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Abstract

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

The thesis coversthe design and manufacture of laser generated novel
abrasive pad with ordered abrasive grits from CVD polycrystalline
diamond films, providing repeatable patterns and shapes for abrasatool
used in load controlled plane grinding processwhich 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, werénvestigated. 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 abraive 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 testto 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 geneated 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 engineeredits 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, terefore provide good initial
results for numerically studying engineered abrasives under planetary
abrasive machining processedVoreover, the evaluation of planar contact
area also shows laser generated abrasives can provide significant
advantages in mateial 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 abey 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 beome
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 landbased turbine engine components. Efficient
manufacturing needs shorter production runs and longer cycle times, and
electroplated CBN wheels are the preferred choice for highr@cision form
grinding applications of this nature[2]. Figure 1.1 shows the increase of

global arasive 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 procesf 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 highintegrated
machine. Many grinding machines combine computerontrolled feed
drives and slideway 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 pudbutton set-
up. Monitoring sensors and intelligent control introduce the potential for
a degree of sefoptimization [8].

Advances in poductivity 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 syhetic diamond and
boron nitride products are available for the development of tools for
grinding applications: mono-crystalline and polycrystalline chemical
vapour deposition diamond (CVD), monerystalline and polycrystalline
high pressure high temperatre (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 canductivity, thermal stability) diamond and boron nitrides find

suitable fields of application in precision grinding industries.



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 duetthe
process by which grinding wheels are made, the abrasives exhib#ndom
cutting edges and different heights of protrusion from the bondwhich
result in alack of process predictability {.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 afé¢ed [10]. For
this reason, researches ha been reported to develop techniques for
generating engineered abrasive tools with ordered grain patterns and
shapes. Luo et al. utilized a LIGKke process to fabricate abrasive pellets
with regular micro cutting edgesto 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 micre
3



crystallites/arrays made of thick-film CVD diamondbased structures by
utilizing a laser ablation [13], this is a very versatile technique able to
generate complex micrescale shapes of the abrasives features. These
studies have opened the possibility for the application of diamond
abrasives withengineeredgrain 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 oncomparisons 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 studiebave given
an indication the advances of the engineered abrasive tools, reported
results of the testscarried out are under condition of grinding were for
linear tool paths. However this is not the general case for rotary abrasive
machining processes withmore complexplanetary 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 th
workpiece surface depending on their position on the cycloidal patilhe
literature has shown that there is lacking ofesearches have reported on
the studying the application of engineered abrasives for abrasive
machining processeswith planetary movements (e.g. plane grinding)
[109]. In particular, no literature has been identified on hovihe 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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machiningtime under planetary movementsfor engineered abrasive tools

Considering that the conventionalbrasive 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 tdry 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 Nguye 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 aRdul
[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 appled 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 undenot
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 rotaryabrasive 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 wak covered in this thesis aims at investigating the
performance of plane grinding pads containingengineered diamond
abrasive grits manufactured by Pulsed Laser Ablation (PLAR particular,
the influence of two major design parameters (grit geometry anglanar
contact area),and to develop a geometrical model to predict the surface
roughness of workpiece méerial processed by these engineered plane
grinding pads.The main objectives of the present work are:

1) To understand the influence of grain geometry onthe
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 (g. cutting,
wedge forming and ploughing), enabling the evaluation of
finishing performances. Compare the results between
conventional andengineeredabrasive pad to evaluate the novel
abrasive tool.

2) Based on the study of geometry in object ,1develop 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 setp to

capture the slppage 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 fnap method (i.e. a spatial
decomposition or spadial-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 loadcontrolled plane grinding process Evaluate
the engineeredabrasive 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 hadness, 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 cowentional abrasive padto
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 engineere@brasive pad

1.4 Outline of this thesis

This section briefly outline the content in eah 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 exdoit 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 mechanismnd
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 xperiments,
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 (MEPiano 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 surfacen Iparticular, 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, irorder to
validate the model.

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

abrasive pad with square frustum grits) on their grinding
8



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

7) Chapter 7 covers the determination of abrasive planar contact
area for conventional abrasive pad in terms fo circular
interpolation by linear scratch test. An assessment of material
removal of conventional abrasive pad andngineered abrasive
pad with equivalent planar contact area was made to
guantitatively evaluate theimprovement of material removal rate
by adjusting the planar contact area

8) 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 fodesign of engineered
abrasive pad.

9) 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 howthe 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 evalua the finishing
performance, which leads to a better understanding of effects of abradant

geometry on the twobody removal. Based on the results above, the
9



ordered abrasive pad has controlled features, it is possible to simulate the
process and predict suface roughnessTherefore, a geometrical model is
developed to simulate the resultant surface profile after grinding by
ordered abrasive pad with square frustum gritsfor surface roughness
prediction, the results are validated by experimentsin 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 removalis 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 ‘

L

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
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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 damond in precision and microgrinding tools, covering

the correlations betweendiamond characteristicsand abrasive machining

applications, in order to demonstrate the advantages of diamond material
in the application of grinding process The processege.g. HPHT & CVD)
used to produce conventional diamond abrasive gritsand 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 aremainly divided into two

groups:

Conventional abrasive including silicon carbide (SiC) ard
aluminum oxide (Al20s) etc.
Superabrasivesincluding 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 willdirectly 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

S000

N

6000

CBN

4000

2000 T 3 =
AlLO,

210,

Hardness H, (kg/mm?”)

