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ABSTRACT
Abstract of thesis entitled "Modelling and Analysis of Material Removal
Characteristics in Computer Controlled Ultra-precision Polishing" submitted by CAO
ZHONGCHEN in September 2015 for a doctor of philosophy degree at The Hong
Kong Polytechnic University.

Computer Controlled Ultra-precision Polishing (CCUP) based on fluid jet
polishing (FJP) and bonnet polishing (BP) with multi-axis machining is an enabling
technology which can fabricate ultra-precision freeform surfaces with sub-micrometre
form accuracy and surface roughness in the nanometre range, especially for the
fabrication of difficult-to-machine and ferrous materials, which are not amenable
using other ultra-precision machining technologies such as single-point diamond
turning and raster milling. However, CCUP is a complex process which relies heavily
on the planning of the process steps in terms of the use of the polishing conditions and
polishing fluid on specific materials being cut. It is found that the material removal
analysis is clearly a fundamental element in achieving the corrective polishing and
optimization of the polishing process.
Nowadays, the acquisition of tool influence functions still depends largely on the
expensive trial-and-error approach when new materials, new surface designs or new
polishing parameters are used. Although studies on polishing mechanisms and
nano-mechanics are still sparse, there is a need for methods and tools for modelling
and simulation which can simulate and predict the effect of different polishing
i

ABSTRACT

parameters on the material removal characteristics and surface generation in CCUP.
To meet this need, this thesis describes a theoretical and experimental study of
material removal characteristics and surface generation in CCUP. It is divided into
three parts. Firstly, Taguchi trials were conducted to identify the optimal level of
combination and the significance of the individual operational parameters in fluid jet
polishing and bonnet polishing. Hence, a series of experiments was performed to
investigate the effects of the process parameters on the material removal
characteristics in fluid jet polishing (FJP) as well as the material removal mechanism
in bonnet polishing. The results not only provide an important means for better
understanding the effect of the factors affecting the polishing process, but also provide
the basis for the establishment of theoretical models for the prediction and simulation
of the material removal characteristics and surface generation in CCUP.
Secondly, a comprehensive computational fluid dynamic (CFD)-based erosion
model was developed by a combination of CFD simulation, erosion model, and
experimental research so as to predict the material removal characteristics and surface
generation in fluid jet polishing. In the computational fluid dynamic simulations, an
Eulerian-Eulerian-Lagrangian method is used which treats the water and air as an
Eulerian phase and the particles as Lagrangian particles. The coupled discrete phase
model (DPM) and the volume of fluid (VOF) model are used to describe the
multiphases in the FJP process. This CFD model also presents the application of the

k- model, together with the level set method, to describe the slurry/air interface in
the commercial finite element analysis package FLUENT. After solving the stream
ii
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flow characteristics, the motion of individual particles is also calculated in order to
obtain more accurate predictions of the trajectories of individual particles impacting
on the surface. The predicted results are used to integrate with the developed erosion
model for the prediction of the material removal characteristics. Hence, the polishing
path planning is determined based on the desired surface integrity of the optical
surface to be generated using the data of the material removal characteristics. Finally,
a theoretical model is built for predicting and simulating the surface generation in FJP.
A series of spot and pattern polishing tests as well as simulation experiments by the
theoretical model were conducted. The results not only show that the theoretical
model predicts well for the surface generation under different polishing conditions but
also helps to gain a better understanding of the polishing process in FJP.
In the third part, a multi-scale theoretical model was established for predicting
and characterizing the material removal characteristics and surface generation in
bonnet polishing based on contact mechanics, kinematics theory and abrasive wear
mechanism. Specifically, the pressure and velocity distributions are determined based
on the kinematics theory and contact mechanics at the macro scale, and the pad
topography which affects the contact ratio and hence the material removal rate at the
micro scale, while the micro- or nano-sized abrasive particles scratch the surface at
the nano scale. The model developed in this study attempts to capture much of the
basic physics of the polishing process including the tool radius, polishing depth, head
speed, precess angle, pad topography, polishing time, particle shape, slurry
concentration, and the mechanical properties of the pad and workpiece. Experimental
iii
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results show that the theoretical model predicts well that the material removal amount
which increases with increasing precess angle and tool offset, depends linearly on the
head speed and slurry concentration. A pattern test was also conducted to validate the
surface generation model.
The originality and significance of this research lies in the provision of
CFD-based modelling of the material removal characteristics and surface generation
for fluid jet polishing and multi-scale modelling of the material removal
characteristics and surface generation for bonnet polishing. The successful
development of the theoretical model helps greatly to make the CCUP process more
predictive, so as to further optimize the manufacturing process for different work
materials without the need for costly trial and error polishing tests. Moreover, this is
the first of its kind in which the deterministic model has been successfully built which
acquires much of the basic physics of the polishing process. This contributes
significantly to form the theoretical basis for the better understanding of the polishing
process.
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CHAPTER 1 INTRODUCTION

CHAPTER 1 INTRODUCTION
1.1 Background of the Study
Nowadays, ultra-precision freeform surfaces are widely used in various
applications, such as photonics, optics, opto-mechanics-electronics, biomedical
engineering, etc. (Cheung et al., 2012). The application of freeform surfaces is
moving swiftly in the automotive industry from aesthetics of car body panels and
interiors (Qin et al., 2006) to advanced optical reflectors for use with LED lighting
(Hu et al., 2012). Freeform femoral knee components are used together with matching
freeform tibial insets in biomedical engineering to create a load-bearing surface that
imitates the action of the human knee joint (Curodeau et al., 2000). The compliance
between these bearing surfaces, their geometry accuracy, and surface finish of such
components can improve the wear resistance, and hence increases the lifetime of the
medical implant (Blunn et al., 1997). The aforementioned components are commonly
composed of difficult-to-machine materials such as Ti-6Al-4V ELI, titanium, and, in
the case of optical moulds, NiCu alloys that have a hardness and tensile strength
enabling them to withstand the press forces applied to the mould during the
manufacture of components.
To meet the optical surface requirements for a wide range of freeform optics,
these surfaces are usually fabricated by ultra-precision machining technologies with
sub-micrometre form accuracy and nanometric surface finish (Cheung et al., 2007).
However, the geometrical complexity of freeform surfaces brings considerable
challenges for precision manufacturing of them. Currently, many ultra-precision
2
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machining technologies can be potentially applied to produce complex freeform
surfaces, such as ultra-precision diamond machining technologies (Brinksmeier et al.,
2012), ultra-precision grinding (Brinksmeier et al., 2010), Magneto-Rheological
Finishing (MRF) (Kordonski et al., 2004), Ion Beam Figuring (IBF) (Yongqi and
Bryan, 2000), etc. However, freeform machining technologies based on diamond
machining are susceptible to significant tool wear problems due to the high hardness
and brittle nature of most difficult-to-machine materials being cut. Although
ultra-precision grinding and milling methods are developed to suit the fabrication of
some kinds of freeform optics or difficult-to-machine materials, they cannot meet the
surface requirements for a wide variety of optical applications (Fang et al., 2013).
MRF is not suitable for magnetic materials while IBF has a relatively low material
removal rate. As a result, the fabrication of these complex surfaces with
sub-micrometric form accuracy and nanometric surface finish, especially for hard and
difficult-to-machine materials, has always been a challenge to the optics industry.
There is a need for the development of more economic and controllable methods to
fabricate these complex surfaces.
Computer Controlled Ultra-precision Polishing (CCUP) based on fluid jet
polishing and bonnet polishing is an enabling multi-axis machining technology which
is capable of fabricating ultra-precision freeform surfaces with sub-micrometre form
accuracy and surface roughness in the nanometre range. They are especially useful for
machining difficult-to-machine and ferrous materials, which are not amenable using
other ultra-precision machining technologies such as single-point diamond turning
3
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and raster milling (Cheung et al., 2010a). The advantage of CCUP over the
conventional multi-axis CNC mechanical machining such as micro-milling include: (a)
CCUP can machine difficult-to-machine materials and brittle materials; (b) high
surface accuracy with sub-micrometre form error and nanometre surface finish; (c)
less tool wear; (d) different structure generation by modifying the tool influence
function instead of changing the cutting tool to have different geometries. CCUP
provides an important means for machining difficult-to-machine materials such as
Ti-6Al-4V Steel and Titanium with sub-micrometre form accuracy and surface finish
in the nanometric range.
The process control of the surface roughness and form accuracy of the polishing
process is indispensable for achieving the ever increasing tolerances and to meet the
demand for high-precision optical, biomedical, and automotive components (Hilerio
et al., 2004; Jacobs, 2007). Although polishing is one of the machining processes with
the longest history, research on the polishing mechanics, especially nano-mechanics,
during the polishing process has received relatively little attention. As a result,
in-depth research work on the polishing mechanics is indispensable to gain a better
understanding of the surface generation mechanism for CCUP.

1.2 Research Objectives and Significance
CCUP is a complex process and our understanding of the material removal
characteristics, surface generation and the factors affecting the surface generation of
CCUP is far from complete. As a result, the research study aimed to conduct extensive
4
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experimental and theoretical investigations on the material removal and surface
generation mechanisms in CCUP and the research objectives are summarized as
follows:
(i)

To identify the optimal level combination and the significance of the individual
operational parameters on the material removal and surface generation in CCUP.

(ii)

To investigate the material removal and surface generation mechanisms in
CCUP.

(iii)

To establish a theoretical model for the prediction and simulation of the
material removal characteristics and surface generation in the CCUP process.

(iv) To verify the established model through a series of simulation and polishing
experiments.

1.3 Organization of the Thesis
The thesis is divided into seven chapters. In Chapter 1, an introduction about the
background, research motivation and objectives of the study is given. In Chapter 2, a
literature review is conducted to review and summarize the state-of-the-art and
up-to-date research in the field of Computer Controlled Ultra-precision Polishing
(CCUP). It focuses on an overview of the polishing process, and hence highlights
computer numerical control polishing, material removal mechanisms in polishing
processes, surface analysis and measurement methods, as well as the state-of-the-art
research on modelling and simulation of polishing processes.
In Chapter 3, the Taguchi method is used to design experiments to investigate the
5
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factors affecting the material removal rate in fluid jet polishing and bonnet polishing,
and a series of experiments was also performed to investigate the effect of the
polishing parameters on the material removal characteristics in fluid jet polishing and
study the material removal mechanism in bonnet polishing.
A theoretical model is built for predicting and characterizing the materials
removal characteristics and surface generation in FJP based on an appropriate
combination of computational fluid dynamics (CFD) modelling, erosion model and
experimental study in Chapter 4. A series of spot and pattern polishing tests as well as
simulation experiments were also conducted. Chapter 5 presents a multi-scale
theoretical model for the prediction and simulation of the material removal
characteristics and surface generation in bonnet polishing. The model is established
based on the study of contact mechanics, kinematics theory, wear mechanisms, as well
as the relative and cumulative removal process of surface generation in bonnet
polishing. Finally, an overall conclusion to the thesis is presented in Chapter 6 while
some suggestions for future work are made in Chapter 7.
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CHAPTER 2 LITERATURE REVIEW
2.1 Overview of the Polishing Processes
Polishing is commonly accomplished without allowing fine abrasive particles to
produce brittle fractures on the target surfaces, while the material is removed little by
little only by means of plastic deformation, to finally produce a super mirror surface
(Toshiro, 2006). Due to increasing surface requirements for functional enhancement,
polishing is well-known as a critical technology for the manufacturing of functional
materials within various components, such as optical components, electronic
components and precision machinery components. During the past few decades, much
research has been performed on the study of surface figuring in computer controlled
polishing (CCP) (Schinhaerl et al., 2008b and 2008c; Xi and Zhou, 2005), as well as
the polishing mechanics (Evans et al., 2003a; Gee, 1996; Xie and Bhushan, 1996),
and the analysis methods which include finite element methods (FEM), quasi-static
model, fluid dynamic when analyzing the slurries and probability statistics.
For polishing process, most of the techniques involve case-based expert planning
systems, neural networks and data mining (Su et al., 2005), fuzzy logic, neuro-fuzzy
(Wu and Wang, 2009) and the neuro-Taguchi-based method (Wang and Chou, 2005).
However, most previous research on the polishing process has focused on studying
the processing of surface roughness, while the study of the effect of geometrical or
form accuracy has received relatively few attention. Moreover, our current
understanding of the material removal characteristics and mechanisms is still far away
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from complete. This is particularly true for ultra-precision, multi-axis, freeform
polishing, which is used for finishing ultra-precision freeform components requiring
precise control across the polished surface to maintain high form accuracy and good
surface finish so as to enhance the functionality of the polished components. The
following is a brief review of various types of Computer Controlled Polishing (CCP)
implemented for optical fabrication, including CCP with small and large rotating tools,
float polishing, elastic emission machining (EEM), stressed lap polishing, ion beam
figuring (IBF), chemical-mechanical polishing (CMP), magneto-rheological finishing
(MRF), etc.

