and remarks

This chapter includes the modelling approach to predict the workpiece
surface roughness generated by PLA abrasive pad with square frustum
abrasive grits, and results of validation test. A geometrical model has been
developed to predict the micro-geometry generated by novel micro arrays
with regular abrasives (square frustum) under real contact condition
(slippage). A grinding experiment under specific operation conditions was
carried out to validate the surface roughness prediction. The slippage
between workpiece material and abrasives were captured by rotary
sensor, and introduced to the model. A good agreement between
simulation and experimental results was observed, the average difference

of surface roughness Sa for three measured spots is 13.6%.

This geometrical model has developed a benchmark approach for
simulating surface texture under load controlled plane grinding process
by employing engineered abrasive pad. The grit geometry can be extended
to any other defined shapes which can be described parametrically. As a
result, it can be used as an optimization method combined with
experimental approach to optimize the design parameters for engineered
abrasive pad under particular working conditions, providing preliminary

evaluation for both academic and industrial applications in future work.
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Chapter 6

Evaluation of influence of planar contact

area on the grinding performance

In the Chapter 4, the influence of grit geometry on the grinding
performance has been studied, and it revealed that planar contact area is
also an important factor needs to be taken into consideration for design of
engineered grinding pad. This chapter aims at conducting inverted
grinding test on one conventional abrasive pad and two engineered
abrasive pad (square frustum grits) with different grit size (different
planar contact area) to evaluate their influence on grinding performance
in load controlled plane grinding operation. The conventional abrasive
pad used for this chapter is MD-Piano 220 (FEPA D68) instead of MD-
Piano 80 (FEPA D252). The reason for this is MD-Piano 220 is better in
terms of maintaining its planar contact area (number of exposed grits)
through the whole process, leading to a more solid evaluation on the
planar contact area. Although both MD-Piano 220 and 80 pads are
multilayered diamond pad, MD 80 pad is more like monolayered pad due
to its largest grit size in MD series. Therefore, MD 220 pad is selected for
its continuous regeneration of exposed grits to maintain the required
planar contact area, and the two engineered abrasive pads with square
frustum grits was designed as an emulation of MD 220 pad (details in
section 3.4). In addition to the testing procedures conducted in the
Chapter 4, mirco-hardness and subsurface damage also have been

evaluated for a further understanding of the process.
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6.1 Characterization of abrasive grits

As described in section 3.4, the two new engineered abrasive pad is the
approximate emulation of Struers MD-Piano 220 abrasive pad, where the
grit side length is reduced from 200pum to 40um and 50um. Similar to MD-
Piano 80 pad used in Chapter 4, it is a tinned metal sheet coated with
diamonds in a resin binder, used for the plane grinding of materials in the
hardness range 150-2000 HV. The manufacturing methods employed for
the production of the Piano 220 are typical to the industry and result in

stochastic grit size, shape, orientation, spacing and depth within the resin

binder. Characterization of MD-Piano 220 grits are shown in Figure 6.1.

Figure 6.1 SEM images (before grinding) of (a) BSE of MD-Piano 220
abrasive pellet (b) half buried single grit (c) uncovered MD-Piano

220 grit
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Figure 6.2 shows that the spacing of the grits is random and that the grits
are not exposed to the workpiece surface until the resin submerging them
isremoved; asin 6.2 (b). 6.2 (c) shows the irregular nature of the geometry
of the abrasive grit itself, allowing the grit a high number of effective
cutting directions. However, the performance of this grit will be highly
variable depending on the orientation of the grit relative to the direction
of relative motion between the grit and the workpiece and highlights the

variability that conventional abrasive tool provides to the users.

s
AccV SpotMagn Det WD p———f 20m

200KV 40 2000x SE 158

Figure 6.2 SEM images of new design of PLA micro-arrays: (a) Micro-
array structure (b) 50x50um grit (c) 40x40pum grit

The PLA micro-arrays to be tested have been produced on an EWAG

Laserline picosecond laser that allowed an assessment to be carried out

on the generation of such abrasive arrays on a commercial laser system.

Proprietary technology for the laser generation of abrasive surfaces was

used under optimised parameters determined from previous work
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(details in section 3.4) in order to generate micro-arrays in a film of
polycrystalline CVD diamond. As described in section 3.4, each hexagonal
film has dimensions of 24x20.7mm and contains 840 grits, uniformly
spaced from adjacent grits in the array by 630um, as shown in 6.2 (a). Each
of the grits is defined as a square frustum, which has previously been
found to result in superior surface finish as compared to asymmetric
abrasive grits due to having a better utilization of cutting edges for a
longer duration of the machining operation in Chapter 4. With regards to
the dimensions of the square frustums, there are two separate designs.
The first design has a square frustum with a side length of 50pum, and can
be seen in Figure 6.2 (b). The second design, as shown in Figure 6.2 (c),
has a smaller grit size of 40um and will allow investigation of the effect of
different planar contact area of the abrasive surface on the overall
performance in plane grinding process. Compared to these two designs,
the MD 220 pad has the lowest planar contact area due to it partially
exposed grits and irregular protrusion heights, however, it is very difficult
to determine the planar contact area directly from grit size, the further

study on this will be covered in Chapter 7.