I~

400 800 1200

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
12



these two. In most cases,hardness of abrasiveswill be reduced with
temperature [23]. According to Figure. 2.1, diamond and CBN are stitle
two hardest abrasive material at high temperature, and it explained why

superabrasivescould beutilized 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 othecarbon 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 sbng 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 égjual 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 ams in one cubic cell, also by
considering the atomic packing density, the theoretical density of pure
diamond can be determined as 3.53 g/cA128,29]. In real situations, the
density of diamond is ranging from 3.15 to 3.53g/cr®, 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. Compaed to graphite, diamond is relatively unstable
with a negative freeenergy change of 2.88kJ/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 700T in the air
[32], the transformation (oxidation) will initiates, while in the absence of
oxygen, e.g. in a flow of higipurity argon gas, the initiation of
transformation occurs around 1700T [33,34. In addition, the initiation
temperature will increase at high pressure, under 20GPa the
transformation temperature can be increased to 2500C [35].
The presence ofimpurities (e.g. nitrogen, boron and hydrogen) in
diamond, even a small amount, can infence 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. Foreignatoms 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 ofimpurities, 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 dianond has been made in Table 2.2

Table 2.2 Classification of diamond [36]

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

Yellow, Brown ,

Purple

lIb 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.

15



Figure 2.3 Three common crystalline planes described by Miler

indices [37]
Table 2.3 listed the cleavage energy with respect tore 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 7032 10.6
(110) 35%16'and 90° 13.0
(100) 5494 18.4

2.1.3 HPHT Synthesis of diamond

Although natural diamonds havevarious 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 engineerecabrasiveg 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 1808 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 farrere
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 Hidgtressure Physics

in the Soviet Union in 1950s. GE have successfully achieved the pressure
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press (Figure 2.4). The key step to manufacture the synthetic diamond in

OEA OAAlI 606 DOAOGO EnGhe Quitabld $0I@e6tii.d. dckel, O E A

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 carbormetal solution is cooled,

carbon will be deposited as diamond within diamond growth region.

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

KOBELCQ
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Figure 2.5 Pressure-temperatur e phase diagram for carbon [36]

The method GEproposedto produce diamond from cabon 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 140C and melts the metal
solvent, highpurity carbon dissolved in the molten metal. The upper and
lower anvils apply high load and transmitted by pressure transmiting
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 (HP HT) diamond synthesis [46]

As developmens of HPHT method for diamond synthesisince 1950s, the
commercial application of HPHT synthetic diamond products has grown
rapidly. There are also many improvements has been made on synthesis
apparatus, the contrd 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 lla
diamond crystals synthesized by advanced control of impurities and
crystal defects have extremely high crystalline quality [48&1]. 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 z0.69

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 ceeation
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 Chemicd 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. Eversolereported 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 diardon
films on nondiamond 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 dimond 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 diamoml seeds, the mixture of hydrocarbon gas
(e.g. CH) 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 heatedto 200072500 T 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 plasa over the diamond

seeds [60].
(a) process (b)
£asc8 * process gases
filament substrate microwave | + I plasma
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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 processsiproved 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 (FigL2.9). Since
2008, CVD synthetic diamonds of improved color and quality have gone

into limit ed 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, he 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 sizeh@& grain
size depends on thesynthesis conditions, substrate and layethickness.

CVD diamond with the layer thickness greater than 50 pm 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 Clearcolored
Microcrystalline Diamond (MCD) 05zum ti Black- clear
films
Nano Crystalline diamond (NCD) | 10- 500 nm Black
Ultra-nano crystalline diamond | 5-10 nm Black
(UNCD)

Both of single crystal ad 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 upo 8 x 8 x 2 mm (Figure 2.10).

Figure 2.10 Commercially available single cr ystal 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 morphologicalfeatures growth results

in a cubic feature(Figure 2.17).

CVDcolumnar 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) twdbody abrasion b) threebody abrasion.

Figure 2.12 shows the two abrasion modes proposdaly 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 twebody abrasion is groove form of
wear. In the threebody 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 ober grains and both tool and
workpiece surface. Although, threebody 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 developead study the

removal mechanism.

2.2.1.1 Simple abrasive wear model

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

be described as [66],

6 — Q5]

where L is the transverse displacement of the grit, H is the hardness of the
25



material, and P & the normal load applied on the grit. K is the wear
coefficient and defined as:
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fraction of material displaced flom 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, whichreveals that other material properties also

affect the wearresistance in real situations.

2.2.1.2 Deformation wear models

As discussed in2.2.1.1, other factors can result in a deviation of
experimental data compared to simple model predicted data. It cabeen
seen in Figure 2.13, in real cases, stress fields in the deformed material can
cause material pileup and sinkin on the groove profile, which deviate

from the predicted profile (dashed line).

Figure 2.13 Groove cross-section demonstrating concept of grooving

efficiency in: (@) 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 microfracture. Micro-
ploughing involves formation of grooves withou 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:

. 0 0O O
Q = CH
0

where fap is the ratio of material removed to the scratch viume, A is the
measured scratch area relative to the original surface,sAand A are the
areas of the pileup ridges on the both sides of the scratch. The values of
A1 and A can be negative if the micrecracking occurs for brittle material
(Figure 2.13 b. fantends to be less than 1 for ductile material as the pie
up feature is dominant, while for brittle material can be greater than 1 as
sink-in feature may occurs due to micrecracking. It has been found that
the values of f» is ranging from 0.15-1 for 30 types of metals and alloys

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

0 0

~ N~ A A oA ~

where 3im represents the effective strain requiredEl O A O(sQHel Ch 3
effective strain imposed by the scratch, H is the unreformed material
hardness, Herf is the hardness of the deformed material or wear chips.
Equaton 2t @ EO 1T 1 1 Usl OiglfaE>A), othendide nggmaterial

removal is possble.