2.1.1 Computer Numerical Control Polishing
Computer numerical control (CNC) polishing has been developed for polishing
large aspheric optics (Beckstette et al., 1989; Jones and Rupp, 1990). Jones and Plante
(1987) reported on a computer numerical control (CNC) polishing machine that uses a
small rotating tool with a diameter of 75-100 mm, constructed the desired optical
contour in an iterative process and then carried out an interferometric inspection. The
form error of the large optic (up to four metres in size) was reduced from 24 μm to 1.9
μm. The surface roughness of a 1 metre diameter optic could be achieved at 1.6 nm
root-mean-square value. Despite the fact that CCP can be used for grinding or
polishing aspheric optics, the polishing process still requires a lot of iterations of craft
polishing and measurement. The fundamental problem is that CCP requires a range of
sub-aperture tools of decreasing size to change the mismatch between polishing tool
8
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and the workpiece. Each tool can be designed to correct form errors in general but in
turn then superimposes its own signature and leaves a spatial-frequency signature.

2.1.2 Float Polishing
In 1977, Namba and Tsuwa (1977) first reported on the float polishing technique
as shown in Figure 2.1. The rotational sample and ultra-precision diamond turned tin
lap are submerged in a slurry composed of free abrasives and deionized water. A
suitable amount of polishing slurry is supplied and stored in a circular-shaped frame
along the outer edge of the thin tip. Polishing is advanced by pressing the workpiece
against the tool surface. Both of them are submerged in the polishing slurry and the
flatness of the workpiece is copied from the thin tip. Relatively soft materials (e.g. Sn,
Cu, nylon) are commonly used for the polishing lap, and a hydrodynamic film should
be maintained between the polished surface and the lap. Float polishing gradually
came to be used for polishing single crystal and polycrystalline Mn-Zn ferrites for
magnetic heads (Namba and Tsuwa, 1978), metals (e.g. Steel, NiCu, iron) (Namba
and Tsuwa, 1980) and optical materials (e.g. glasses, quartz, fused silica) (Bennett et
al., 1987; Namba et al., 1987; Namba et al., 1989). Despite floating polishing
succeeding in making atomically flat surfaces on various materials without subsurface
damage, it still encompasses lots of problems for float polishing spherical or
aspherical shapes as well as polycrystalline and composite materials.

9
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Figure 2.1 Schematic of the float polishing apparatus using a diamond turned thin lap
(Namba et al., 1987)

2.1.3 Elastic Emission Machining
Mori et al. (1976) of Osaka University suggested that the impact of ultrafine
particles on the target surface may possibly cause material removal at the atomic level.
Hence, the surface finish of the polished workpiece can be in close proximity to the
order of atomic dimensions. They termed this noncontact machining process Elastic
Emission Machining (EEM) which makes use of a rotating polyurethane ball to bring
fine powder particles to the workpiece surface for shaping and polishing as shown in
Figure 2.2. The workpiece is submerged in slurry made up of sub-micrometre sized
abrasive particles and pure water. A fluid gap of about 1 μm is maintained between the
bottom of the sphere and the workpiece (Mori et al., 1987, 1988). The abrasive
particles are accelerated by the flow of fluid in the gap, but gradually leave the fluid
flow lines to intercept the workpiece surface. With a negligible contribution to the
material removal associated with the mechanical energies of the power particles and
10
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the abrasive pad, the chemical reaction between the polished surface and the abrasive
particles cause the removal of surface atoms from the target surface and then
atomic-order surface roughness without crystallographic damage can be achieved
(Kanaoka et al., 2008; Mori et al., 1990).

Polyurethane ball

Load
Flow
ccc

Slurry
Workpiece

Feed
ccc

Figure 2.2 Schematic model of elastic emission machining (EEM) (Mori et al., 1990).

2.1.4 Stressed Lap Polishing
Since the mid-1980s stressed lap polishing has been developed by the Steward
Observatory Mirror Laboratory for large astronomical telescope mirrors (Martin et al.,
1990). The stressed-lap polishing tool is about 1/3 the size of the polished part and
actively deformed by on-board electromechanical actuators to conform to the local
target surface. The deformation of the stressed-lap tool is changed by the application
of bending and twisting edge moments as shown in Figure 2.3. In principle, the large
stiff tool used in stressed lap polishing is advantageous since it produces high material
removal rates and natural smoothing over a wide range of spatial frequencies, and it
11
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also provides one solution to the fundamental problem of the mismatch between large
polishing tools and highly aspheric optical surfaces. However, the tool is complex and
has to be re-built for new jobs which can only be warranted for high capital-value
jobs.

Figure 2.3 Top view of the 60-cm stressed lap; 12 actuators are attached to the
periphery of the plate, and twisting and bending moments are produced by the
arrangement of the tension bands in sets of equilateral triangles (West et al., 1994).

2.1.5 Chemical Mechanical Polishing
Several terms are found to describe the process of chemical mechanical polishing
(CMP) which include chemo-mechanical, mechano-chemical polishing (Vora et al.,
1982) and chemical-mechanical polishing (Nanz and Camilletti, 1995). These
12
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distinctions are created by researchers to highlight the major factor resulting from the
material removal in the polishing process. In chemo-mechanical polishing, the key
factor removing the material is chemical action and then the reaction product is
removed by the following mechanical action. In contrast, mechano-chemical polishing
emphasizes mechanical action followed by chemical action. In chemical mechanical
polishing, a specific fluid is used to generate chemical reaction with the workpiece
surface and this reaction product is later removed by the mechanical action of the
abrasive particles. The difference between chemo-mechanical polishing and chemical
mechanical polishing is that the chemical reaction that occurs between the abrasives
and the work material in chemo-mechanical polishing is different from that formed
between the fluid and the work material in chemical mechanical polishing.
CMP introduced by IBM has been widely accepted as the manufacturing
technology for planarization in submicron integrated circuit manufacturing and the
ultra-fine finishing of electronic materials (Venkatesh et al., 1995). In the CMP
process, a rotating wafer is pressed face-down by a carrier against a rotating,
compliant, polishing pad flooded with a polishing slurry as shown in Figure 2.4. The
polishing slurry including abrasive particles and chemical reagents is dragged into the
interface between the pad and the workpiece. The assorted action of chemical reagents,
polishing pad and abrasive particles leads to material removal and polishing of the
workpiece surface (Zhao and Chang, 2002). Many problems with CMP come up
including low productivity, uncontrollable removal rate, non-uniformity and defects
(Tichy et al., 1999). There are a number of physical mechanisms at work in CMP, and
13
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the improvement of the process requires a study from a number of perspectives of
science and engineering.

Carrier

Load

Slurry

Pad

Wafer
Platen
Figure 2.4 Schematic diagram of the chemical mechanical polishing

2.1.6 Magneto-rheological Finishing
Magneto-rheological finishing (MRF) invented by Kordonsky et al. (1995) is a
computer-controlled polishing process. As shown in Figure 2.5, MRF makes use of
the property of magneto-rheological (MR) fluid to change the viscosity in the
presence of a magnetic field. The MR fluid (consisting of iron particles, deionized
water and stabilizing agents) is firstly mixed, pumped, and conditioned in their liquid
states. After that, it is converted into a semi-solid state to create a stable and
conformable polishing pad. This polishing pad is applied to polishing the workpiece
surface (Jacobs et al., 1995).
The magneto-rheological polishing fluid is jetted on the rim of a rotating wheel,
which transports the fluid to the polishing zone. The workpiece to be polished is
controlled precisely by the motion controller and immersed into the ribbon of fluid.
14
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The wheel rim and the polished surface form a converging gap which is exposed to
the magnetic field, and the rotating wheel generates a flow of magnetically stiffened
MR polishing fluid through the converging gap. Such flow results in high shear stress
in the contact zone and material removal over a portion of the workpiece surface.
MRF is a deterministic and flexible figuring and polishing process that has a
relatively high, stable and controllable removal rate while creating a smooth,
damage-free surface finish for a wide variety of materials (Dumas, 2005).

Figure 2.5 Schematic diagram of MRF machine (Harris, 2011)

2.2 Computer Controlled Ultra-precision Polishing (CCUP)
To meet the optical surface requirements for a wide variety of freeform optics,
these surfaces are usually fabricated by ultra-precision machining technologies with
sub-micrometre form accuracy and nanometric surface finish (Cheung et al., 2007). At
present, CCUP is an enabling technology which is capable of fabricating
15
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ultra-precision freeform surfaces with sub-micrometre form accuracy and surface
roughness in the nanometre range. CCUP is used to machine difficult-to-machine and
ferrous materials, which are not amenable to be machined by other ultra-precision
machining technologies such as single-point diamond turning and raster milling
(Cheung et al., 2010a).
In this study, CCUP was undertaken on a 7-axis CNC platform which allows
bonnet polishing (BP) and fluid jet polishing (FJP) to be conducted. Both these
processes can produce similar surface roughness but differences in surface texture
after polishing (Ho et al., 2012). Fluid jet polishing is found to be effective in
removing scratches and/or machine marks produced by other machining processes. It
has the advantage of localized force and less heat generation, and the stable and
controllable material removal function with very little tool wear and no edge effect
problem, while bonnet polishing has the advantage of high polishing efficiency,
mathematically tractable influence function, and flexibly controllable spot size with
variable tool hardness (Bingham et al., 2000). As a result, the CCUP system
combining the FJP and BP processes is an effective polishing method which shows
great potential with regard to the application value in the fabrication of freeform
components with sub-micrometre form accuracy and nanometric surface finish.