6.2 Tool wear mechanism

The effects of wear on the abrasive tool surfaces were investigated through
SEM imaging, shown in Figure 6.3. As conventional grits have random
geometry, the stress distribution through the grit structure is non-uniform
and high contact forces between the grit and the workpiece can lead to
micro-fracture, typically at the grit tips and edges where the stress
concentration is high. Clear evidence of this can be seen in Figure 6.3 (a).
The fracture of conventional grits leads to an increase in the number of

active cutting edges during the abrasion process, thereby limiting control
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over the surface generated. There is also evidence of cracking of the grit
structure in a plane perpendicular to the fracture plane. In 6.3 (a), it can
be observed that the grit tip has become flattened, due to repeated contact
with asperities. Flattening reduces the effectiveness of the grit throughout
the abrasion process as the cutting edge angles become more obtuse;
thereby reducing their ability to apply concentrated force (high stresses)
to the workpiece and cut the surface. In addition, no significant material
build up was observed on the grit surfaces, indicating that the

conventional abrasive surface has good chip flow in this application.

e
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Figure 6.3 SEM images of wear mechanism of conventional abrasive
grits (MD 220) (a) microfracture and cracking (b) flattening and
cracking
The PLA micro-arrays demonstrated no evidence of wear sustained during
the grinding period. As can be observed in Figure 6.4, the edges of the PLA
cutting elements are intact, with no evident fractures, cracking or
flattening. This is likely due to the ordered geometry reducing the number
of stress concentration sites and also due to the supreme erosion
resistance of CVD diamond film. According to the relative erosion
resistance of CVD diamond and other materials, CVD diamond has been
shown to suffer less relative volume loss than conventional polycrystalline
high-pressure sintered diamond [121]. This is due to the CVD diamond
manufacturing process creating a highly dense structure, free from voids

or structural defects. No workpiece material build up could be observed
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on the PLA arrays (Figure 6.4), demonstrating that they have effective chip

flow paths in this geometric configuration.

(b)
Figure 6.4 SEM images of PLA grits after 20 minutes of grinding (a)

50x50um grit (b) 40x40pm grit

6.3 Evaluation of workpiece surface topography

and material removal rate

As discussed in section 6.1, conventional abrasive pad (MD 220) has the
lower planar contact area among the three pads, while 50x50um pad has
the highest planar contact area among the three. In order to ease the
understanding for the following analysis on planar contact area, low, high
and medium will be used referring to planar contact area of Piano 220,
40x40pum and 50x50pm pad in the brackets when necessary. Surface
topography images of each of the machined surfaces after the 20 minute
grinding period are shown in Figure 6.5. The surface roughness generated
40x40pm (medium) and 50x50pum (high) square frustum pads are
0.114pm and 0.119um respectively, which are better than that of
conventional abrasive pad (low) (0.143). The difference between two
engineered abrasive pads is not very significant (0.005um), while it is
much greater when compared with conventional abrasive pad (0.029um,

0.024pm).
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This revealed that machined surface roughness is more sensitive to grit
geometry (number of cutting edges, sharpness etc.) rather than planar
contact area. Similar to results in Chapter 4, it can be observed that the
engineered abrasive pad show greater uniformity in terms of surface
topography due to the defined geometry of the tool, with a relatively small
variation of scratch depth generated on the workpiece surface. The
conventional abrasive surface generates a more random pattern of
scratches and the scratches themselves are less well defined.

The progression of the surface roughness over the 20 minutes grinding
period can be observed in Figure 6.6. After 5 minutes, the conventional
abrasive pad (low) creates a high surface roughness on the workpiece.
This is likely caused by a lack of grits engaging the workpiece surface
within the early stages of the machining process, as they remained buried
within the resin binder. After the initial period, the surface finish rapidly
improves between 5 and 10 minutes as the grit cutting edges engage the
surface. Beyond 15 minutes, the surface roughness is getting stable and

the final surface roughness is 0.143pm.
0.3
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Figure 6.6 Progression of workpiece surface roughness generated
by three types of abrasive grits (Piano 220 (low), PLA 40X40
(medium) and PLA 50x50 (high))
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Both of the engineered micro arrays (medium and high) achieve a superior
surface finish to the conventional abrasive pad (low) right after 5 minutes.
This is due to the micro arrays having active cutting edges from the
beginning that they operate at maximum efficiency from the start of the
grinding process. Throughout the 20 minutes period, the PLA micro-
arrays exhibit almost linear and minor incremental improvements in
surface finish. This demonstrates that the absence of wear on the PLA
micro-arrays (as discussed in chapter 4) allows consistent performance at,
or close to the as manufactured-performance. Therefore, as the
progression of the surface roughness is highly controllable, future tooling
can be designed and utilized to achieve a desired surface quality through
knowledge of the as-manufactured performance and the machining time.
This demonstrates the similar fundamental improvement found in
Chapter 4 that the PLA micro-arrays afford; controllability of the final
workpiece surface quality.

The final surface achieved by the PLA micro-arrays (medium and high) is
slightly better than the conventional abrasive (low) machined surface; the
50x50pum (high) final surface finish is 0.119um and the 40x40pm
(medium) final surface finish is 0.114pum. It is clear that the 40x40pm
(medium) array is superior to the 50x50um (high) design in terms of
surface finish, which is likely to suggest the reduced planar contact area
(smaller grit size) can improve the surface roughens; however, as
discussed previously, conventional abrasive pad (low) has the smallest
total planar contact area among the three, while it produced the highest
final surface roughness (0.143um). As a result, in this case, grit geometry

is the dominant factor that influence the finishing performance.
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Figure 6.7 Material removal rate of workpiece generated by three
types of abrasive grits (Piano 220 (low), PLA 40X40 (medium) and
PLA 50x50 (high))

The progression of the material removal rate can be seen in Figure 6.7. It
should be noted that in general the material removal follows a similar
trend to the surface finish. Once the resin binder has been eroded and the
conventional grits are exposed, they can begin to remove material more
efficiently. Initially, at Sminutes, the material removal of conventional
abrasive pad (0.031g/min) is significantly higher than that of the PLA grits
(0.010g/min, 0.014g/min respectively) as the unworn conventional grits
have stochastic geometry (as in Figure 6.1 c), and certain grits are likely to
have higher angles of attack and sharpness than the square frustum PLA
grits. However, after longer exposure to the workpiece surface, the
material removal rate quickly reduced. This is partially due to the
conventional grits wearing and becoming less effective as discussed in the
previous section, however, it is also due to the surface morphology of the
workpiece. Initially, the surface had a high amplitude difference between
the peaks and the valleys (higher roughness) and so the material was
quickly removed by mechanisms such as cutting and ploughing, which are
known to occur with conventional grits. However, as the machining