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

Ca
C

takes into consideration the geometry of the contact and the average
shape of the abrasive particles. Equation2(5) reveals that the wear is
decreased with the increasing kkrj AAZI O AA 1T AOAOmAI
(capacity for plastic deformation).
Unlike the abrasion of ductile metals and alloy, the fracture toughness
becomes more important for abrasion of brittle material when micre
cracking occurs. For these conditions, the model to describe the wear rate
w as function of unreformed material hardness Hand fracture toughness
Kcis given as [70],

o

X H#O3—— (&)

v O

where Cis 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 frac ture toughness and hardness on wear

resistance of materials [70]
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It 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 agse a nonlinear increase

in the tendency to separate the sdace 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 atact 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 maal are illustrated in Figure 2.15.

Cutting
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Figure 2.15 Three orthogonal modes of abrasion [71]
This model enables the estimabn of forces and the conditions of cutting
initiation. It was reported that the cutting is likely to happen at attack
AT ClA | AO Oi Al AO ¢¢J8 4EEO £EI AEIT C EO
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into this region. As a result, the abrasion mechanism is mesensitive to
the variation of attack angle, and only a small change can cause a transition

from moderate wedge/wave modes taaggressive 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 Hokkirigwa andKato
[72] to experimentally observe the wear modes with the parameters of
degree ofpenetration Dp and interfacial shear strength f for brass, cast iron
and stainless steel. The three wear regimes are classified as cutting,
ploughing and wedge forning 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 Dp and interfacial

shear strength f [72]
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2.2.2 Abrasive size

In general, abrasive grit sizes are measuddy the fraction of grits that can
passthrough 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 Producersf Abrasives) standard is
listed in Appendix 2.

The effect of abrasive particle sizeon the material wear rate has been
studied extensively over the last several decades [730]. It was reported
that there is a linear correlation between abrasive particlesize 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 ratedecrease 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.
" 1

Wear rate

CPS Abrasive size
Figure 2.17 Schematic repr esentation 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 guidarcfor 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 adbved 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} plares). Figure 2.18 shows the

crystallographic morphologies of synthetic diamond.

Figure 2.18 Growth morphologies of diamond [1]

It can be seen that, the typical growth of synthetic diamond would fall into
the combination of growth on variousprimary 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 asynthesized diamond
abrasives. As a result, the stpes of abrasive are not definitive and difficult
to fully describe. In theory, there is an infinite nhumber 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 Pellegin 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 magrial wear rate. A digitalcamera
equipped optical microscope was used to capture the electronic boundary
projections of a set of sample diamond particles with nominal diameters
OAT CET C AOTiI ¢u Ol pwx 118

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 propdies and evduate 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 varios
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 abrasivesduring 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: singlelayer 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 halfburied 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 cess, 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. Generayl, 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 itan 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 acurate, predictable removal of stock material. A
new ELID (Electrolytic InProcess 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 sigle-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 coatig 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
(1000C) 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 muHiayer wheel
cannot be used, singldayer wheel required to be set with high accuracy,
therefore can operate with stabilityduring the operation.

The surfacetopography 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). Iraddition, 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 depedent 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 numbex 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 maufacture 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, pultout 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 grindig 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 grindng 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 grindingtool, abrasive girts are planted on the
tool surface by special positioning techniquesin 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 prelefined pattern
before brazing. The arrangement is shown in Figure 2.2he grit density
was reduced by 75% by selectig the glue dot center as 0.5mm, while the
machining time is reduced by 1/3 without any sacrifice on thevorkpiece

surface finish [97].

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

Another engineered grinding wheel was degjned and produced by

manually fixing the grits by cement at predefined positions followed by

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

very time consuming and can significantly increase the tool cost.

37



grinding wheel bonding surface

photo cameraimage | SEM-image

defined
grain pattern

500 pm |
=

T

CBN grits, size 301 ISO 6106

standard
electroplated

Figure 2.21 Manuall y 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 electropldaing 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 outbased on the* OOEEAOA8 O AAOECI
semi-automatic system for positioning grain pattern. The precision of the
grain pattern was evaluated as a circular region (with diameter Ege,
Figure 2.22) around the nominal position of the grain's edge. Three
different grain patterns were produced tobe compared with conventional
electroplated wheels (Figure 2.22). It was found that for pattern A and B
xEOEk} BAOAI 1T Al AEOOAT AA AAOxAAT AAEAAAT O ¢
p8¢e t1I OAOPAAGEOGAI U AAT DOI OEAA OOPAOEI C

pattern# xEOENGAN O O mn8y i AGEEAEOAA A PI 1O
[101].

38



| Pattern A

& B Ax=2.0mm
ey Az=0.5mm
B Az,=3.2um
Nominal Grain edge
grain pattern deviation =
Ax Decze : & AN pattern B
r‘—ﬂ \ Grain edge
® g Ax=1.0mm
a Az=0.5mm
X ! Az,=1.6pum
TR ‘
v {-—® / - VY
- ® B Adhesive N B Pattern C
Az, point

Ax=0.5mm
#l Az=05mm
Az,=0.8um

Figure 2.22 Parameters of grain patterns [ 102]
A LIGAlike technology was also utilized to fabricate engineeredrinding
pad consisting of micro-diamond abrasive pellets for grindng silicon
wafers. There are two different shape of abrasive pellets were produced:
hexagonal and cylindrical (Figure 2.23). The surface roughness af-R0.05
ti xAO AAEEAOGAA 11 OEA OEIEATT xAZEAOh
construction also shows higher gnding efficiency and good chip removal

[11].