2.2.1 Fluid Jet Polishing (FJP)
Fluid jet polishing (FJP) was presented by Fahnle et al. (1998) in the 1990s with
the advent of demands in optical finishing methods that can be applied locally to
16
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polish optical surfaces of complex shapes. The principle of the FJP setup originated
from two completely different techniques: abrasive slurry jet machining and bowl
feed polishing. As shown in Figure 2.6, FJP is an intermediate method that bears a
resemblance to the kinetic process engaged in abrasive water jet machining to guide a
premixed slurry to the surface at low pressures for shaping and polishing (Fahnle and
Brug, 1999a). Due to the low pressure applied, the material is removed little by little
in the ductile mode and the less heat generated is promptly taken away by the jet fluid
in the FJP process (Fahnle and Brug, 1999b). As a result, FJP is a promising
technology which is becoming more widely used in the superfinishing of complex
optical lenses, mirrors and moulds on a number of materials from glass to nickel
(Beaucamp and Namba, 2013; Cheung et al., 2010a; Cheung et al., 2010b).

Slurry (abrasive) characteristics

Sample
Nozzle
Impingement angle

Standoff distance

Figure 2.6 Schematic illustration of Fluid Jet Polishing (FJP)

It has been found that most of research carried out in the field of Fluid Jet
Polishing has focused on the following areas:
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(i)

Process modelling such as material removal mechanism modelling (Li et al.,
2010), understanding the erosion mechanisms in the process (Shi et al., 2010)
and surface characterization models (Fang et al., 2006a; Jafar et al., 2013a,
2013b).

(ii)

Introducing new operations for the FJP such as integrating with bonnet polishing
to optimize the polishing process chain (Ho et al., 2012), selecting polishing
parameters to optimize the FJP process (Tsai et al., 2008), machining and
polishing of difficult-to-machine materials such as glass (Booij et al., 2002),
stainless steel (Tsai et al., 2008; Yan et al., 2008), Electroless Nickel (ENi) and
binderless Tungsten Carbide (WC) (Beaucamp et al., 2011).

(iii)

Development of new systems for the FJP process, such as stable pressure
systems (Beaucamp et al., 2012), online monitoring systems (Brug et al., 2003;
Brug et al., 2002) and nozzle shape optimization.

(iv) Development of new applications for the FJP process such as Jules Verne (Booij
et al., 2003) and submerged jet polishing (Shi et al., 2011). Although many
researchers have carried out scientific research which attempts to improve the
surface finish of polished surface and gain a fundamental understanding of the
polishing process involved in FJP (Beaucamp et al., 2012; Cheung et al., 2010a;
Tsai et al., 2008), our understanding of polishing mechanisms is still far from
complete. Moreover, relatively little attention has been received regarding the
theoretical modelling of surface generation for FJP.
Due to the complex machining mechanisms, it is still difficult to model the
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material removal characteristics and simulate the surface generation for FJP.
Nowadays, the generation of a desired surface integrity of high-performance optical
surface still depends largely on the expensive trial-and-error approach. As the optimal
machining conditions and polishing strategy for ensuring good surface quality depend
largely on the polishing environment as well as the work materials and the geometry
of surfaces being polished, there is a need for the development of modelling and
simulation methods and tools which can simulate and predict the effect of different
factors on the surface generation in FJP.

2.2.2 Bonnet Polishing (BP)
Bonnet polishing was originally invented at London's Optical Sciences
Laboratory and was then further developed by Zeeko Ltd. It has been exploited for
commercial production of the IRP robotic polishing system (Walker et al., 2001). As
shown in Figure 2.7, bonnet polishing is a computer controlled sub-aperture polishing
process that actively controls the position and orientation of a spinning, inflated,
membrane tool (the 'bonnet') as it sweeps through the polished surfaces (Walker et al.,
2002a, 2002b). The polishing bonnet is covered with the polishing pad and the slurry
is dragged by the porous polishing pad into the interface between the pad and
workpiece. Bonnet polishing has the advantage of high polishing efficiency,
mathematically tractable influence function, and flexibly controllable spot size with
variable tool hardness (Bingham et al., 2000). As a result, bonnet polishing is one of
the promising computer controlled ultra-precision polishing technologies which
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shows great potential with regard to the application value in the fabrication of
freeform surfaces with sub-micrometre form accuracy and nanometric surface finish.
Previous research work has always focused on the development and application
of precess polishing processes (Walker et al., 2001, 2002a), edge control (Beaucamp
et al., 2014a; Li et al., 2011), and tool path and dwell time optimization
(Chaves-Jacob et al., 2013; Wang et al., 2014b). Since the surface generation of
bonnet polishing can be considered as the convolution of the influence function and
the dwell time map along the pre-specific tool path, a predictable and stable tool
influence function and an optimized path generator are of paramount importance for a
successful deterministic bonnet polishing process. For this reason, there is much
recent research work focusing on the modelling of the influence function based on
Preston's equation (Preston, 1927). Cheung et al. (2011) established a predictive
model for the determination of the material removal characteristics with the
assumption of a modified Gaussian distribution of the contact pressure in bonnet
polishing. Li et al. (2013) and Wang et al. (2014a) calculated the pressure distribution
in the contact area by the axisymmetric elastic solid model with finite element
analysis (FEA). However the pressure on the polished surface is only related to the
elastic deformation of the polishing tool in their model. Zeng and Blunt (2014) not
only conducted experiments to understand the effects of process parameters on the
material removal rate but also created a model by modifying the Preston equation
based on experimental data so as to predict the volumetric material removal rate. In
their model, the contact pressure was described by the Hertz solution with a correction
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term. However, the pressure distribution and surface deformation predicted by Hertz's
equations must be modified, when a slurry film is present and the polishing pad slides
over the surface in the actual polishing process.
Moreover, the material removal characteristics in bonnet polishing are affected
by various parameters which include tool radius, precess angle, polishing depth, head
speed, tool pressure, polishing time, polishing cloth, slurry concentration, particle size
and type, etc. However, the prediction model based on Preston's equation is only
concerned with the velocity of polishing tool relative to the workpiece and the contact
pressure between the polishing tool and the workpiece. Despite intensive research on
theoretical and experimental investigation of bonnet polishing (Song et al., 2008),
studies on the polishing mechanisms, especially on establishing deterministic models
with consideration of all these operational parameters, are still far from complete.

ω
Precess angle

Bonnet
Polishing Cloth

Bonnet radius
Polishing depth
Spot size
Workpiece

Figure 2.7 Schematic illustration of bonnet polishing (BP)
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2.2.3 Polishing Machine and Accessories
Recently, the research and development of some freeform polishing machines
have been reported in the manufacturing industry. Tam et al. (1999) used a PUMA
562 6-axis articulated robot with a 4 kg payload to polish a cylindrically shaped
specimen for the verification of their tool path generation method. Zhao et al. (2000)
developed an integrated robotic polishing system which is composed of a 'RV-M1'
industrial robot, a force sensor and other ultrasonic vibration devices for machining
free-form surfaces. However, due to the open-chain architecture, many freeform
polishing systems established based on open architectural industrial robots possess
quite poor dynamic performance and precision (Dong-Fang et al., 1995; Wang et al.,
1999).
Since the parallel manipulators are well-known for high speed, high structural
rigidity and high precision, they have been increasingly used in the innovative
development of machining equipment for freeform polishing. Roswell et al. (2006)
described a polishing system established at Ryerson University which contains an
active polishing end effector and a hybrid robot. This system has five axes, including
a gantry with two axes and a tripod with three axes. Kakinuma et al. (2013) developed
a portable 5-axis parallel mechanism polishing machine which independently controls
the x-y trajectory, tool posture and polishing force.
The success of ultra-precision freeform polishing technologies relies on
high-precision polishing tools, an advanced control system and an excellent slurry
delivery system. As shown in Figure 2.8, a conventional CCUP system is normally
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composed of four major modules: the polishing tools unit, slurry management unit,
motion control system and software unit.
The polishing tools unit contains the jet nozzle for fluid jet polishing and the
polishing bonnet for bonnet polishing. Figure 2.9(a) shows a configuration of
polishing nozzle in FJP. The polishing nozzle is responsible for transferring the kinetic
energy of the abrasive slurry to the target surfaces for shaping and polishing. The size,
the shape and the orientation of polishing nozzle can be used to control the material
removal rate and hence the surface generation in FJP. Figure 2.9(b) shows a standard
detachable polishing cloth stuck on the bonnet and slurry is sprayed on the workpiece
surface. The material removal in bonnet polishing is accomplished by the interactions
between the polishing pad, workpiece and abrasive particles.

Polishing Tools Unit

Motion Control System

Slurry Management Unit

The Software Unit

Figure 2.8 Key components of a CCUP system (for case Zeeko polishing machine)
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In the slurry management unit, water, oil, or octanol are used frequently as liquid
in the optical fabrication industry, and various concentrations of silicon carbide,
aluminium oxide, diamond, glass beads or steel shot could be used as the abrasive
particles. They are mixed with water to become a slurry by mechanically stirring in a
tank. Hence this slurry is pumped from the tank using a low-pressure pump and then
guided through a nozzle to the workpiece or polishing pad. After polishing the surface,
the slurry is collected and guided back to the tank for re-use.

B axis

Nozzle

C axis

B axis

C axis

H axis

Z axis
Y axis

Z axis
Y axis

A axis

A axis

X axis

X axis

(a) Polishing nozzle

(b) polishing bonnet

Figure 2.9 Configure of polishing tools in CCUP

The motion control system is used to perform the defined polishing motion and
to control the prescribed operational parameters. Small deviations in the prescribed
values of these parameters must be corrected by the control system. In general, the
machine structure motion is also controlled by a computerized numerical controller
(CNC), which is programmed using standardized numerical control (NC) language.
The software unit is used to calculate the optimum dwell-time and spot-size map
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by the input of the measurement data, the designed form, and the influence function
data. The calculated results characterizing the footprint of the polishing tool are
interpreted by the CNC controller as a varying speed along a predetermined tool path
for the corrective polishing.

2.2.4 Polishing Process Parameters
The efficiency of the polishing process is related to polishing load, rotational
velocity, polishing time, material property of the target surface and the polishing tool,
and polishing medium (Aurich et al., 2013). A larger polishing load leads to a higher
material removal rate (Su et al., 2001), but lower surface quality (Sun et al., 2000).
The material removal process is more efficient when using a polishing medium with a
higher viscosity (Fang et al., 2009). The initial state of the workpiece is also an
important factor affecting the efficiency of the polishing process (Liu et al., 2010). In
the CCUP system, the polishing process is affected by various parameters as shown in
Figure 2.10. The typical parameters used in the CCUP system are listed in Table 2.1
and Table 2.2.
With the increasing demands for functional enhancement, it is of paramount
importance to better understand how various polishing process parameters affect the
ability to accurately produce a super-finished mirror surface with geometrically
dimensional shapes in the nanometre order (Cheung et al., 2010a). The analysis of
material removal characteristics is clearly a fundamental element in achieving the
corrective polishing and optimization of the polishing process. Nowadays, the
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acquisition of tool influence functions still depends mainly on the experience and skill
of the machine operator through an expensive trial-and-error approach when the new
materials and new surface designs or new machine tools are used.