progresses, the peaks become flattened down and so the contact area
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between the workpiece and the abrasive surface increases, reducing the
cutting pressure and therefore less material is removed. The PLA micro-
arrays exhibit a very low removal rate initially, whilst achieving a superior
surface finish as shown in Figure 6.6. This suggests that rather than
removing material from the workpiece surface via cutting and ploughing,
the surface is instead being flattened down through a sliding contact mode
between the square frustums and the workpiece surface. This trend of low
material removal continues throughout the machining process, which is
leading to the similar conclusion in Chapter 4 that rather than
cutting/ploughing the material, flattening is the dominant material
removal mechanism for PLA micro arrays. By comparing the material
removal rate in the final stable stage, it showed that 40x40 micro array
(medium) has higher material removal rate (0.0016g/min) than that of
50x50 micro array (0.0010g/min) (high), while conventional abrasive pad
(low) is much higher (0.0029g/min) than both of them. This gives an
indication that reducing the total planar contact area of engineered
abrasive pad to a certain extend can improve the performance of material
removal. This is likely to be caused by the reduction of the load per unit
grit when more grits are present on the abrasive surface, as Gahlin and
Jacobson commented [75]. Furthermore, engineered abrasive pad with
same level of total planar contact area is likely to achieve approximately
the same or better performance of material removal as conventional

abrasive pad. A more detailed study of this will be presented in Chapter 7.

6.4 Evaluation of micro-hardness and subsurface
damage

Once the topographical and morphological measurements covered in

Chapter 4 are done, subsurface analysis was conducted to further evaluate
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the grinding performance. As described in section 3.5, the micro-hardness
of the 304 stainless steel workpieces was tested at incremental 5um depth
increments from 20pm below the machined surface (as close to the
surface as possible with the Vickers indenter used) to 50um (towards the
bulk material); the results can be seen in Figure 6.8. The bulk material

hardness was 172 Hyv.
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Figure 6.8 Variation of micro-hardness beneath the machined
workpiece surface generated by three types of abrasive grits (Piano
220 (low), PLA 40X40(medium) and PLA 50x50(high))
Abrasive machining with the conventional abrasive pad (low) led to a
lower hardness through the depth of the cross section of the workpiece,
showing that there was less work hardening and therefore lower
subsurface damage caused to the workpiece as compared to the PLA
arrays. The 40x40pum array (medium) outperformed the 50x50um (high)
as it caused less subsurface damage in general. The conventional abrasive
pad shows a steep gradient up to a depth of 35um below the machined
surface, before a reduction in gradient. This point was further into the
surface at 40um for the PLA arrays, suggesting that the PLA arrays of the
tested configurations induce subsurface damage further below the

machined surface than the conventional abrasive surface.

SEM images of the cross sections of the workpiece discs were taken in
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qualitative support of the micro-hardness testing, these can be seen in
Figure 6.9. Material drag can be observed near the surface on all of the
workpieces, along with grain deformation. Away from the machined
surfaces, there is little evidence of grain deformation. The depth that this
occurs at is greater in the PLA array machined surfaces at approximately
15um, compared to the Piano 220 machined surface which shows no

deformation beyond 10um.
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Figure 6.9 SEM images of workpiece cross sections after 20 Minutes
grinding (a) Piano 220 (low) (b) PLA 50x50um (high) (c) PLA
40x40pm (medium)

Conventional grits typically have good edge definition and sharper cutting
edges than the relatively blunt cutting edges of ordered abrasive grits as
shown in Figure 6.1 (c), therefore it is more efficient to remove the work-
hardened material(higher removal rate). However, although the
engineered abrasive grits tends to give better surface finish in a shorter
time, it is inferior to the conventional grits in the aspect of removing work-
hardened layer. This theory is supported by work undertaken by Yuan et

al. who investigated the effects of the cutting edge radius of a cutting tool
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on the micro-hardness of the machined surface [122]. It was found that by
doubling the cutting edge radii from 0.3pm to 0.6um (i.e. a less sharp
cutting edge); the micro-hardness of the machined surface was increased
by 25%. In addition, there is also a correlation between thickness of work-
hardened layer and planar contact area. In load controlled plane grinding
process, the purpose is to finish the surface and remove the subsurface
damage, therefore the similar trends found in material removal rate
(Figure 6.7) and micro-hardness (Figure 6.8) can be explained in the same
way. The performance of material removal reflected the capability of
removing subsurface damage, and by reducing the total planar contact

area, the improvement can be observed.

6.5 Conclusions and remarks

In order to evaluate the influence of planar contact area on the
performance of plane grinding process, inverted test has been conducted
following the identical procedures in Chapter 4 on conventional abrasive
pad (MD-Piano 220) and two engineered abrasive pad with different grit
size (40x40pm and 50x50um square frustum grits). The key findings can
be summarized as follows:

e The wear mechanisms of the Piano 220 abrasive grits are found to be
microfracture, cracking and flattening, however, no sign of aggressive
wear can be observed for engineered abrasive grits, indicating that the
engineered arrays are significantly more durable.

e Both engineered abrasive pad achieve a better surface finish in a
shorter time, due to having immediately active cutting faces. The final
surface finish obtained after 20 minutes was superior to the
conventional abrasive surface. For engineered abrasive pad, reducing

the total planar contact area tends to slightly improve the surface
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roughness, however, grit geometry was found to be the dominant
factor when compared with conventional abrasive pad.

Conventional abrasive pad has an overall advantage in material
removing due to its shape factor. In addition to this, for engineered
abrasive pad, the one with less total planar contact (40x40 PLA) area
tends to have a higher material removal rate. This revealed that design
of engineered abrasive pad with approximately equivalent total
planar area as conventional abrasive pad is likely to have close or
better material removal performance.

The subsurface analysis revealed the similar trend as material
removal rate, as the capability of removing subsurface damage is
generally reflected by the material removal in load controlled plane
grinding process. Therefore, to reduce the subsurface damage,
improvement could be done on reducing the total planar contact area
of engineered abrasive pad to a certain extend (e.g. equivalent to real
planar contact area of conventional abrasive pad).