Figure 2.23 LIGA zlike technology produced abrasive pellets a )
hexagonal b) cylindrical [11]
Recently, more developments of engineeredrinding pad was made by
using LIGAlike technology. Some novel designsof 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 [103105].

As the advances in design of engieered grind tool with ordered grain
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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 grindng heattreated
steel AISI 4140H of 60 +2 HRC, the normal and tangential force reduction
of 30z40% and 2(0z35% were achieved. At the depth of cut of 2mm, the
grinding temperature was lowered by 230T [99].1t was also found a trend
that the ratio between mormal 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 studieshave 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 pecify the critical design parameters for engineered grinding
wheel with defined grain pattern, in order to optimize itssurface finishing

performance.

2.3.2.2 Engineered grinding tool with defined grain

geometry

The engineered grinding tools reviewed in he previous section are
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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 conceptof grinding tools with defined geometry of micro abrasive
elements were produced on the solid monocrystalline thickilm CVD
diamond by using Nd:YAG @witched pulsed laser in 2009 [13]. The laser
ablation technique has provided an effective approach inhe 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 micrearrays 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 dsign ofengineered grinding tools

with micro cutting arrays was proposed and evaluated by grinding on the
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Tiz6Alz4V [10]. The abrasive micrearray 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

DOl AOAAA xEOE A AOOOEI ¢ AACA xEAOQOE 1T £ pm
vt o1 DOl OEAA AAAEOQEITT AI OO0O0OAT CcOE | &E
DOEI AOUTOAAT T AAOU OAEA AT Ci BADArEMO8dFCplJ
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 CVDdiamond 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 cuttig element was clearly

visible, providing unrestricted chip flow paths béween adjacent elements

[110].

diamond |

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

Another technology calledmicroreplication 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 abras ives 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 micrearrays. It was reported that the
grinding force of diamond micrcarray 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 wiformly shaped
and distributed cutting elements which remained intact for the duration
of the test. It also showed that tangential grinding force of micrarray 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 grindg tool and conventional
grinding tool. For the comparison between diamond micrearrays 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 equivalentsize to the array cutting
elements, there are still 1.6 and 3.3 times improvements for surface
roughness and surface waviness respectively [10]. Similar resultsag also
reported for rotary micro-grinding tool, 3 times improvement on best
surface roughness and 7 times improvement on surface waviness [110].
The PLAmicro cutting elements remainintact after grinding operation, no
obvious sign of micefracuture can ke 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 micregrinding tool [10].
These encouraging findings of engineered grinding wheel have enhanced
the understanding of influence of grindng 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 maive industrial

applications.

2.3.3 Development of grinding modelling techniques

It has been discussed in section 2.3.tpnventional 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 thematerial 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 dificult, 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 describehip
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, enpirical (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, simplificationsbased 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 intiwo 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 roughnes 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 [115117]. 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 tle 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 rougimess 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 extensiveliterature 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 poduction 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 itroduction 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 predefined arrangement has
successfully reduced the grinding fore 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. Highaccuracy 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 gnding
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 expresshe 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
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grinding).

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

While many researches have been conducted tgenerate engineered
abrasive tool with controlled features, and various preliminary
evaluations have shown the advantages of engineered abrasive tamler
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 grindng, 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 omodelling 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 beendone between grit working population
and visible abrasives on the tool surface, no stuels 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 b ackground

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 technige has been applied to develop the
engineeredabrasive pad. According to Chapter 1 and Chapter 2, there is a
lack in understanding the wear progression and material removal
mechanism forengineeredabrasive pad under the condition ofabrasive
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 sumniaed

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

“

of grinding performance (test the design roughness generated by ordered abrasive pad:

Inverted test setup and procedures for evaluation [ Develop geometrical model to predict surface
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) synthetidiamond 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 x10 mm x 1 mm). Tle 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 otstanding 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
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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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1 Polycrystalline diamond tools can cut material very fast due to its
ultra rough nature and more cutting elges compared to
monocrystalline diamond

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

1 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 toolsdue to the diffusion wear
caused by the chemical affinity of the diamond with carbon in the steel
being machined, whichcan causereduced tool life and inferior surface
finish. As a result, 304 stainless steel is a googboon to demonstrate the
capability of novel engineered diamond abrasive pad on grinding widely

usedferrous material.

3.3 Design and manufacture ordered abrasive pads

Asdiscussedin 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 d@nensional
characteristics of engineered abrasive grains are supposed to be
comparable to conventional toolslin this research, Stuers MEPiano plane
grinding pad is chosen as the benchmark conventional tool, as this series

of products are used for surfacereparation 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 natureFigure 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 MDPiano pad, the design concept @ngineeredabrasive pad

is proposed in Figure 3.4. The abrasive gritare distributed regularly on

the hexagonal pellet, and the girt geometries are identical.

Resin boding and craters

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 M{Piano 80 (i.e. grit
size of FEPAD252, 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 gmetry (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 rotay 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 ighe 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 directi ons under planetary movements
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Previous researches have demonstrated that Pulsed laser ablation (PLA)
technique can be used toshape CVD diamond material into cutting tool
[10]. The laser processing is enabled by a hybrid laser machining centre
equipped with a Nd: YAGEwitched pulsed laser (wavelength 1064 nm;
100 W max. Output power; 50 kHz max. pulse frequency; focal point size
it tiQ xEgAE 11 O01TO0AA 11 A 1ETAAO
under pre-optimised process/beam path parameters [10]. Théaser beam
parameters employed were, 20% of max output powver, 25 kHz Frequency,
and transverse speed of 100mm/sThe adopted beam path strategy is
cross hatch scan, which is shown in Figure 3.6. The cresatch beam
paths ablate the material around defind 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 path s for

generating engineered abrasive grits
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As discussed previously, theengineered abrasive pad will emulate the
dimensional characteristics of MBPiano 80 plane grinding pad. Therefore,
the ordered abrasives are generated on the small hexagoragllet 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.
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Figure 3.7 Optical micrograph of one ordered abrasive pell et with

square frustum grit s

3.4 Procedures for the evaluation of plane grinding

performance

The key parameters needs to be analyzed for evaluation of tigginding
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 thevaluation of these parameters

for both conventional and engineered abrasive grits:

1 Characterization of toolgeometryand examine their wear mechanism.
Identification of the influence of wear mechanism on the workpiece
material.