Computer Controlled Ultra-precision Polishing

Fluid Jet Polishing

Bonnet Polishing

Tool Radius

Tool pressure

Head Speed

Polishing Cloth

Polishing Time

Precess Angle

Tool Offset

Slurry Concetration

Workpiece Material

Workpiece Geometry

Particle Property

Work Pressure

Nozzle Size

Nozzle Shape

Figure 2.10 Factors affecting surface generation in CCUP

Table 2.1 Typical parameters in FJP system (Beaucamp et al., 2014c)
Parameters

Value

Pressure at nozzle

4-20 bar

Nozzle diameter

0.1-2.0 mm

Abrasive type

CeO2, SiC, Al2O3

Abrasive grit

0.2-50μm

It is interesting to note that studies on polishing mechanisms and nano mechanics
are still sparse due to the nearly impossible observation of the interface between the
polishing pad and the workpiece surface during the process. As the optimal cutting
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conditions and polishing strategy for ensuring good surface quality depend largely on
the environment of machining, work materials, and the geometry of surfaces being
polished, there is a need for the research and development of modelling and
simulation methods and tools which can simulate and predict the effect of polishing
process parameters on surface generation.

Table 2.2 Typical parameters in BP system (Zeng and Blunt, 2014)
Parameters

Value

Precess angle

5-30°

Head speed

300-1800 rpm

Tool offset

0.1-0.6 mm

Tool pressure

0.4-2 bar

2.3 Material Removal Mechanisms in Polishing Processes
Polishing is known as the process of macro-flattening and micro-smoothing of
non-uniform surfaces using mechanical, chemical, electrolytic or thermal methods, or
a synergistic combination of these methods (Chen, 2007). Kasai et al. (1990) simply
summarized that material removal is caused with two things. One is a mechanical
action including mechanically removing (cutting, scratching) and friction. The other
one is a chemical action which includes dissolving and film formation. According to
the relationship between the polishing tool and the workpiece during the process, the
polishing methods can be classified under two conditions:
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(i)

Contact condition which is similar to chemical mechanical polishing and bonnet
polishing. A polishing pad is pressured against the target surface to contact
directly or maintain a slurry film by controlling the polishing load.

(ii)

Noncontact condition which is similar to fluid jet polishing and ion beam
figuring. The workpiece and the polishing tool have no contact and the material
removal is controlled by the kinetic energy of the polishing medium.

In general, every polishing method can involve four components which include the
work materials, polishing slurry and polishing tool. From the view of the mechanical
behaviour, the wear of materials in the polishing process is mainly caused by the
abrasive wear due to the abrasive-workpiece and abrasive-pad contact and/or erosion
caused by hard particles striking the surface as shown in Figure 2.11. Since the
material removal is extremely small in the order of sub-micrometres or less,
mechanisms of abrasive wear or erosion in the polishing process can involve both
plastic flow and brittle fracture owing to the polishing process parameters, even for
brittle materials.

(a) Two-body abrasion

(b) Three-body abrasion

(c) Erosion

Figure 2.11 Illustration of the wear behaviors in the polishing process (Hutchings,
1993)
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2.3.1 Process Components affecting Material Removal in Polishing
2.3.1.1 Work Materials
A broad range of work materials (e.g. ceramics, metals and their alloys and
glasses) can be polished to a specified form error, surface accuracy and surface
integrity to reach service requirements (Komanduri et al., 1997). As shown in Table
2.3, a qualitative comparison between ductile metals and brittle non-metals reveals the
differences and complexities in polishing of the non-metals with fine abrasive
particles as compared to metals and their alloys. The major differences in mechanical
behaviour between the ceramics and metals arise from the different nature of the
interatomic forces, i.e. ionic or covalent in ceramics, rather than metallic bonding.
Ionic bonding, in ceramics such as MgO or Al2O3, leads to crystal structures with only
a small number of independent slip systems available for dislocations, fewer than the
five necessary to accommodate a general plastic strain. Covalent bonding, as in SiC,
TiC or diamond, leads to very narrow dislocations which move only under high stress,
even though five independent slip systems may exist.
As a result, the material removal of metals predominantly by plastic deformation
is quite different from that of ceramics by microchipping or mocrocleavage, grain
boundary cracking, grain dislodgments, etc. (Komanduri et al., 1999) during the
finishing process. Although glass has similar brittleness to ceramics, the amorphous
structure makes it possess different manufacturing characteristics as compared with
metals and ceramics. As a result, many models developed based on the polishing of
metals should be inappropriate for finishing of glass and ceramics.
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Table 2.3 Comparison of salient feature of ductile metals and brittle non-metals
(Komanduri et al., 1997)
Property

Metals

Non-metals

Type of atomic bond

metallic no directionally

ionic/covalent bond directional

Crystal structure

high symmetry

low symmetry

Thermal expansion

high

low

Thermal conductivity

high

low

Density

high

low

Mode of deformation

high

low

Intergranular structure

relative sample

complex

Porosity

Practically no pores

Generally pores remain because of

Microstructure

the consolidation processes used
Purity

high purity can be obtained

high purity is difficult

Heat resistance

low to moderate

moderate to high

Chemical resistance

low

high

Strength considerations
Toughness (MN/m2)

210(carbon steel)

5.3 (Si3N4)

34 (Al alloys)
Strain at fracture

5%

0.2%

Weibull index

20

5-20

Failure mechanism

Plastic deformation

Brittle fracture

Breaking energy (J/cm2)

10

10-2

Thermal shock resistance

high

low
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2.3.1.2 Polishing Slurry
A wide range of abrasive particles can be used extensively in the polishing
process which include conventional abrasives (e.g. alumina, SiC, ZrO2, B4C) and
superabrasives (e.g. diamond and cubic boron nitride) as well as soft abrasives for
promoting chemo-mechanical action (e.g. MgO, ceria, fumed silica). These abrasive
particles are used to chemically and/or mechanically remove the material from the
target surface. The abrasive particles can be differentiated by a lot of factors which
include chemical composition, particle hardness, particle shape, particle size and
concentration. The effect of each of these factors may be significant or insignificant
(Evans et al., 2003b).
It is well-known that erosion or abrasion in relation to polishing leads to higher
wear rates when the particles have more than about 1.2 times the hardness of the
surface (Hutchings, 1992). The shapes of abrasive particles also strongly affect the
wear rates in the polishing process, with angular particles causing greater wear than
rounded particles. The sizes of abrasive particles used in polishing cover a wide range
from tens of nanometres to tens of micrometres. For a given weight percent, slurry
with small diameter particles contains more particles than slurry with larger ones. The
agglomeration of small particles also affects the average particle size and shape, and
hence more or less affects the material removal.
Besides the abrasive particles, the fluid phase of the polishing slurry is also an
important factor affecting the polishing efficiency and precision. Chemical
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composition and physical properties are commonly used to characterize the fluid
phase of the polishing slurry. The chemical compositions of fluids include water, oil,
octanol, hydrocarbons and/or alcohols. Physical properties of the fluids including
density, thermal conductivity and viscosity, is able to affect both material transport
and fluid dynamics in the polishing process. These properties can be affected by
pressure, temperature and changes in the chemical composition of the fluid (Evans et
al., 2003b).

2.3.1.3 Polishing Tool
In contact polishing, a relatively soft pad is commonly used as the polishing tool
and the common materials include pitch, leather, cloth, polyurethane or other
polymeric materials with a hardness ranging from 10 to 50 Shore D (Sousa, 2014).
These polishing tools impose the pressure and relative motion with respect to the
target surface and affect slurry and swarf transport through the contact. Beaucamp et
al. (2015; 2014b) proposed an innovatively shaped adaptive grinding (SAG) tool
composed of several layers to finish freeform surfaces made of various
difficult-to-machine materials with high efficiency. Enomoto et al. (2011) also
proposed a double-layered polishing pad which attempted to achieve a high finishing
efficiency by improving the surface flatness of the polishing tool. As a result, how to
control the pad modulus and pad topography without deterioration to maintain the
contact mechanics and fluid films may be functionally important in the contact
polishing process.
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In non-contact polishing processes, such as fluid jet polishing, the polishing tool
shape and size can affect the expansion of the jetting slurry, and hence results in
different fluid dynamic conditions or material removal rate. The inclination angle of
the polishing tool also affects the shape of influence function, or corresponding
surface characteristics (Shiou and Asmare, 2015).

2.3.2 Material Removal Mechanisms involving Brittle Fracture
When a high force is used to press hard angular particles against the surface of a
brittle material, material of the target surface is primarily removed by brittle fracture,
while material removal by means of plastic deformation is negligible. An appreciation
of material removal mechanisms involving brittle fracture can be obtained by studying
the indentation-sliding analysis conducted by Lawn et al. (1980, 1977).
Figure 2.12 shows the various stages of indention (loading and unloading) of a
brittle material (Lawn and Wilshaw, 1975). The material under the tip of the sharp
indenter is initially subjected to high stresses, which includes shear and hydrostatic
compression, released by local plastic flow or densification around the tip, and so a
small inelastic deformation zone is presented. When the loading on the indenter
increases to a critical value, a deformation-induced flaw suddenly develops into a
median vent crack. Further increase in loading causes the progressive extension of the
median crack. On reducing the load of the median vent crack, it closes but does not
heal. Further unloading causes the formation and growth of lateral vent cracks. This is
the consequence of the residual elastic stresses due to the relaxation of the deformed
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material close to the region of contact. As unloading is finished, the lateral cracks
continue their extension towards the specimen surface, eventually, it may lead to the
removal of material by chipping.

-

+

(a) Plastic deformation

(d) Unloading crack closes
-

+

(b) Small median cracks appears

(e) Lateral cracks appear
-

+

(c) Growth of median cracks

(f) Larger lateral cracks leading to chipping

Figure 2.12 A schematic diagram of vent crack formation under point indentation,
showing plastic deformation and median vent form during loading (+) half-cycle,
lateral vents during unloading (-) half-cycle (Lawn and Wilshaw, 1975).
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2.3.2.1 Models for Abrasion by Brittle Fracture
The amount of material removal by the abrasive wear of brittle materials is
determined by the extent of the lateral fracture. As shown in Figure 2.13, a plastic
groove is formed as a sharp particle slides over the target surface, while lateral cracks
extend towards the target surface from the base of the subsurface deformed region due
to the residual stresses released by the deformed material (Marshall et al., 1982).
Marshall et al. (1982) assumed that the region bounded by the lateral cracks and the
target surface enables material removal as chips and the volume of this region is
estimated to be the volumetric material removal rate. Evans (2011) presented another
analysis of the same model. But they used alternative methods of estimating the
sideways spread of the cracks and the depth of the lateral cracks and hence obtained
slightly different results.

Figure 2.13 Schematic illustration of material removal in a brittle material by the
extension of lateral cracks from beneath a plastic groove (Evans, 2011).

The models for abrasion by brittle fracture described have several important
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features in common. Their predicted material removal rates are significantly higher
than those associated with plastic deformation. This suggests that the material
removal rates due to brittle fracture should increase more promptly than linearly with
the applied load. The predicted results of the models show an inverse correlation
between material removal rate and some power of the fracture toughness of the work
material. The models also suggest that brittle fracture will take place only under the
condition that applied load on abrasive particles exceeds the critical load.