Based on the above findings, it can be concluded that the current
design of engineered abrasive pad consisted of square frustum grits
does not fully emulate the planar contact area of conventional
abrasive pad, causing the inferior performance of material removing
and higher the subsurface damage compared to conventional abrasive
pad. An approach to determine the real planar contact area of
conventional abrasives during the wear process is needed for an

improved design on material removal (covered in Chapter 7).
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Chapter 7

Design improvement of planar contact

area for engineered abrasive pad

According to the results in Chapter 6, although the finishing performance
is superior for PLA engineered abrasive grits, the amount of material
removal did not reach the same level of conventional abrasive pad due to
the difference in total planar contact area. In this chapter, research has
been conducted to further investigate the role of planar contact area on
the removal of ductile material (i.e. 304 stainless steel), in a load
controlled plane grinding process. Measurements on the amount of
material machined by Piano 220 conventional abrasive pad has been
accomplished using linear scratch tests at selected loads and compared
with the results achieved in inverted grinding trials. The influence of
planar contact area experienced by a defined population of abrasives is
evaluated using laser generated abrasive grits of square frustum having
controlled, size, protrusion, location and contact area using both scratch

tests and inverted grinding tests.

7.1 Determination of planar contact area and
specific material removal

Before linear scratch test, inverted grinding tests were conducted for
conventional and PLA abrasive pad to quantify the material removal for

comparison purpose. The sample abrasive pads adopted are the ones also

used in chapter 6: MD-Piano 220 and PLA abrasive pad with square
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frustum grits (50x50um). A load of 30 N is selected and the grinding time
is 20 minutes, the setup can be referred to section 3.4.1. This PLA abrasive
pad is regarded as Population 1 for later study.

The surface of one hexagonal abrasive element of Piano 220 pad after 20
minutes of operation was then taken to SEM for a full scan. This enables
the determination of numbers of visible grits that theoretically engaged
with workpiece material. Figure 7.1 shows an example characterization of
visible grits on the Piano 220 pad, the total numbers of grits captured are

30, the full characterization is included in appendix 4.

P W

Figure 7.1 Example of visible grits on conventional abrasive pad
(MD 220) after 20 minutes of grinding
A combination of SEM imaging and Alicona was also employed to
characterize the visible grits size and protrusion height, the surface
captures revealed that the exposed abrasives protruded from the bond up
to a maximum of approximately 18 um (Figure 7.2). However the exact
height of protrusion for every grit was difficult to determine due to the
irregular nature surface of the bond matrix. Based on some previous
research [16], in order to estimate the theoretical planar contact area,
spherical interpolation is used to describe grit shape. Based on the FEPA
size of the grit (D68) and size captured by Alicona, the diameter of
spherical girts is approximately 60 um. As a result, the theoretical planar

contact area of one visible grit is the area of a circle with 60pum diameter
127



(without considering the actual exposed size and immersion), and the

total planar contact area for 30 grits was calculated to be 87637um?2.

Protrusion height Top side length

17.5um 62.4um

Protrusion height Top side length

18.5pm 57.6pm

Figure 7.2 Characterization of conventional abrasive grit (MD 220)
protrusion and height
As stated in section 2.3.1, the stochastic nature of conventional grinding
tool can cause less engagement of grits, only active grits can remove
material during the operation. In this case, measurements of the linear
scratches produced by the protruding abrasives proved to be a more
reliable method to determine the number of abrasives that were actually
engaged with workpiece and their depth of engagement at a particular
load. By taking the setup and procedures described for linear scratch test
in section 3.7, the scratch profiles under three different loads (i.e.
10N,20N,30N) can be obtained by Alicona, an example of scratch captured
is shown in Figure 7.3 (data for each scratch is summarized in appendix
5). Spherical interpolation was also used to calculate the estimated planar
contact area from each scratch to determine the total planar contact of
engaged grits. Table 1 presents a summary of the estimated planar area of
the visible grits in a single hexagonal of Piano 220 pad and the determined
values of planar contact area based on scratch tests at the three selected

loads.
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Figure 7.3 Example of scratch profile generated by conventional

abrasive pad (MD 220) captured by Alicona

Table 7.1 Planar contact areas of exposed abrasive grits vs. engaged

abrasive grits on conventional abrasive pads (MD 220) at 10N, 20N

and 30N applied loads
Est. planar area Summed planar Summed planar Summed planar
of total exposed contact area at contact area at contact area at
abrasives 10N load 20N load 30N load
87637um? 2162 pm? 4305pum? 5532um?
(2.47% of (4.91% of (6.31% of
estimate) estimate) estimate)

According to table 7.1, the planar contact area obtained from engaged
abrasive grits is far less than that of visible grits. Furthermore, from an
evaluation of the exposed abrasives from SEM imaging and Alicona
captures of the abrasive surface and the measurements of produced
scratches, it can be determined from these tests that only a small
percentage of the visible abrasives on the surface of the Piano 220 pad
engage with the workpiece and affect material removal. Table 7.1 also
reveals that the planar contact area of engaged grits, and therefore the
number of abrasive grits, increases with an increasing load, more than
doubling contact the area between 10N and 20N and an excess of a 28 %
increase between 20N and 30N.

In contrast with the progressive engagement of the Piano 220 diamond
abrasive grits which increased with applied load, the entire population of
the engineered abrasive grits has been designed to engage with the

workpiece simultaneously and the number of abrasive grits in contact
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with the workpiece does not vary with the applied load. The scratch tests
for PLA engineered pad were therefore conducted at one selected load (i.e.
30N) to compare with the inverted grinding tests conducted at the same
load condition.

Two laser ablated abrasive pads were designed and generated to have an
equivalent total abrasive area of planar contact to a Piano 220 pad at 30N.
Firstis one regarded as population 1, while the second one having an equal
abrasive size and layout but incorporating a dimpled relief of 40um
diameter and 10 um deep on the abrasive contact face (designated as
Population 3). The dimpled relief was designed to allow a more
progressive engagement with the workpiece by providing approximately
(50%) of the planar area for initial engagement which progressively
increased up to the full crater depth. In each of these cases, three aligned
square frustum abrasives were generated and designed to have the
discrete cutting action of non-overlapped abrasives in the 90° cutting
direction and abrasive overlap in the 0° direction. Figure 7.4 shows the

SEM images of PLA grits and illustration of grits arrangement.