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

M Evaluation of the material removal mechanism.

3.4.1 Inverted test setup

The grinding system used to conduct the test is Struers LabP®l(Fig. 3.8).
Generally, the grinding pad is mounted on the grindig 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 o 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 hexagah
diamond pellets, and seven pellets are mounted on a g30rmcylindrical
dummy (Figure 3.9 to perform the grinding test on 304 stainless steel
disc (diameter 200mm). The MDBPiano 80 pad was also cut to the same
arrangements as PLA micro arrays and mounteon 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, andaeh of them is 5min.
Measurements and evaluations will be done for these test intervals, the
procedures are descibed in the following sections and only one set of
data was captured for each design parameter due to the limitatioran 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 HEiemn
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 Scattefdetron (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 indi@cgtjng nickel coating

< Worn features' of resin

AccV SpotMagn Det WD ——— 1 AccV SpotMagn Det WD ———— 1mm
200KV 40 50x  SE 100 200KV 60 50x  BSE 100

(a) (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) wasetected 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 pogression 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

det WD p——n| 100zm
SE 98

(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 3D). After each test interval, the
workpiece disc was sent to Brucker for surface characterization, this
topographical measuement 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 generatedgface 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) engineere d abrasive

pad with square frustum grits after 5min of grinding
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In order to evaluate theefficiency of material removal for abrasive pad,
material removal rate was measured between each test interval. The mass
difference was weighed by analytical balancera 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 mportant when study the machined
surface topography. The removal mechasm 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 image 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 remowl efficiency and surfae 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 twoengineeredabrasive 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 MDPiano 220 pad (FEPA D68), which has smaller grit size
compared to MDPiano 80 pad (FEPA D252), as MBiano 220 pad tends
to remain the planar contact area (number of exposed grits) during the
operation. Although all MD series pads are multilayecepad, MDPiano
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 engieered 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 rede 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 uséd 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 sectior8.4, 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 micrehardness and subsurface evaluation is listed
below:

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

1 The section was prepared by grinding and polishing processes on
Struers Tegramin20 polishing/grinding machine to reveal the
subsurface microstructure. Table 3.2 shows the steps of
polishing/grinding process.

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

1 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 Surfac |~ Abrasive type = Speed(rpm) Force(N) | Time(min)

steps e Platen/head
Plane Sic Foll / 300/150 25 1:00
grinding . 220
(water
cooled)
Fine grinding MD DiaPro 150/150 40 5:00
Largo = Allegro/Largo
9um
Polishing MD DiaPro Dac 150/150 20 4:00
Dac 3um
Oxide MD ORS, 0.04m 150/150 15 3:00

polishing Chem

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

micro-hardness testerVickers for micro-hardness testing (Figure 3.15).

The procedure to conduct this is shown as follows:

1

The indenter is pressed into the sample by an accurately
controlled test force.

The force (100gf) is maintained for a spedci¢ dwell time, normally
10 -15 seconds taavoid elastic recovery.

After the dwell time is complete, the indenter is removed leaving
an indent in the sample that appears square shaped on the surface.
The size of the indent is determined optically by measing the
two diagonals of the square indent.

The Vickers hardness number is a function of the test force
divided by the surface area of the indent.

Loads are applied starting from 20um the lowest depth required
to leave a clear indentation mark beneaththe 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 SEMas right beneath the machined
surface. Gaerally, 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 miero
hardness beneath machined surface, the grinding penfmance can be

further analyzed.

cc.V Spot Magn Det WD
20.0 kV 4.0 3000x BSE 15.0 Hivac
e L. AN i~y

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 $& was carried out to
determine the engaging planar contact area and specific removal volume
of conventional abrasive pad (MBPiano 220). The approach discussed in
section 3.3 were used to produce PLA abrasive pads (square frustum grits)
having equivalentengaging 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 designyb
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 Tegrem+&0 grinding/polishing system,
the setup is shown in Figure 3.17. The abrasiyead 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®ollowed by a
repeat test a& 900 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 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 condcted 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 gfOum

diameter and 1Qum deep on he abrasive grit contact face.

Pin to apply Id l
\.

.

=s;1m‘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 gngi are spheres
AAGAA 11 #EATS8O0 1 1TAAT rpoeyYh DPIATAO AT 1 OA
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 carbe calculated as the area of theircle.

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 zaxis map of the geometricallydefined 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 setupfor 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 dummyna go through

a PST360 rotational sensor. When the dummy rotates, the rotational
sensor was able to capture the variation of angle$he detailsof model are
covered in Chapteb.

The validation trails was conducted on the Tegremi20
grinding/polishing sy stem, 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 weking parameters (same as
section 3.4.1) were used: head speed=100rpm; disc speed=200rpm;
Force= 20N, which are preoptimized in previous work [8], and the
operation time is 10s. Figure 3.20 shows that the induced slippages of
abrasive pad were captured byPSF360 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 convsion 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)

100

80
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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 tec hnology for the laser generation of abrasive

surfaces on polycrystalline chemical vapour deposition diamond solid

structures described in section 3.3Table 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
pum 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 thevalidation 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 areaas 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 iappendices) 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 3.23.8, the key points can be summarized as follows:
1. The selection of material (described in ection 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 dmond 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 describedin section 3.3,PLA abrasive array was generated as
an emulation of Struers MBPiano 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: YAGEwitched pulsed laser, and the
parameters adopted arepreoptimised.