2.3.2.2 Models for Erosion by Brittle Fracture
The high-speed impact of an erosive particle can cause brittle fracture and the
material removal occurs due to the formation and intersection of cracks. Hutchings
(1993) stated that the normal impact of particles causes the most serious cracking and
hence the most rapid erosion. Models for erosion by brittle fracture have been
developed mainly for normal impact, with some assumptions that the intersection of
lateral cracks is the only agent for material removal. In these models, the contact force
during the impact of a particle is generally calculated in two ways: (i) the quasi-static
hardness of the surface is assumed as the pressure resisting penetration; (ii) a dynamic
wave-propagation model is used to determine the impact pressure (Ruff and
Wiederhorn, 1979). The calculated contact force is then used in semi-empirical
analysis to predict the extent and depth of the lateral cracks formed, and hence obtain
the volumetric material removal rate. The two different methods of calculating the
contact force result in slight differences of predicted results.
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The models discussed so far assume that the material being eroded is
homogeneous and isotropic. So far, there is still a lack of satisfactory predictive
models for the erosion of heterogeneous material. Moreover, the understanding of the
mechanisms of material removal reported in many studies is unclear and the models
based on lateral cracking do not provide accurate predicted results.

2.3.3 Material Removal Mechanisms without Brittle Fracture
Bridgman and Šimon (1953) proved that a lot of brittle materials can be
machined in a ductile regime under high hydrostatic pressures. In the abrasive
machining processes, the fine abrasive particles are very small and numerous particles
are embedded in the contact region. The load exerted on each particle may be below
the critical value causing brittle fracture. Below this critical value, a hard abrasive
particle causes only plastic deformation, with a negligible contribution associated
with the brittle mechanism.
Figure 2.14 shows slip-line fields for the deformation of a perfectly plastic
deformation caused by the sliding of a rigid two-dimensional wedge from right to left
(Challen and Oxley, 1979). Figure 2.14(a) shows the cutting mode, in which all
material is removed by the formation of the chip. Figure 2.14(b) depicts the ploughing
mode, in which a ridge of deformed material is pushed along ahead of the particle and
no material is removed from the surface. A mode of deformation by wedge formation
is illustrated in Figure 2.14(c).
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(a) Cutting

(b) Ploughing

(c) Wedge formation
Figure 2.14 Slip line fields for the deformation of a perfectly plastic deformation
caused by the sliding of a rigid two-dimensional wedge from right to left (Challen and
Oxley, 1979).

Both cutting and wedge formation can remove material from the surface. An
analysis of the forces involved in each of the three modes of deformation allows the
operative mode to be identified for any sliding conditions. The attack angle of the
particle,  , and the shear strength of the interface between the surface and the
particle are the controlling factors. When the attack angle is smaller than the critical
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angle, the solid material is primarily removed by the mode of elastic-plastic
deformation and this will cause no material removal. With the increase of the attack
angle, the material removal would be transited form microploughing to microcutting,
and hence material is removed from the worn surface in the form of a chip.

2.3.3.1 Models for Abrasion by Plastic Deformation
In the polishing process, the abrasive wear of the solid surface is caused by hard
particles, or particles embedded in the polishing pad in relative motion, or by the
presence of hard protuberances on a polishing pad sliding with the velocity relatively
along the surface. According to an early abrasion model (Archard, 1953; Rabinowicz,
1965), wear volume depends on the applied load, the tool geometry and the sliding
distance, the attack angle, and the hardness of the material, and the material removal
can be estimated by the volume of the generated groove. However, not all the volume
of the generated groove cause material removal as wear debris and a portion of it
come up with plastic deformation (Stroud and Wilman, 1962; Zum Gahr, 1981).
Hence, a more general model was developed by addition of the ratio of material
removal as wear debris to the volume of the generated groove to distinguishably
consider the four modes of interactions between the abrasive particles and the wearing
material

which

include:

microploughing,

microcutting,

microfatigue

and

microcracking (Zum Gahr, 1988), respectively. In the polishing process, lubrication
can lead to more cutting by particles, and hence to a higher wear rate by lowering the
friction between the particles and the surface. Angular particles tend to present larger
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attack angles, resulting in a greater proportion of particles involved in cutting, thus
leading to a higher material removal rate than more rounded particles (Hutchings,
1992).

2.3.3.2 Models for Erosion by Plastic Deformation
Finnie (1960) was the first to derive a single-particle erosive cutting model based
on Newton's laws and set the basic pattern and tone for all single-particle erosion
models. In his model, a particle is assumed to be an irregularly shaped object that
removes the material in a ductile regime. The model assumes that the velocity and the
attack angle of the particle have no effect on the material resistance, the ratio of the
horizontal and vertical force components is constant, the length over which the
abrasive grain contacts the surface is considerably greater than the depth of cut, and
any elastic deformation is ignored. In this model, Finnie (1960) considered the erosive
effect of translation in the vertical and horizontal directions, regardless of the rotation
of the particle. The predicted amount of material removal has a quadratic relationship
with the impact velocity of particles. Since subsequent experiments had shown that
the exponent of the impact velocity is greater than 2 (Finnie, 1995; Finnie and
McFadden, 1978; Finnie, 1995). Finnie and McFadden (1978) modified their erosion
model by adding a rotation term based on some more realistic assumptions. The
modified version turns out that the material removal appears to be not simply
quadratic with the impact velocity of particles. Finnie's model shows a reasonable
agreement with the experimental data for ductile samples at shallow angles of attack.
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However, it considerably underestimates the weight loss at large angles of attack and
predicts that no material is removed by vertical attack on such materials.
Bitter (1963a and 1963b) assumed that erosion phenomena could be
simultaneously caused by deformation wear and cutting action. He developed an
erosion model, based on Hertzian contact theory and the energy balance equation, as a
function of mass, impact velocity, and angle of the particles, and the material
properties of the particles and the eroded element. In his model, the total amount of
material removal is a summation of one part due to repeated deformation and the
other part due to cutting wear. Bitter's model can be used for both brittle and ductile
materials.
However, the deformation wear factor and the cutting wear factor have to be
determined experimentally in Bitter's model, making it impossible to apply in most
practical situations. Neilson and Gilchrist (1968) developed an experimental study on
the erosion by a stream of solid particles based on the analyses of Finnie and Bitter
and delivered the simplified form of Bitter's model. However, the simplified form
could not reduce the experimental work required to determine the erosion constants.
Huang et al. (2008) developed a mechanical erosion model considering the
factors of the impact velocity, the impact angle, the particle size and the material
properties of the workpiece. Two force components named tangential force and
normal force were separately described as having different roles in the material
removal mechanisms. The predicted results of the simplified model showed
reasonable agreement with Finnie's experimental data. However, all the exponents of
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the coefficients in this model must be determined experimentally. Sheldon and
Kanhere (1972) investigated the erosive action of relatively large single particles on
both annealed and work-hardened aluminium surfaces. They developed a single
particle erosion model based on indentation hardness theory and made a conclusion
that a velocity exponent of 3, particle size exponent of 3 and surface hardness
exponent of (-3/2) seems to match more closely the experimental data.
From the literature review, a number of single-particle models have been
proposed based on Finnie's and Bitter's models. However, all these single erosion
models are delivered under dry conditions without considering the effects of fluid
dynamics. In the polishing process, the material removal mechanisms depend not only
on the material properties of the workpiece and the nature of the particles, but also on
the conditions under which the particles impact the workpiece. As a result, these
erosion models should be modified and improved with the consideration of
hydrodynamics conditions to better understand the complicated machining
mechanisms of the polishing process.

2.4 Surface Measurement and Characterization Methods
The performance of the polishing processes can be assessed based on their
achievable surface finish, geometry accuracy and surface integrity while the
requirements tend to be different with respond to different applications. One of the
examples is that for metal optics, the requirement of geometry accuracy and surface
finish is stringent instead of the subsurface damage. In contrast, for semiconductors,
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the flatness or subsurface damage is more important than the surface finish
(Komanduri et al., 1997).

2.4.1 Surface Topography
At present, there is a large number of instruments for surface texture
measurement, which include stylus instruments, optical instruments, scanning probe
microscopes (SPM) and scanning electron microscopes (SEM).
The operating principle of the stylus measurement instruments is relatively
simple and the path of the ball-ended stylus over the measurand surface can be
calculated with a comparatively easy method. However, the measurand surface may
be contaminated by the stylus and it is a time consuming process to measure areal
surface topography. The optical instruments can overcome the shortages for the stylus
instruments since the most of the optical methods are non-contact and areal based.
Although optical instruments have some advantages over stylus instruments from the
above descriptions, more attention should be paid when performing data processing
for an optical instrument as compared to that from a stylus instrument. For a stylus
instrument, it is relatively easy to estimate the measurement result by modelling it as a
ball over the measurand surface. While it is not the same with optical instrument since
it has to model the phenomenon of an electromagnetic field for the interaction of the
surface. The measureable spatial wavelength for the scanning probe and electron
microscopes are 500nm and smaller, while the spatial wavelength for stylus and
far-field optical instruments are 500nm and larger (Leach, 2014).
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There are many kind of SPM instruments and the atomic force microscope (AFM)
is one of the most common one (Binnig et al., 1986). For the measurement setup for a
typical AFM system, the sample is placed on a piezoelectric scanner which is
moveable in three dimensions relative to a sharp tip which is very close to the sample.
The measurement range and the lateral and vertical resolution of some of the surface
topography measurement instruments is summarized in Table 2.4 (Lonardo et al.,
1996; Whitehouse, 1994). In fact, many factors including surface materials,
geometries, measure area and time, could determine the method for measuring surface
texture. Since polishing is a multi-scale and multi-physics machining process,
instruments with different resolution and range may be needed to comprehensively
analyze the polished surface.

Table 2.4 Resolution and range of some surface measurement instruments (Lonardo et
al., 1996; Whitehouse, 1994)
Resolution (nm)

Range (mm)

Instrument
Lateral

Vertical

Lateral

Vertical

100-250

0.3

>100

1

500

0.1

7

0.1

AFM

2

<0.1

0.1

0.005

STM

2.5

0.2

0.1

0.0001

>500

-

-

-

SEM

10

2

-

0.002

TEM

2

2000

-

0.0001

Stylus
Interferometric microscope

Nomarski microscope
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2.4.2 Surface Integrity
Both the surface and the subsurface layers quality including the metallurgical and
mechanical state affect the functional performance of components in the polishing
process. Besides the topological (geometric) aspects of surfaces, surface integrity also
considers the integration of metallurgical, mechanical, physical, chemical, and
biological characteristics and properties. The objective of surface integrity is to ensure
the surfaces for parts and products meet the requirement of the service properties in
the manufacturing operations. It is well-known that polishing has a great potential to
be applied in manufacturing super finished surfaces without the formation of
subsurface damage, even for brittle materials. However, improper polishing
conditions may lead to subsurface damage of the material, such as subsurface cracks,
microhardness, dislocations and residual stress. To avoid failures in machined surfaces,
there is a need for the detection of the subsurface damage to optimize the polishing
process.
Nowadays, the surface integrity and characterization methods such as
measurement of residual stresses (Brinksmeier et al., 1982), determination of
microhardness using experimental methods and non-destructive methods including
X-rays, Raman spectroscopy, photothermal microscopy and scanning acoustic
microscopy for characterizing surface integrity and subsurface damage (Brinksmeier,
1989) have been studied intensely. Griffiths (2001) reviewed and analyzed the surface
integrity parameters comprehensively. Figure 2.15 shows the recent advances in
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measurement methods of residual stress for structural integrity assessment by Withers
et al. (2008). Jawahir et al. (2011) presented a review of quantitative analysis of
residual stress rate, characterization methods, and deformation characteristics and
microstructure alteration of surface and subsurface machined layers. In particular,
Diffraction-based methods (x-ray diffraction (XRD) and Electron Backscatter
Diffraction (EBSD)), Micromagnetic methods (Barkhausen noise (BN) and Magnetic
Barkhausen emission (MBE)), Raman spectroscopy, Acoustic methods (acoustic
emission, scanning acoustic microscopy and laser ultrasonics) and methods for
evaluation of plastic strain in machined layers (recrystallization technique, mirogrids
methods and particle image velocity (PIV)).