LR EREEEE LR LR L

T
g« 317ym R 2 S« 20

Correctional view of dimpled grit

SEM image of grit
9 9 % 0.043 mm
>

Top view of grit

>

0.1 mm

| > 90° cutting direction

0° cutting direction

Figure 7.4 Schematic illustration of grit arrangement and cutting

directions as well as SEM images of population 2 and 3
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7.2 Evaluation of material removal

The conventional Piano 220 pad and the laser generated abrasive surface
Population 1 were both run for 20 minutes on 304 stainless steel discs and
their mass reduction measured for each grinding test. The results of the
material removal rate at steady state are shown in Figure 7.5. These initial
results combined with results in chapter 4 and 5 indicate that the
engineered abrasives, having an equivalent abrasive size and population
to the visible population in a conventional diamond abrasive pad, removed

significantly less material.

0.0045
0.004
0.0035
0.003

0.0025

Material removal rate (g/min)

0.002

0.0015

0.001

0.0005

Population 1 Piano 220

Figure 7.5 Material removal rates produced by conventional
abrasive pad (MD 220) and the engineered Population 1 from the

load controlled inverted grinding test at 30N

The results of scratch tests in two cutting directions on a Piano 220
abrasive pad and the laser generated Populations 2 and 3, having
equivalent planar contact areas at 30N load based on the square frustum

abrasive size are shown in Table 7.2.
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Table 7.2 Specific volume removed of 0.1mm scratch length for

conventional abrasive pad (MD 220) and engineered, Population 2

and 3 at 30N load
Pad type Specific volumes cut  Specific volumes cut at
at 900 00
Population 2 15807 pm3 5919 pm3
Population 3 19911 pm3 8898 um3
Piano (Ave. volume 15144 pm3
cut)

While little change in the specific volume removal was observed between
the two cutting directions with the Piano 220 pad (average value given),
large differences existed with the specific volume removed by Population
2 engineered abrasives. In the cutting direction 90° where discrete
scratches were produced by each abrasive, Population 2 showed small
increase in specific volume removed of 4.4% compared with that for the
Piano pad but a reduction of 65.3% in the 0° cutting direction with the
abrasives in overlap. A similar trend existed with Population 3. However,
it can be observed in Figure 7.6 and table 7.2, resulting from the dimpled
relief with an associated increase in overall cutting depth at 30N load
(Population 2: 2.9um, Population 3: 3.6pum) a significant increase in
specific volumetric removal was achieved over Population 2 in both
cutting directions (90°: 26.0%, 0°: 50.0%). This produced an advantage in
specific volume removed of 31.5% over the Piano 220 in the 90° cutting

direction when discrete scratches were produced.
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Figure 7.6 Scratch profile of a) Population 2 and b) Population 3 at
30N
It has been demonstrated with the scratch tests that for the conventional
diamond abrasive pad, only a small percentage of visible abrasives engage
with the workpiece. Due to the sparse population of abrasives engaged
with the workpiece over the area of the pad (i.e. bond matrix), the
occurrence of abrasive overlap is expected to be minimal and therefore
material removal rate in the grinding process is not highly sensitive to

cutting direction. The material removal is however sensitive to applied
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load as the number of abrasives and their depths of engagement vary
significantly with load.

By contrast the high population of abrasives engaged with the workpiece
in the case of Population 1, even though more cutting edges are engaged,
lower material removal rates are produced by the lower contact pressure
and resulting lower depths of cut with the workpiece.

The material removal performance of Populations 2 and 3 in the cutting
directions 0° when no abrasive overlap exists, exceeds that for the
conventional diamond abrasive bond matrix, when the regular square
frustum proves a more effective cutting edge to the irregular edge of the
diamond abrasive. These deliberately aligned abrasive arrays however
demonstrate the effect of overlap of closely populated abrasives with the
large reduction in material removal at 0° cutting direction.

The scratch tests have also revealed that in the load controlled plane
grinding system, that the specific volume of material removed for an
abrasive is sensitive to the contact geometry of the abrasive, as
demonstrated with Population 3 producing a significant increases specific
volume removal over both Population 2 and the conventional diamond /

bond matrix.

7.3 Conclusions and remarks

The inverted grinding tests in combination with linear scratch tests have
aided the assessment of the material removal performance of both
conventional diamond abrasives in a resin bond matrix and of the laser
generated geometrically controlled diamond abrasives arrays under load
controlled conditions.

The increased understanding of the working population of abrasives in

relation to the abrasives visible on the surface of a conventional diamond
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bonded system, the effects of abrasive contact area, contact geometry and
overlap in the cutting direction provide valuable insights for the design of
abrasive surfaces for the enhancement of material removal rates.

It has been shown that laser generated abrasives can provide Significant
advantages in material removal, particularly when the abrasive contact
geometry is designed to provide clearance in the cutting directions. The
modeling of the abrasive cutting trajectories, considering cutting
directions and abrasive overlap will allow the full potential of laser

generated designed abrasive surfaces to be exploited in future work.
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Chapter 8

Strategy of determining design

parameters for engineered abrasive pad

In the Chapter 4 to 7, two design parameters (grit geometry and planar
contact area) of engineered abrasive pad has been evaluated in relations
to their influence on the working performance (e.g. surface roughness,
material removal etc.) under the condition of load controlled plane
grinding process (planetary movement). This chapter aims at briefly
summarizing the approaches and criteria covered in previous chapters to
develop a preliminary benchmark procedure of determining design

parameters for engineered abrasive pad for future work.