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 purpse (section

3.4.1). A benchmark 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 inflence 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 PLAengineeredabrasive pad (different planar contact area)

emulates the dimensional characteristic of MBPiano 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 descrbed in section 3.4 was employed
In addition, further analysis on the mico-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 volumetricremoval of Piano
220 pad. Spherical interpolation was adopted to calculate the
planar contact from grit crosssectional profile. Based on the
planar contact area derived from scratch test, PLA abrasive pads
emulating the planar contact area of Piano 220 as 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 bgngineeredabrasive
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 describedi
section 3.3. A wireless transmitting system consists of two Xbee
units and one PST360 angular position sensor were employed to
measure the slippage between abrasive grits and workpiece. Once
the validation trial is done, the workpiece surface was scaniaeby
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 geome try

on the grinding performance

This chapter contains the results achieved in testinghie 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 particlar, it contains:
1) Characterization of conventionalengineeredabrasives 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 arrangemet of MD-80 Piano pad. For PLA grits,
both square frustum and saw tooth geometries were generated. In order
to acquire an indepth 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 esin 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 bld

fluids and help chip flow.

crater
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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 (Figire 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 (Figre. 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. Figte 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, Energydispersive Xray (EDX) analysis is
alsoused 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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Electron Image 1
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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 liis, 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 PLAengineered 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 waibntrolled 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 influ ence of grit
geometry on the finishing performance for
engineered abrasive grits

Before conducting the grinding testdescribed in section 3.3.1, the
preliminary test was conducted to evaluate the performance dfvo types

of grits with different geometries: symmetric (i.e. squarefrustum) 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 g rits

Basically, he main difference between these twaypes of grits under
planetary motion (e.g. plane grinding) as discussed irthe section 32, is

the utilisation of their effective cutting edgesduring grinding process

wrl
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400 600 800 1000 1200
pm pm

Sa=0.21Tm Sa=0.B8f{ m
(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 generate 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 ofachievinga better surfacefinish compared with square frustum
grits under planetary movements. When both types of grits rotating with
respect to a centrabxis, the effective cuttingorientation s 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 thecutting edge from
its effective orientation during most of the grinding time.In addition, the
values of surfacaoughness also providehe evidence that square frustum
grits can produce better surface finish in grinding process, hence leading
to the condusion that, in the grinding operation (i.e. pjanetary movement)
the grits with symmetric cutting edges (e.gfrustum grits) are superior to
the performances of the asymmetric girts (e.g. saw tooth). For this reason,
the use of aymmetric grit shapeswill not be taken any further, and the
follow-up analysis has been focused on examining the symmetrical grits
(square frustum) when compared with the conventionalrandomly shaped

abrasive grits.

4.3 Evaluation of tool wear mechanism

From the work on the charaterization 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 ah
finishing performance, characterization of tools after the inveed test was

conducted by SEM.
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(b) (©)
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 progressioral time behavior of the
conventional abrasive surfacecaused by abrasion between abrasive
surface and workpiece surfaceshows the resin bonding being gradually
broken down and theexposure of grits becames higher compared to its
initial state; in addition, some evidences of grit pulbut leaving new

craters on the abrasive surfacéas been observed

84



5 < "'_". | /’ e S $ N .
¢ 0 D o 3 -y W2 & > - h

ccV SpotMagn Det WD p——— 20um Acc.V SpotMagn Det WD -]
200kV 40 2000x SE 96 200kV 69 4000x SE 95

o -

cc.V SpotMagn Det WD }——m—
00kv40 1000x SE 341 200kV 40 4000x SE 341

(©) (d)

Figure 4.8 (a) Conventional abrasive grit after 20min grinding ; (b)

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

abrasive grit after 20min grinding

SEM images of highermagnifications have been taken to further
investigate the wear mechanism of conventional abrasive grits (Figure
4.8). After 20 minutes of grhding, the conventional abrasive gritexhibits
clear evidence of microfracture on the grit surface (Figure 4.8d). The
original geometry of the grit has broken awayto increase thenumber of
secondary cutting edges. In addition to microfracture, cracking cabe
observed at the center of the grit along the cleavage plarigue torepeated
abrasion, it also can be seen that flattening effectsccurred on the
abrasive surface (Figure 4.8 b)Referringto Figure 4.8 (@), very few debris
and workpiece material buit-up can be observedwhich 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 49). In contrast to conventional
abrasive grits, the edges of square frustum grits nearly remain intactt
this test interval. Few microfractures can be found on the nucleation
surface around the edges of grit, as well as, the material builp (Figure
4.9 b). As polycrystalline CVD diamonthick film has acompactintegral
columnar structure (Refer to Section 2.1.4)its wear resistarce is better
than the synthetic polycrystalline diamond grits with more haphazard
crystalline structure usedin the conventional tool. Moreover, the darker
phase around the edges also exhibits the trace of ablation frorha 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 topographysurface

roughness) and material removal rateare 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 roughnessof 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 differace 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 abrasiveCOEOO DBOIT AOAAA x1 OOA OOOAAAA OI
OEAT ONOAOA ZEOOOOOI COEOO jmn8cpxtiq AO v
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 Figuret.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 thabf 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 surlice topography to the engineered and

conventional abrasive grits

By comparing the surface texture, there is strong evidence that
conventional grits produced random andoronounced scratches resulting

in rougher surface texture compared to thaproduced 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 generateédmoother
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surface texture with more uniform coverageof grinding scratches (Figure

4.12 d,e,f).