Figure 2.15 Approximate current capabilities of various residual stress measurement
techniques-the destructive tech are shaded grey (Withers et al., 2008).
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2.5 Modelling and Simulation of Polishing Processes
2.5.1 Computational Fluid Dynamics
Computational Fluid Dynamics (CFD) has been widely used to predict fluid flow
fields and erosion phenomena in the production and transportation of slurries. Keating
and Nesic (2001) predicted hydrodynamic flow fields using CFD coupled with a
Lagrangian particle tracking method in bends. Wall impact information was used in
Finnie's model to predict the erosion rate for sand particles. However, these predicted
results were not supported by experimental data. Edwards et al. (2001) developed an
erosion prediction procedure based on a CFD code, for the surface of pipe fittings in
elbows and plugged tees. This erosion prediction procedure included three main parts:
modelling of the flow field, computation of particle trajectories and the application of
erosion model equations. Edwards et al. (2001) proved the feasibility of using this
CFD-based erosion prediction procedure for various complex geometries by
delivering three test cases.
To further understand the erosion phenomenon in transportation facilities, Wang
et al. (2009b) used CFD combined with phenomenological local erosion models to
predict the total erosion rates and the erosion patterns on surfaces. The predicted
results showed a reasonable agreement with the experimental data. Gnanavelu et al.
(2009, 2011) developed a methodology using a combination of computational fluid
dynamic simulations and experimental research to build a material-specific wear map.
The predicted wear profile agreed with the test results for the combination of 316L
steel-AFS50 and 70 sand appropriately. Due to significant differences in the particle
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size between sand and abrasives, the material removal mechanism of solid particle
erosion in fluid transport systems should be different from that occurring in the FJP
system.
Liu et al. (2004) established CFD models to simulate the jet dynamic
characteristics of the flow downstream of the exit from a long thin nozzle. The jet
velocity was ultra-high with peak velocities of 600 m/s, 700 m/s, 800 m/s, and 900
m/s, and garnet particles were used with four different diameters of 0.08 mm, 0.12
mm, 0.16 mm, and 0.20 mm. Although these parameters are not available in FJP, his
study supports an in-depth understanding of the jet characteristics in ultrahigh
velocity abrasive water jet machining. Matsumura et al. (2011) used the stagnation
effect of abrasive water jet machining to manufacture micro grooves of glass and then
finished them with crack-free surfaces. In his study, CFD analysis with a k   model
and a free boundary was developed by the commercial code PHOENICS, and the
fluid flow field of the stagnation area was simulated with no mention of the particle
tracking and erosion phenomenon.
Li et al. (2010) used a mixture model and the standard k   turbulence model to
compute the velocity field and pressure field for analyzing the material removal
mechanism in FJP. However, a larger number of studies (e.g. Beaucamp et al., 2012;
Yu et al., 2010; Zhang and Kleinstreuer, 2003) stated that the k   model tends to
be better suited to simulating transitional flow through constrictions in FJP. The
success of the CFD-based erosion modelling depends on the accuracy of the
hydrodynamics established from the CFD simulation, the correctness of the particle
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tracking algorithm applied in the simulation and the relevance of the erosion models
used in the simulation (Wang et al., 2009b). As a result, CFD study should be
conducted in depth so as to predict the material removal rate in FJP accurately while
the uncertainties are required to be evaluated by conducting experiments so as to
validate the CFD-based erosion modelling.

2.5.2 Finite Element Methods
Generally, finite element methods (FEM) for simulating the polishing processes
can be divided into macroscopic and microscopic concepts. In most instances, the
macroscopic simulation is used in calculating the influence of heat and mechanical
surface pressure on the workpiece in the light of temperature distribution or form
deviation (Des Ruisseaux and Zerkle, 1970; Enomoto et al., 2011; Li et al., 2013;
Wang et al., 2012). The calculations are mainly based on thermo-mechanical and
elasto-mechanical material characteristics without considering the plastic material
behaviour and chip formation. On the contrary, microscopic simulation is restricted to
analyzing the working zone (Klocke, 2003).
Microscopic simulation is based on the single grain scratch test and it allows for
the determination of stress, phase transformation, and temperature analysis during
chip formation in the polishing process. However, a few problems with finite element
models for the polishing processes have to be solved such as the effect of fluid
lubrication for macroscopic simulation and the quantitative description of the material
behaviour at high strain rates for the microscopic simulation (Brinksmeier et al.,
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2006).

2.5.3 Discrete Element Method
Discrete Element Method (DEM) proposed by Cundall and Strack (1979) is
widely used in addressing engineering problems in the fild of granular media. In a
DEM simulaiton, all particles of the system are modelled with the consideration of the
initial state, physical laws and contact models. The success of contact models
significantly depend on the relation between the normal contact force and the relative
dispacement of each particles. Particle dynamics method was presented by resolving
Newton’s second law to study the effect of particle characteristics on flowability of
powder assemblies (Lian and Shima, 1994; Thornton and Antony, 1998). This method
is successful in solving non-linear elastic problems and treating the variation in
coordination number in a simple way. Quasi-static schemes was presented to model
the compaction of granular media (Heyliger and McMeeking, 2001; Redanz and Fleck,
2001). However, Quasi-static schemes tend to be only used in relative density of
granular media. It is interesting to note that dynamics methods have already been
implemented in quasi-static situations for particulate media successfully (Cambou et
al., 2000; Thornton and Antony, 1998). The DEM is also well adapted to simulate
media that have a large number of interfaces, such as tribological problems like wear
phenomena (Fillot et al., 2007; Iordanoff et al., 2005). Iordanoff et al. (2008) and
Andre et al. (2012) used the DEM to simulate the polishing process and analyze the
impact on sub-surface damage creation. The disadvantage of the DEM is the using of
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dashpots and springs systems, which may cause it to be unsuitable for truly predictive
calculations.

2.5.4 Kinematic Models
In the contact polishing processes such as chemical mechanical polishing,
kinematic models are always described by a combination of the polishing pad, the
work materials and the process kinematics, when focusing on the study of the
mechanical effect. Since the surfaces of polishing pads are rough and porous, the
micro-contacts between the pad and workpiece could affect the pressure distribution
and spatial distribution of active abrasive particles, commonly modelled using the
Greenwood and Williamson elastic model (Greenwood and Williamson, 1966). Using
this model, the real contact area and active number of abrasive particles contributing
to material removal can be calculated with some assumptions (Jeng and Huang, 2005;
Luo and Dornfeld, 2001; Zhao and Chang, 2002). Preston (1927) firstly proposed the
mechanical model, in which the material removal rate is linearly related to the contact
pressure and the relative velocity. Since then, a large number of models have been
proposed based on a modified Preston equation (Song et al., 2008; Zeng and Blunt,
2014). However, the material removal rate in the contact polishing processes is
affected by various parameters, while the predictive model based on Preston's
equation is only concerned with the velocity of polishing tool relative to the
workpiece and the contact pressure between the polishing tool and the workpiece.
The theory of fluid dynamics was used to study the lubrication condition and
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material removal rate of the polishing process with the consideration of slurry erosion
rather than mechanical abrasion by particles (Runnels, 1994; Runnels and Eyman,
1994; Sundararajan, 1991). However, experimental study conducted by Larsen-Basse
and Liang (1999) presents that abrasion by abrasive particles tend to be the major
wear mechanism in the polishing process. Hence, modelling based on the combination
of contact mechanics and computational fluid hydrodynamics appears to be a
promising approach to understand comprehensively the polishing processes (Tichy et
al., 1999). Although many kinematic models have been developed to predict the
material removal rate in the polishing process, most of these kinematics models are
only concerned with the polishing process. There is a need for developing a
comprehensive model with the consideration of the polishing slurry, the material
properties of polishing pad and polished materials.

2.5.5 Molecular Dynamic Models
Molecular-dynamic simulations (MD) provides a important means to better
understand the nature of interatomic interactions for various materials. Commonly, the
Newtonian equations of motion are used to numerically solve the trajectories of atoms
in the phase space of systems. These simulations can enable a better understanding of
energetic, mechanical, structural and dynamical properties of the system at nano
levels and femtosecond timescales, and sometimes show good correlations with the
predictions of theories constructed on the basis of macroscopic considerations
(Luedtke and Landman, 1992). As a result, these simulated results help to illuminate
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the microscopic origin of the macroscopic behaviour and can be of great value for the
establishment of nano- and microfabricated devices and the atomic-scale manipulation
of materials (Luedtke and Landman, 1994).
Ikawa et al. (1991) firstly published a molecular model to gain a better
understanding of nanometric machining of ductile materials, in which the Morse
potential is used to calculate the atomic forces of the system. Since the Morse
potential cannot be used to describe the structure of brittle materials, Tersoff potential
was later used by Rentsch and Inasaki (1994, 1995) to embody the material properties
for various brittle mateirals. To simulate the abrasive machining processes, a sliding
micro-hardness indentor tip was adopted by Shimada et al. (1995) , and the simulation
used Tersoff potentials and the results indicated that the assumed conditions can
obtain quite super smooth surfaces without subsurface damage. Since then, a large
number of three-dimensional (3D) (e.g. Inasaki et al., 1993; Rentsch and Inasaki,
1994; Rüdiger Rentsch and Inasaki, 1995) and two-dimensional (2D) (e.g. Chen et al.,
2011; Han, 2007; Han and Gan, 2011; Maekawa and Itoh, 1995) MD simulations have
been developed.
However, the existing models and analyses of many MD simulations tend to
have some of their faults, such as the material description, the model size, the
simulated time and the numerical setting (Brinksmeier et al., 2006). This may be
caused by the problems of establishing acceptable models in the light of micro
topography, potential functions and the very large CPU-power needed. Moreover,
most present MD simulations do not consider fluids. There is a need to extend the MD
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machining process simulation by molecular fluid dynamics (Hoover, 2012; Rapaport,
2004) to better understand the polishing process.