8.1 Determination of grit geometry

Based on the evaluation of different grit geometries in Chapter 4, it
revealed that grit geometry is a critical design parameter that has a
significant influence on finishing performance. As in theory, the possible
defined geometry is infinite, the criterion used to select the geometry is
the utilization of cutting edges during planetary movement. Engineered
grits with symmetric shapes (e.g. square frustum) was proved to be the
better generic design than the asymmetric shapes (e.g. saw tooth). As a
result, the procedure to select and optimize the grit geometry in the
benchmark methodology is supposed to be evaluating the symmetric grit
with different numbers of cutting edges (e.g. circular, square, hexagon) for

specific application.
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8.2 Determination of planar contact area

As the results shown in Chapter 6 and 7, besides the grit geometry, planar
contact area (affect working pressure) is a key design parameter for
material removal and reduce the subsurface damage in load controlled
plane grinding process. In order to determine the planar contact area for
a specific application, the first step is to determine the actual engaging
planar contact area of the conventional abrasive pad used for that
application, which provides a quantitative guidance on the planar contact
area required (same level of working pressure). This is done by a linear
scratch test, and the planar contact area is calculated based on the
spherical interpolation of grit. After that, the contact area per unit grit can
be determined based on the numbers of on the abrasive pad. The further
optimization of the planar contact area in the benchmark methodology is
supposed to be adjusting the engaging planar contact area derived from

conventional abrasive pad.

8.3 Evaluation of the design

Once the grit geometry and planar contact area are determined, the
sample pad can be manufactured by laser ablation technique and
evaluation through the morphological and topographical analysis
described in Chapter 3.

The defined geometry of engineered abrasive grits also allows the
geometrical modelling of the workpiece surface texture, the modelling
approach developed in Chapter 5 can be used to predict the surface
roughness generated by symmetric abrasive grits in parallel to
experimental evaluation. Figure 8.1 shows the steps of the preliminary

benchmark strategy for design and evaluate engineered abrasive pad.
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| Select a specific application and the corresponding conventional abrasive pad ‘

O

Select symmetric shape as generic design

&

Modify the generic design by adjusting numbers
of cutting edges

N

U

Conduct linear scratch test to capture the
scratch data of engaging grits for conventional
abrasive pad

U

Calculate the engaging planar contact area by
spherical interpolation for conventional abrasive
pad

U

Determine the planar contact area based on the
engaging planar contact area and numbers of
grits for engineered abrasive pad

U

| Manufacture the sample engineered abrasive pad by laser ablation technique ‘

U

Evaluate the sample pad through topographical
and morphological analysis <,:>

Employ geometrical modelling
as a support to predict the

surface roughness

Figure 8.1 Procedures of the preliminary benchmark strategy for

design and evaluation of engineered abrasive pad
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Chapter 9

Research outcomes and future works

This chapter aims at discussing the overall outcomes of this research and
also provide the outlook of future work related to the research findings. In
particular, findings on evaluation of laser generated engineered abrasive
tool in the application of plane grinding and modelling approach for

surface roughness prediction, are summarized.

9.1 Summary of research, findings and conclusions

As the development of modern engineering, more and more industrial
applications requires components with high profile accuracy and surface
finish. Therefore conventional grinding tool with stochastic features
exhibiting less controllable performance is no longer the optimized choice
for material removal and finishing. This research work aims at generating
laser ablated engineered abrasive pad with controlled features for plane
grinding application and develop a geometrical model to simulate the
grinding process. The objectives of this research work were presented in
chapter 1, while the methodology adopted to conduct all the research
work and achieve the objectives were included in chapter 3. The research
activities and the corresponding outcomes in relation to the objectives are
presented as follows:
i.  Research activity: An understanding of influence of grain
geometry on the surface topography and material removal rate
along with the study of tool wear mechanism and material

removal mechanism for both conventional and engineered
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abrasive pad (grit size is comparable to conventional pad) was
carried out, by generating the feature controlled PLA abrasive pad
and tested under an inverted plane grinding setup.

Research outcome: Results in chapter 4 revealed that symmetric
engineered abrasive grits (e.g. square frustum) exhibited better
finishing performance than that of non-symmetric ones (e.g. saw
tooth), indicating symmetric geometries tend to provide effective
and uniform cutting orientation more often under the planetary
movement machining process (e.g. plane grinding).

Characterization of tool showed that there is no evident sign of
wear for engineered abrasive grits, while various wear
mechanisms (microfracture, cracking, flattening) wear found for
conventional abrasive grits after grinding. In addition, study on
the grinding performance revealed that square frustum grits is
capable of achieving better surface finish faster, however with a
lower material removal rate, than that of conventional grits. The
large and flat contact area of engineered abrasive grits resulting
in sliding contact which introduce less damage but also remove

less material.

Research activity: A geometrical model was developed to
simulate the workpiece surface profile generated by PLA
engineered abrasive grits, in order to predict the surface
roughness. A validation test was carried out considering the
slippage between abrasives and workpiece by inverted grinding
test, along with comparison against simulated surface.

Research outcome: The geometrical model has been successfully
developed by first deriving the 2D trajectories of grits based on
kinematics, and then generating the 3D profile along the

trajectories. The slippage was captured experimentally by a
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rotary sensor and introduced to the model. A good agreement
between simulation and experimental results was observed, the
average difference of surface roughness Sa for three measured

spots is 13.6%.

Research activity: A study of influence of planar contact area on
the grinding performance was carried out by conducting inverted
test on conventional abrasive pad and two engineered abrasive
pad with different grit size. Evaluation procedures used in
Chapter 4 along with subsurface damage analysis and micro-
hardness test were carried out for further study of surface
integrity.

Research outcome: Two laser ablated engineered abrasive pad
with different grit size (40x40um and 50x50um) were generated.
The results of inverted test revealed that the progression trend of
surface roughness and material removal rate is similar to the
results in Chapter 4. However, the design with smaller grit size is
superior to the design of larger grit size in terms of surface finish,
material removal and less subsurface damage, indicating the
influence of planar contact area of grits on the cutting
performance. It was found that conventional abrasive pad
performed slightly better than engineered abrasive pad in terms
of material removal. As the designs of engineered abrasive pad
generated are the emulation of conventional abrasive pad in
terms of grit number and size, their planar contact area did not
take the real planar contact area of engaged grits into
consideration. These results led to a new research activity for
determination of real planar contact area of conventional abrasive
pad, providing an approach to optimize the future design of

engineered abrasive tool.
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Research activity: A study on the working population of abrasive
in relation to visible abrasives to enable the understanding of
influence of planar contact are on material removal is conducted.
This objective is achieved by conducting a combination of
inverted grinding test and linear scratch test on the conventional
abrasive pad and PLA abrasive pad designed to have equivalent
real planar contact area as conventional abrasive pad.