0 50 100 150 200 250 300

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 thebeginning of the process tt 8 ¢ x yapdigradually
decreased toa relatively low level (0.036f [). As previouslydiscussed,
most of the grits were buried in the resin bondng before the
engagement into the workpiece, thus they were inactive at thi
beginning of the grinding process and the expsure of grits increased
with elapsed testing time. Moreover, the pultout 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
result, the transitory stage for conventional grits to achieve a stable
level of surface roughness(e.g. Ra=0.225t | @ AAT AA
17min), while square frustum engineered grits are active and their
cutting edges remain well defined through the process, whichnables
better surface roughness(e.g. 0.189 | Gight 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(t |

Worn 5 0.328

fresh 5 0.488

In order to investigate the effects of number of gritsexposed during the
grinding test on the generated suface roughness, a validation test wa:
conducted by using conventional abrasive grits being employed for 2
minutes (full exposure of grits). Result is shown in Table 4.lafter 5
minutes of grinding, the surface roughness wasignificantly improved
(0.328t m) compared to the surface roughness (0.488 [) generated by
unworn conventional abrasive surface (lowexposure of grits). Taking

into consideration of the above results tican be concluded that abrasive
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grits with defined geometries and arrangement not oty generate better
surface finish but also reduce the time to achieve desirable surfac

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 lev@figure 4.11). The decrease
in removal rate is likely to be due taflattening effectand a clogging effect.
Ginding is a process to prefentially remove the high peaks on the
workpiece surface by repeated abrasion. The initial abrasion wilemove
the peaks in a relatively fast rate due to the amplitude differences between
peaks andvalleys, as the peaks flatten dowrthe contact area letween the
abrasives and workpiece is increasing resulting irdecrease incutting
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 remwaal rate. Cloggingcanreduce 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 tocause wedging angloughing rather than cutting and give rise
to comparatively less wear However, in both cases no predominant
clogging of the surfaces was observewnhich is likely due to the relatively
large grit size and spacing for conventional abrasive grits (MPiano 80)
and well defined chip fow 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 highe(67%) than the material removalrate

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 lunter with lower attack angles.
Rabinowicz and Mutig73] 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,hte random cutting edges ofconventional
grits introduced more damage on the surface, the sharp cutting edges and
secondary cutting effect (microfacture of grits) both contribute toplough
new valleys with various depth of cut rather than remove peaksin
contrast to the above, square frustum abrasives ka defined cutting edges
resulting in uniform cutting depth, thusintroduce less damageAs a result,
the predominant effect of square frustum abrasive is flattening the surface

rather than removing material.

4.5 Material removal mechanism of

scratched/gr ound 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 removalmechanism.

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 anglescutting/ ploughing are
dominant in the case of negative rake angles. In this studypnventional
abrasive grits have sharper tips with various negative rake angle than that
of square frustum abrasive grits, hence thenaterial removal mechanism

of conventional abrasive grits is expected to be combination efitting and
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ploughing. Forsquarefrustum grits, the rake angle is almoshegligible and
as the clearance angle is zerds large and flat contact surfaces in contact
with the workpiecesurface. 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 citing 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 osquarefrustum grits.
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(b)
Figure 4.13 Scratched work piece 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 byconventional
abrasive grits and square frustum abrasive grits shows multiple
overlapped scratches For conventional abrasive grits, there are strong
evidences ofplastic deformation on the surfaces (Figure 4.13a) indicating
ploughing is the predominant mechanism rather than cuing. 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 canbe observed on the surfacerlhis is likely due
to the damaging material removal caused by conventional abrasive grits
with various negative rake anglesand sharper tips, which tends to pluck
out more material. In contrast to conventional abrasive grits, sirface
generated by square frustum grits also exhibit the mechanism pfucking

and also be predominant bysliding and ploughing as the large amount of

plastic deformation across the surface (Figre 4.13b).

Void volumes: Void volumes:
39.274 nm3/nm 3 19.855 nm3/nm 3
() (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 ca 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 byconventional abrasive grits and
square frustum grits. The results in Figure 4.14 showed the amount of
plucking of conventional abrasive grits 89.274 nmd/nm3 ) s
approximately 2 times greater than that of square frustum gritg19.855
nm3/nm 3). This indicates convenibnal abrasivegrits are more effective in
removing material but alsointroducing damaging material removal and

causing fracturesto makethe surface rougher.

4.6 Conclusions and remarks

This chapater has exploited novel design of abrasive tool wigngineered
abrasives for grinding process, and discussed how the workpiece surface
roughness and material removal evolve with machining time. An idepth
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:

1 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
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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.n 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 mechanisnfor 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 edgewith negative
rake anglesand sharper tips leading to moreplucking 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 Chpter 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 roudiness, 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 respec¢tthe 2D kinematic
model of single and multiple grits trajectories in planetary polishing
system was combined with the zaxis 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 wieless sensing system embedded
onto the polishing machine (details in Section 3.8)In particular, it
contains:

1) Kinematic simulation of2D 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 paten 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 validty of the modelling procedure.