2.6 Summary
Computer Controlled Ultra-precision Polishing (CCUP) based on fluid jet
polishing and bonnet polishing with multi-axis machining is an enabling
ultra-precision machining technology which is capable of fabricating ultra-precision
freeform surfaces with sub-micrometre form accuracy and surface roughness in the
nanometre range. This is particularly useful for machining difficult-to-machine and
ferrous materials, which are not amenable for other ultra-precision machining
technologies such as single-point diamond turning and ultra-precision raster milling.
However, most previous research on the polishing process was based on surface
roughness processing without regarding and focusing on shape or form accuracy, and
our present understanding of the material removal mechanisms is still far from
complete. This is particularly true for ultra-precision, multi-axis, freeform polishing,
which is a kind of non-conventional polishing method that has been widely used for
machining ultra-precision freeform components that require precise control and
accuracy across the polishing surface so as to maintain the form and achieve
nanometre surface finishes, which improve the functionality of the components.
With the increasing demands for functional enhancement, it is of paramount
importance to understand how various polishing process parameters affect the ability
to accurately produce a complete smooth mirror surface with geometrically
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dimensional shapes in the nanometre order. Material removal analysis is clearly a
fundamental element in achieving the corrective polishing and optimization of the
polishing process. Nowadays, the acquisition of tool influence functions still depends
largely on the experience and skill of the machine operator through an expensive
trial-and-error approach when new materials, new surface designs or new machine
tools are used. It is found that studies on polishing mechanisms, especially
nano-mechanics, are still sparse because it is nearly impossible to observe the
interface between the workpiece surface and the polishing pad during the process.
In the aspect of mechanical behaviour, the wear of materials in the polishing
process is mainly caused by the abrasion wear due to the abrasive-workpiece and
abrasive-pad contact and/or erosion caused by hard particles striking the surface.
Since the material removal is extremely small, in the order of sub-micrometres or less,
the mechanisms of abrasive wear or erosion in the polishing process can involve both
plastic flow and brittle fracture owing to the polishing process parameters, even for
brittle materials. As a result, experimental study of the material removal analysis for
the CCUP process is much needed to further understand and optimize the polishing
process. As the optimal cutting conditions and polishing strategy for ensuring good
surface quality and form accuracy depend largely on the machining environment,
work materials, and the geometry of surfaces being polished, there is a need for the
research of modelling and simulation methods and tools which can simulate and
predict the effect of polishing process parameters on the material removal
characteristics and surface generation in CCUP.
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Although many researchers have carried out scientific research in an attempt to
improve the surface finish of polished surface and gain fundamental understanding of
the polishing process involved in CCUP, research work on the polishing mechanism is
still far from complete, and relatively little attention has been found on the theoretical
modelling of the material removal characteristic for CCUP. Since the material
removal mechanism of the CCUP process usually exhibits multidisciplinary and
multi-scale complexity, it is still difficult to model the material removal characteristics
and simulate the surface generation. As a result, the research in the present study
focuses on modelling and analysis of the material removal characteristics in CCUP.
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CHAPTER 3 EXPERIMENTAL
INVESTIGATION OF FACTORS
AFFECTING MATERIAL REMOVAL IN
COMPUTER CONTROLLED
ULTA-PRECISION POLISHING
3.1 Introduction
As an ultra-precision machining process, Computer Controlled Ultra-precision
Polishing (CCUP) is commonly used to remove tool marks to obtain super finished
mirror surfaces. However, recent studies tend to apply CCUP for form correction so as
to achieve corrective polishing. It is interesting to note that the material removal rate is
an important criterion for CCUP considering time efficiency and the improvement of
surface quality, and the material removal analysis is also critical for the deterministic
polishing process of CCUP. Hence, the Taguchi method was used to design the
experiments so as to investigate the effect of the factors on the material removal rate in
fluid jet polishing and bonnet polishing, and a series of experiments was also
performed to investigate the effect of the polishing parameters on the material removal
characteristics in fluid jet polishing, as well as the material removal mechanism in
bonnet polishing.
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3.2 Taguchi Approach for Material Removal Analysis in
Fluid Jet Polishing
3.2.1 Experimental Design
The material removal characteristics are commonly described as a tool influence
function and assessed in terms of the width, maximum depth and volumetric material
removal rate. In the present Taguchi design experiment, the material removal rate is
quantified in terms of the volumetric material removal rate (VMMR) and the
parameters are selected based on the work range of typical parameters in the FJP
system due to the operational range for safety and the stability of the polishing
machine. Experiments were conducted on a Zeeko IRP200 ultra-precision freeform
polishing machine using the five fixed process parameters and the five control factors
(each with four levels), as shown in Table 3.1 and Table 3.2, respectively. Accordingly,
the Taguchi design method was configured using a Double Orthogonal Array, in which
the five control factors were arranged in an L16(45) Orthogonal Array. The polished
specimens were measured by a Zygo Nexview 3D Optical Surface Profiler.
Table 3.1 The fixed process parameters in Taguchi design of experiments
Fixed factors

Levels

Diameter of nozzle

1.1 mm

Additives

water

Machining time

5 minutes

Workpiece material
Particle material of the slurry

BK7 (Knoop hardness: 610)
Al2O3 (Specific gravity: 3.95)
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Table 3.2 The control factors and levels in the Taguchi design of experiments
No.

Control factors

Levels
1

2

3

4

A

Pressure（bar）

5

8

12

15

B

Impact angle (°)

30

45

60

90

C

Standoff distance (mm)

5

10

15

20

D

slurry concentration

1:3

1:6

1:9

1:12

E

Particle diameter (μm)

3.22

6.69

9.41

13.12

3.2.2 Results and Discussion
3.2.2.1 Optimal Process Parameters
The Taguchi method provides an effective tool for optimizing the operational
parameters with a minimum number of experimental trials. Furthermore, the optimal
process parameters determined by the Taguchi trials tend to be robust to unavoidable
variations in the environmental conditions, or other forms of external noise. In the
Taguchi methodology, the experimental results based on the special design of
orthogonal array (OA) are then transformed into a signal-to-noise (S/N) to evaluate the
performance characteristics. The calculation of S/N ratio depends on the experimental
objectives:

higher-the-better,

lower-the-better

and

nominal-is-best.

In

these

experiments, a higher-the-better signal-to-noise (S/N) ratio was used and a larger S/N
ratio infers that the corresponding factor level setting provides a larger material
removal rate in FJP. Table 3.3 summarizes the Taguchi experimental results and the
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determination of the mean value and the S/N ratio. The signal-to-noise ratio data of
each of the five experimental variable factors at every level are presented in Table 3.4.
As shown in Table 3.4, it is interesting to note that the pressure has the largest effect on
the material removal rate and that standoff distance has the smallest effect.
Table 3.3 Experimental results for the volumetric material removal rate
Exp.

Control factors

Volumetric material removal rate (μm3/min)
S/N ratio

No.

A B C D E

T i,1

T i,2

T i,3

Mean

1

1

1

1

1

1

1690330

1454650

1520220

1555067

123.784

2

1

2

2

2

2

1759670

1567120

1467750

1598180

124.000

3

1

3

3

3

3

2453860

2477790

2249170

2393607

127.556

4

1

4

4

4

4

4885750

4203210

3983650

4357537

132.689

5

2

1

2

3

4 12358300

10857800

11323500

11513200

141.186

6

2

2

1

4

3

5571330

4989430

4669980

5076913

134.044

7

2

3

4

1

2 21691400

22090100

19865000

21215500

146.505

8

2

4

3

2

1

4747210

4008520

4063820

4273183

132.540

9

3

1

3

4

2 18459200

19784000

18968900

19070700

145.597

10

3

2

4

3

1 11916600

10721400

9709280

10782427

140.564

11

3

3

1

2

4 91697900

81704700

76699700

83367433

158.349

12

3

4

2

1

3 147701000

137057000

131425000

138727667

162.813

13

4

1

4

2

3 97490700

85646300

90015400

91050800

159.149

14

4

2

3

1

4 249900000

207371000

185291000

214187333

166.421

15

4

3

2

4

1 12465200

11335100

13042300

12280867

141.740

16

4

4

1

3

2 46390800

40314700

38591500

41765667

152.337
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Table 3.4 S/N ratio factor response data for material removal rate
Average η by levels (dB)
No.

Control factors
1

2

3

4



Rank

A

Pressure

127.0

138.6

151.8

154.9

27.9

1

B

Impact angle

142.4

141.3

143.5

145.1

3.8

4

C

Standoff distance

142.1

142.4

143.0

144.7

2.6

5

D

Concentration

149.9

143.5

140.4

138.5

11.4

3

E

Particle diameter

134.7

142.1

145.9

149.7

15.0

2

Remark: η represents the signal-to-noise (S/N) ratio;  denotes the difference
between the maximum and minimum mean response across levels of a factor.

Figure 3.1 and Figure 3.2 show the plots of the S/N ratios and means for the
material removal rate in graphical form, respectively. The main effects plot for the S/N
ratios indicates that the factor level combination which ensures the optimal material
removal rate is under the combination of the experimental conditions of A4B4C4D1E4.
However, the main effects plot for the means shows that the combination of the
optimal factor level for the material removal rate is A4B2C3D1E4. As shown in Figure
3.1, the impact angle (factor B) and standoff distance (factor C) have very little
influence on the S/N ratio. Since they have an insignificant effect on S/N, it is the
perfect choice for the mean adjustment factor. The main effects plot for the means
indicates that shifting impact angle and standoff distance to a higher level increases the
material removal rate but does not affect S/N distinctively. As a result, the combination
of the optimal factor level for the material removal rate should be A4B2C3D1E4.
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Main Effects Plot for S/N ratios
Data Means
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S/N ratio: higher-the-better

Figure 3.1 S/N ratio factor response graphs for the volumetric material removal rate

Main Effects Plot for Means
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Figure 3.2 Mean factor response graphs for the volumetric material removal rate

3.2.2.2 Confirmatory Experiments
To confirm the reliability of the Taguchi experiments, two polishing experiments
were performed under the optimal operational parameters obtained from the Taguchi
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designed experiments. The results of the confirmatory experiments are presented in
Table 3.5. It is interesting to note that a very slight discrepancy is observed between
the predicted material removal rate and the experimental data. However, the overall
results of the confirmation trials indicate that the optimal factor level combination of
A4B2C3D1E4 provides a consistent material removal rate in FJP. In other words, the
optimal process parameters are given as pressure of 15 bar, impact angle of 45°,
standoff distance of 15 mm, slurry concentration of 1:3 and particle size of 13.12 μm,
when the BK7 workpiece material was polished using a 1.1 mm diameter nozzle, pure
water additives, together with Al2O3 abrasive particles.

Table 3.5 Results of confirmation trials
Trial no.

VMMR (μm3/min)

Predicted mean value

1

207371200

214187333

2

215192000

214187333

3.3 Effect of Polishing Parameters on Material Removal
Rate in Fluid Jet Polishing
3.3.1 Experimental Design
In this study, a series of experiments was conducted to study the effect of
polishing time, slurry pressure, standoff distance, impingement angle, slurry
concentration, particle size and the radius of curvature on material removal in fluid jet
polishing (FJP). All polishing experiments were performed on optical glass (BK7 with
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the Knoop hardness value of 610) using Aluminium oxide (Al2O3) abrasive particles.
As shown in Table 3.6, they were conducted by changing one process factor and
keeping the other process factors constant. The polishing machine used was a Zeeko
IRP 200 ultra-precision freeform polishing machine which is equipped with three
linear axes and three rotational axes. The polished surface made of BK7 which is a
glass material was measured by a Zygo Nexview 3D Optical Surface Profiler.