Research outcome: Number of visible grits was extracted from
SEM imaging and the theoretical planar contact area is calculated
based on spherical interpolation of grits. By comparing the
theoretical planar contact area with real planar contact area of
engaged abrasives captured by linear scratch test, it was found
only a very small percentage of grits are engaged with workpiece
during grinding operation. The laser generated abrasives based
on the real planar contact shows an advantage in material
removal, particularly when the abrasive contact geometry is
designed to provide clearance in the cutting directions. These
results allow the optimization of laser generated abrasives for

future work.

9.2 Future work

This research work has presented a novel design of engineered abrasive

pad for the application of plane grinding consisting of patterned micro-

cutting elements with regular shapes and protrusion heights. A

geometrical modelling approach was also presented which can predict the

surface roughness of machined workpiece surface generated by
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engineered abrasive pad. On the one hand, although the results showed
engineered abrasive pad has superior performance against conventional
abrasive pad, and study on the planar contact area between abrasives and
workpiece provide a method to improve the current design. Some of the
design parameters are still not fully investigated to achieve the optimized
performance. On the other hand, despite the geometrical model achieved
a good agreement with the experimental data, it did not consider the
material properties and working conditions (lubricants, vibration etc.) ,
these parameters can have significant influences on the simulation
accuracy which also needs to be introduced in future work. Some of the
main possible future work are listed as follows:

1. In chapter 4, the geometry of grits was divided into symmetric
and non-symmetric and square frustum and saw tooth grits were
selected as representatives for performance comparison. This
way of describing the geometry is very general and may not be
able to categories engineered grits geometry in some specific
cases. Numbers of shape factor can be developed to more
accurately describe the regular shaped grits along with a
theoretical model to demonstrate their removal characteristics,
and then an in-depth study can be done on optimization of grit
geometries for different abrasive machining applications.

2. The results in chapter 7 showed laser generated abrasives with
equivalent planar contact area to the Piano 220 pad exhibited
advantage in material removal. However, due to the limitations on
the laser technique employed to manufacture the PLA pad, it is
unable to generate very small grit with defined cutting edges,
therefore only three aligned grits were produced. Future work can
done to explore the manufacturing techniques that is capable of
producing grits with defined cutting edges in a smaller scale.

Furthermore, how to distribute the equivalent contact area across
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the surface to achieve optimized performance has not been
studied either. An optimization study could be done by
investigating the correlation between planar contact area of
individual grit and material removal for future work. Moreover,
the linear scratch test can be used to evaluate material removal
rate, however, it cannot fully emulate the working condition of
plane grinding process. Future work could be done to improve the
accuracy of PLA grits with smaller sizes that can distribute all over
the surface and still have the equivalent planar contact area as
conventional pad. This can lead to a full scale test under inverted
test setup.

As geometrical model developed in this study did not consider the
material properties and working conditions (lubricants, vibration
etc.), it suggested the future directions of improvements. For
instance, when updating the surface profile along the 2D
trajectories, wear modes for different materials can be taken into
consideration for adjusting the simulated scratch profile. In
addition, the experimentally determined slippage between
abrasives and workpiece can be analytically or numerically
expressed which reduce the excessive experiments work for

specific conditions.
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Appendices

Appendix 1 Miler indices

(001) (100) (010)

(101) (110) (011)

(111) (111)

Examples of planes denoted by Miler Indices

(Source: http://www.smartway2study.com/2016/03/salient-features-of-

miller-indices-of.html)

Miller indices are derived from a set of three integers that designate
crystallographic planes, as determined from reciprocals of fractional axial in
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intercepts. Miller Indices are determined as follows:
e A plane of interest is extended to cut the crystal axis system at points
which can be denoted as

(a1, b, c1)

e Obtain the reciprocals of the axis intercepts. i.e.

(1/ a1, 1/b1, 1/ c1)

e Multiply or divide by the highest common denominator in the set to
obtain the smallest integer numbers.
B Negative numbers are denoted thuse.g. —a; as a,
B [f the plane is parallel to an axis, the intercept is oo and

1/00=0

(Source: https://en.wikipedia.org/wiki/Miller_index)
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Appendix 2 FEPA abrasive particle size

This chartis designed to compare millimeters, microns and inches to sieve

sizes and match them to corresponding FEPA grit sizes.

Macro grits
Millimeters Microns™ Inches FEPA Grit
475 4750 0.189 F4
4 4000 0.159 F5
3.35 3350 0.133 F&
2.8 2800 0.111 F7
236 2360 0.084 F&
2 2000 0.079 F10
1.7 1700 0.068 F12
1.4 1400 0.056 F14
1.18 1180 0.047 F16
1 1000 0.040 F20
0.85 as50 0.034 F22
0.71 710 0.028 F24
0.6 600 0.024 F30
0.5 500 0.020 Fi6
0.425 425 0.017 F40
0.355 355 0.014 F46
0.3 300 0.012 F54
0.25 250 0.010 F&0
0212 212 0.008 F70
0.18 180 0.007 F80
0.15 150 0.006 FS0
0.125 125 0.005 F100
0.106 106 0.004 F120
0.075 75 0.0030 F150
0.063 63 0.0025 F180
0.053 53 0.0021 F220
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Microgrits

*Micron size is based upon the 40% min sieve.