Wy

Applied
force

Abrasive pad
on dummy

Workpiece

material
Mover plate

_ o

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 (r3in 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

Wy

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

distance p from the centre of the grinding platen.The rotational speed of
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the grinding platen and themover plateare 5 1and 2 respectively.[ is the
angle between OP and OX, whilgis the angle between ox and OX. They

can be described as follows:
0
o (5.2)

where [0 and Jo are the initial values of anglel and 4. The position of

abrasive in coordinate XOY in aarbitrary transient can be derived as:

w 1AT-© )
6 1 EL (52)
It can be further derived by combining Equation%.1):
o 1ATS 71 0

(5.3)

“» 1 OE+ 1 0

From thegeometric relationship, the trajectory of abrasive P in the moving

coordinate xoy can be given as follows:

o Al 6 | T 17 0 Qmdgi 1 o (5.4)
w OEr~ | 1 1 6 Qi MmeE 1 o '

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 (déails in section 3.6), and applied that into Equatior(5.4)

The equation will then be:

o 1A &6 | T 17 0 0 QMdYgi 1 o

A 55
w 10EEL | 1 1 O « O Q@ | 1 (55)

Where ¢ 0 is the dippage angle varies with time.
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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.r this section, a Zmap based method is used
to simulate the profile workpiece surface.lt is aspatial-decomposition or
spatial-partitioning approach, which subdividesthe space with gridsIn Z-
map approach, the heights at meshingpoints are stored in two
dimensional arrays. Thus, using Znap method the threedimensional
workpiece surface is decomposed int@a two-dimensional meshshown in

Figure 5.3.
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Figure 5.3 lllustration of how Z -map approach updating the surface
profile
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When conducting the simulaton, 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
wi OEPEAAA OOOXEANMARY ae Ah® @ésD Aiges iY X and Y
direction respectively, which can influence theaccuracyand 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 théeight 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 fustum (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'

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

described grit
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4x1 DPAOAI AGAoOOh 3 AT A A AOA AibpPITUAA O ¢
ET O8%2e DI ATAh xEAOA E EO OEA EAECEO | £ bl

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

Op ¥ on iU
o) ) (5.6)
O = e N T LT

It is noticeablethat when pyramid height H and half of the bottom length
w is known, height of ay point on the girt surface is determined by angle
3 and Xaor Yazoordinates. Equation (5.6) can be used for other axially
symmetrical part by taking the absolute values of aand Ye and

transforming angle 3 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

orientaODET 1T 1T &£ AT T OAEORAOAOPA®ARY &1 ADA @i un O
EO ANGAT A®lequfl to 0. This assumption does not affect the

profile generated on the workpiece, but facilitate the analysis. In this case,

OEA 1T OEAT OAOQET @Ude MAI A OAEA AOIA 8=l 9 =h xEE
the shift in orientation (counter clockwise) of the grit relative to the

workpiece move coodinate, can be given as follow:

r1 1 0 — (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 pont 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 detmined as well. Figure 5.6
shows the projection view of the active part of girt cut into the material on

the workpiece surface.

AX

A
Y

ﬂ,Y A

-
L
|

Projection of Grit

%

Figure 5.6 Projection view of grit on the workpiece surface

The orientation and position of a grit at the certain transientn workpiece
coordinate can be determined by Equation}.5) and (5.7). Assuming all
the meshing points on the workpiece surface within the grit projection has
heights of Z,. According to Equation $.6), the heights h of cutting points
at corresponding positions on the grit surface can be calculated. The

surface updating algorithm gives as:

=}

g &
e £

0 (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 sur face texture

5.3 Validation and discussion

Asdescribedin section 3.8, the surface roughness of simulated surface will
be validated by inverted test. The working parameters used werédiead
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 betweerworkpiece material and abrasive pad was captured

by PST360 rotational sensor and transmitted wirelessly between wo
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Xbee modules. The measured slippage data under the operation
conditions listed above is shown in Figure 5.8, which represents theme
dependantterm ¢ O in Equation (5.5), and it was introduced to thegrits
trajectories as shown in Equation $.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 equla area as
simulated surface to allow the evaluation of surface roughness. The
scanned surface roughness have been compared with the geometrically

simulated surface roughness (Doney Matlab) for the validation.

Slippage

Figure 5.8 Data of measured slippage ¢ <« 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 gots. 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 measuresnt noise, micro

cutting edges in experiments or material flow in real test conditions.
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(a)

(b)

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 expemental 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 greaté¢nan
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 tlieree
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 rathe than the solid geometry in

simulation.

108



},'* mi,",ll,,uw,,ﬂll " ”L\l “ |‘l ‘ W W‘ M v

ht (1

m)

(@)

'M fin NM,u '. | |‘ 4, ‘r‘l Lkl L ‘|m ! 2 u'l‘

lllllllll

‘” 'r | .’I, ”‘/" l\‘ 1' “"’R',llw&ilhtwl(“k‘

(©)
Figure 5.10 Cross section profile of experimental and simulated

surfaces: (a) 20mm (b) 40mm (c) 60mm radially away from the

centre

Figure 5.11 Predicted and experimental surface roughness
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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 predid 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. Tén 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 afs 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 @an 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 reveall 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 MEPiano 220 (FEPA D68) ingad of MD
Piano 80 (FEPA D252). The reason for this is MBiano 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 bothMD-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, mircehardness and subsurface damage also haveedn

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 MBPiano 220 abrasive pad, wher¢ghe

gritsidelenge EO OAAOAAA AOT T ¢mmnti OF tmti ATA
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 1562000 HV. The manufacturing methodemployed 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 MBPiano 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 theitg
are not exposed to the workpiece surface until the resin submerging them
is removed; as in 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. Howeva, 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 theusers.

23
AccV SpotMagn Det WD p——dq 20m
200kV40 2000x SE 158

(b)

(©)
Figure 6.2 SEM images of new design of PLA micro-arrays : (a) Micro -
AOOAU OOOOAOOOA jAQ uvnm@umnti COEO j AQ
The PLA micrearrays 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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