Millimeters Microns* Inches FEPA Grit
0.053 53 0.00211 | F230
0.0445 44.5 0.00177 | F240
0.0365 36.5 0.00145 | F280
0.0292 29.2 0.00116 | F320
0.0228 22.8 0.00091 | F360
0.0173 17.3 0.00069 | F400
0.0128 12.8 0.00051 | F500
0.0093 9.3 0.00037 | FE00
0.0065 6.5 0.00026 | F800
0.0045 4.5 0.00018 | F1000
0.003 3 0.00012 | F1200
0.002 2 0.00008 | F1500
0.0012 1.2 0.00005 | F2000
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Appendix 3 Matlab code for surface profile

simulation algorithm

function [Z,x1,yl] =

squarefrustum (N, Cx,Cy, Side,w, h,dt, omegal, omega?)

o°

input datas are

% N: number of mesh points along the side length of mesh

o°

Cx: x coordinate of sample area on the workpiece disc

o°

Cy: y coordinate of sample area on the workpiece disc

o°

side: side length of sample area

oe

w: half bottom side length of grit

% h: cutting depth of grit

% dt: unit time increasment

% omega 1l: angular speed of grinding platern

% omega 2: angular speed of mover plate

x = linspace (Cx-Side/2,Cx+Side/2,N); y = linspace (Cy-
Side/2,Cy+Side/2,N); %create mesh for sample area on workpiece
disc

range = ceil ((2*w)/(Side/N)) ;

[x1, yl] = meshgrid(x,vy):;

Z

= zeros (N);

[xside, yside]l=meshgrid(68:1:72,-2:1:2);
RP=sqgrt (xside.*xside+yside.*yside) ;
THETAO=atan (xside./yside) ;

for n=1:25;

rp=RP (n) ; thetaO=THETAO (n) ;

t = 0; tend =20;

while t < tend

[X,Y,theta,alpha]
toolpath (t, omegal, omega2, rp, thetal) ;
if (Cx-Side/2-2*w)<=X && X<=(Cx+Side/2+2*w) && (Cy-
Side/2-2*w)<=Y && Y<=(Cy+Side/2+2*w)

o)

; % z-map method to update
the surface profile

pos=(N*[ (X-Cx+Side/2) (Y-Cy+Side/2)])/Side;
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disc2 = max(l,floor(pos(l))-
range) :min (N, ceil (pos (1)) +range) ;
discl = max(1l,floor(pos(2))-
range) :min (N, ceil (pos (2) ) +range) ;
xx=x1 (discl,disc2) -X;
yy=yl(discl,disc2)-Y;
xgrit=xx*cos (theta-alpha)+yy*sin (theta-alpha);
ygrit=-xx*sin (theta-alpha)+yy*cos (theta-alpha);
angle = abs (atan(ygrit./xgrit));
C = Heights (h,w,angle,xgrit, ygrit);
H=h* (C>0) ;
Z(discl,disc?2) = Z(discl,disc2) -
max (Z (discl,disc2)+H,0);
t = t+dt;
disp(t)
else
t=t+dt;
disp(t)

end;
end;

end;
smesh (x1,vy1l,2)

end

function C = Heights (h,w,angle,xgrit,ygrit) %describe the
protrusion heights for cutting

anglel = angle.* (angle<=pi/4);

angle?2 angle.* (angle>pi/4);

Cl = max (h* ((anglel>0)-abs (xgrit) /w),0);
C2 = max (h* ((angle2>0)-abs (ygrit) /w),0);
C = max (C1l+C2,0);

end

function [X,Y,theta,alpha]l =

toolpath (t, omegal, omega?, rp,thetal) % determine the 2D
trajectory of grits

e=50; % the distance between polishing pad center and disk
center

alpha0=0;

theta=thetal+ (omegal*2*pi/60) *t;

alpha=alphaO+ (omega2*2*pi/60) *t;

o)

% coordinates of single grit
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$d (t) is the experimentally determined slippage between

abrasives and workpiece
X=rp*cos (theta-alpha+® (t))-e*cos (alpha) ;
Y=rp*sin (theta-alpha+® (t))+e*sin(alpha) ;

end
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Appendix 4 Visible grits on the Piano 220 pad
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Appendix 5 Scratch data for Piano 220

Scratch data for 10N trial

3.5

25

1.

Depth of scratches {pum)
w

=

0.

w

0

1 2 3 4 5 6 7 8

Grit size Planar Total planar
. Depth of .
Grit No. (diameter of | contact area | contact area
scratch(um)
sphere) (um) (Hm*2) (Hm"2)
1 1.82 11 95. 03
2 3.3 16 201. 06
3 2.72 19 283. 52
4 1.04 17 226. 97
5 2.07 19 283. 52 2162. 14
6 1.79 18 254. 46
7 1.36 14 153. 93
8 0.76 26 530. 91
9 1.64 13 132. 73
10N

9

Grit No.
Scratch data for 20N trial
Grit size Total planar
Eifls Depth of (diameter | Planar contact contact
scratch(um) of sphere) | area (um”2) area
(Hm) (Hm"2)
1 2.45 16 201. 06
2 0.67 18 254. 46
3 3.12 14 153.93
4 1.63 16 201. 06 4305. 43
5 1.74 18 254. 46
6 2.3 14 153.93
7 0.73 15 176. 71
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8 0.53 20 314. 15
9 0.44 9 63. 62

10 0.46 14 153. 93
11 0.85 18 254. 46
12 1 52 2123. 65

35

Depth of scratches (um)

Scratch data for 30N trial

Grit No.

© 0 N o o B~ W N P

T S e Y R S N = S S
O © ™ N o o N W N L O

Depth of
scratch (um)

3.21
0.72
0.39
0.49
1.66
0.76
1.53
2.01
18
0.65
0.98
1.48
2.66
0.46
1.31
1.25
0.65
1.57
0.81
0.87

Grit size

20N

(diameter of
sphere) (um)

17
18
24
10
16
5
17
16
34
14
13
18
17
13
16
9
17
16
40
12
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Grit No.

Total Planar

Planar contact

contact area

area (um*2)

226.
254.
452.

(Hm*2)
97

46
38

78. 54

201.

06

19. 63

226.
201.
907.
153.
132.
254.
226.
132.
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97
06
89
93
73
46
97
73
06

5532. 18

63. 62

226.
201.

97
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