Table 3.6 The parameter settings for studying the effect of individual parameter on the
material removal in fluid jet polishing
Polishing

Pressure

Distance

Angle

Concentration

Particle

time (s)

(bar)

(mm)

(°)

(i)*

12

10

90

1:12

3.22

180

(ii)*

10

90

1:12

3.22

180

12

(iii)*

90

1:12

3.22

180

12

10

(iv)*

1:12

3.22

180

12

10

90

(v)*

3.22

180

12

10

90

1:12

(vi)*

180

12

10

90

1:12

3.22

Size (μm)

Remark: (i)* The polishing time : 60 s, 120 s, 240 s, 300 s; (ii)* The slurry pressure: 5
bar, 8 bar, 10 bar, 12 bar, 15 bar; (iii)* The standoff distance: 5 mm, 8 mm, 10 mm, 15
mm, 20 mm; (iv)* The impingement angle: 30°, 45°, 60°, 75°, 90°; (v)* The slurry
concentration: 1:3, 1:6, 1:9, 1:12; (vi)* The particle size: 3.22μm, 6.69μm, 9.41μm,
13.12μm.
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3.3.2 Results and Discussion
3.3.2.1 Effect of Polishing Time
Figure 3.3 shows that the width of the polished spots are approximately the same
and the maximum depth and the volumetric removal of the polished spots increase
linearly with increasing polishing time. This implies that the material removal rate is
constant for different polishing time and hence the form error can be corrected by the
compensatory 'dwell time map' of the polishing tool.

(a)

(b)

(c)
Figure 3.3 The effect of the polishing time on: (a) the width; (b) the maximum depth
and (c) the volumetric removal of the polished spot
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The experimental data are found to linearly fit Eq. (3.1) with the residual sum of
squares of 1.83 10 .
11

Qt  5 5 1 0 4 . t27 5 1 . 42 8 1 0
where

(3.1)

Qt is the volume of the polished spot in μm3 and t is the machining time in

s. The slope of the linear curve could be affected by different polishing conditions,
such as the pressure, concentration, particle size, material properties, etc.

3.3.2.2 Effect of Slurry Pressure
Figure 3.4(a) shows that the width of the influence function increases slightly
with increasing pressure. Figure 3.4(b) and Figure 3.4(c) show that the maximum
depth and volumetric material removal rate also increase with increasing pressure.
This may be due to the fact that the larger pressure presents a higher kinetic energy to
the impact particles, and hence a higher material removal rate is obtained.
Furthermore, the relationship between the volumetric material removal rate and the
pressure can be fitted well by Eq. (3.2) using the polynomial fit in the OringinPro
software.

Qp  6863.19P3  81517.62P2  694084.23P  1.98 106

(3.2)

where Qp is the volumetric material removal rate in μm3/min and P is the pressure
in bar. Since the impact velocity of the slurry depends linearly on the pressure, it turns
out that the exponent of velocity corresponding to the material removal rate tends to
be between 2 and 3.
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(a)

(b)

(c)
Figure 3.4 The effect of the slurry pressure on: (a) the width; (b) the maximum depth
and (c) the volumetric material removal rate of the tool influence function

3.3.2.3 Effect of Standoff Distance
Figure 3.5 shows that the maximum depth and the volumetric material removal
rate increase as the standoff distance is increased, while the width of the influence
function fluctuates slightly. This result contradicts the experimental data of previous
research (Booij et al., 2001). In theory, the change of standoff distance could result in
different kinetic energies of the particles and different hydrodynamic conditions for
the jet slurry, and hence a different material removal rate is obtained in FJP. The
material property of the polished surface is also a factor that should be considered
when the effect of the standoff distance on the material removal characteristics is
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studied. How the standoff distance affects the material removal rate and the relation
between the standoff distance and material removal rate under different polishing
conditions still need to be investigated further using the computational fluid dynamic
(CFD) theory and erosion mechanisms.

(a)

(b)

(c)
Figure 3.5 The effect of the standoff distance on: (a) the width; (b) the maximum
depth and (c) the volumetric material removal rate of the tool influence function

3.3.2.4 Effect of Impingement Angle
As shown in Figure 3.6, the shape and area of the influence function is varied
corresponding to different impingement angles. This means that the optimal
impingement angle can be selected for polishing super finished mirror surface with
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consideration of the designed polishing path in order to improve the polishing
efficiency.

(a) 30

(b) 45°

(c) 60°

(d) 75°

(e) 90°
Figure 3.6 The 3D surface topography of the influence function for the different
impingement angle

Figure 3.7 shows that the relationship between the material removal rate and the
impact angle is nonlinear. The maximum depth and the volumetric material removal
rate increase as the impact angle increases between 0° and 45° and both of them
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decrease as the impact angle increases between 60° and 90°. According to the
polynomial fitting of the experimental data, the maximum depth and volumetric
material removal rate are maximum between 45° and 60°. This can be due to the
reason that the different impact angles result in different hydrodynamic conditions of
jet slurry and hence different particle trajectories in the polishing process.

(a)

(b)
Figure 3.7 The effect of the impingement angle on: (a) the maximum depth and (b) the
volumetric material removal rate of the tool influence function

3.3.2.5 Effect of Slurry Concentration
Figure 3.8 shows that the maximum depth and volumetric material removal rate
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increases linearly with increasing slurry concentration and the width of the influence
function appears to be constant. The result may be due to the fact that the number of
impact particles increases as slurry concentration is increased, and this results in
increasing material removal rate.

(a)

(b)

(c)
Figure 3.8 The effect of the slurry concentration on: (a) the width; (b) the maximum
depth and (c) the volumetric material removal rate of the tool influence function

3.3.2.6 Effect of Particle Size
Figure 3.9 presents the relationship between the material removal rate and the
particle size. As shown in Figure 3.9, #500 Al2O3 abrasive particles have the largest
diameter of the current abrasives and they tend to provide the largest material removal
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rate. Conversely, #1200 A2O3 abrasive particles have the smallest diameters of the
current abrasives, and hence their cutting capability is found to be the lowest among
the four particle types used in the experiment. Furthermore, it can be seen that the
material removal rate increases as the diameter of the abrasive particles increases.

(a)

(b)

(c)
Figure 3.9 The effect of the particle size on: (a) the width; (b) the maximum depth and
(c) the volumetric material removal rate of the tool influence function (TIF)

The effects of particle size on the material removal rate can be summarized as
follows:
(i) The particle size may affect the hydrodynamic conditions in Fluid Jet Polishing.
Hence, different particle sizes determine different particle trajectories and they
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finally lead to different impact velocities and angles between the particles and
target surface.
(ii) Different particle sizes donate different masses of particles, and hence they
present different kinetic energies of the impact particles. This is regarded as the
main reason behind material removal in fluid jet polishing.
(iii) When a particle impacts the target surface, different contact areas due to the
differences in particle size may cause different erosion characteristics. Besides
this, the particle shape and particle size distribution also need to be considered.

3.4 Taguchi Approach for Material Removal Analysis in
Bonnet Polishing
3.4.1 Experimental Design
In the present study, the material removal rate is quantified in terms of the
volumetric material removal rate (VMMR) in bonnet polishing. Experiments were
conducted on a Zeeko IRP200 ultra-precision freeform polishing machine using five
fixed process parameters and six control factors (each with three levels), as shown in
Table 3.7 and Table 3.8, respectively. Accordingly, the Taguchi design method was
configured using a Double Orthogonal Array, in which the six control factors were
arranged in an L18(36) Orthogonal Array. The polished specimens were measured by a
Zygo Nexview 3D Optical Surface Profiler.
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Table 3.7 The fixed process parameters in Taguchi design of experiments
Fixed factors

Levels

Tool radius

20 mm

Polishing cloth

LP-66

Machining time

4 min

Workpiece material

S136 (Rockwell C Hardness: 55)

Particle material

Al2O3

(Specific gravity: 3.95)

Table 3.8 The control factors and levels in Taguchi design of experiments
Levels
No.

Control factors
1

2

3

A

Head speed (rpm)

500

1000

1500

B

Precess angle (°)

5

15

25

C

Tool pressure (bar)

0.5

1

1.5

D

Tool offset (mm)

0.12

0.24

0.36

E

slurry concentration

1:9

1:6

1:3

F

Particle diameter (μm)

3.22

6.69

9.41
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3.4.2 Results and Discussion
3.4.2.1 Optimal Process Parameters
In these experiments, a higher-the-better signal-to-noise (S/N) ratio was used and
a larger S/N ratio implies that the corresponding factor level setting provides a larger
material removal rate in bonnet polishing. Table 3.9 summarizes the Taguchi
experimental results and the determination of the mean value and the S/N ratio. The
signal-to-noise ratio data of each of the six experimental variable factors at every level
are presented in Table 3.10. As shown in Table 3.10, it is interesting to note that the
precess angle, head speed, particle diameter, tool offset, slurry concentration and tool
pressure are the significant factors in descending order which affect the material
removal rate.
Figure 3.10 and Figure 3.11 show the plots of the S/N ratios and means for the
material removal rate in graphical form, respectively. The main effects plot for the S/N
ratios indicates that the factor level combination which ensures the optimal material
removal rate is under the combination of the experimental conditions of
A3B3C2D3E3F3. However, the main effects plot for the means shows that the
combination of the optimal factor level for the material removal rate is
A3B3C1D3E3F3. As shown in Figure 3.11, the tool pressure (factor C) has very little
influence on the S/N ratio. Since they have an insignificant effect on S/N, it is the
perfect choice for the mean adjustment factor. The main effects plot for the means
indicates that tool pressure to a lower level increases the material removal rate but does
not affect S/N distinctively. As a result, the combination of the optimal factor level for
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the material removal rate should be A3B3C1D3E3F3.

Table 3.9 Experimental results for the volumetric material removal rate
Control factors

Exp.

Average volumetric material

S/N

No.

A

B

C

D

E

F

removal rate (μm3/min)

ratio

1

1

1

1

1

1

1

8853280

138.942

2

2

2

2

2

2

2

377774000

171.545

3

3

3

3

3

3

3

1231196000

181.807

4

1

1

2

2

3

3

69903000

156.890

5

2

2

3

3

1

1

162440000
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Main Effects Plot for S/N ratios
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Figure 3.10 S/N ratio factor response graphs for the volumetric material removal rate
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Figure 3.11 Mean factor response graphs for the volumetric material removal rate
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Table 3.10 S/N ratio factor response data for material removal rate
Average η by levels (dB)
No.

Control factors
1

2

3



Rank

A

Head speed

160.6

169.4

172.8

12.3

2

B

Precess angle

158.5

169.1

175.3

16.8

1

C

Tool pressure

167.8

168.1

167.0

1.1

6

D

Tool offset

165.3

168.3

169.3

4.0

4

E

concentration

165.7

167.9

169.2

3.5

5

F

Particle diameter

162.2

170.0

170.7

8.5

3

3.4.2.2 Confirmatory Experiments
To confirm the reliability of the Taguchi experiments, two polishing experiments
were performed under the optimal operational parameters obtained from the Taguchi
designed experiments. The results of the confirmatory experiments are presented in
Table 3.11. It is interesting to note that a very slight discrepancy is observed between
the predicted material removal rate and the experimental data. However, the overall
results of the confirmation trials indicate that the optimal factor level combination of
A3B3C1D3E3F3 provides a consistent material removal rate in bonnet polishing. In
other words, the optimal process parameters are indicated as a head speed of 1500 rpm,
precess angle of 25°, tool pressure of 0.5 bar, tool offset of 0.36 mm, concentration of
1:3, and particle diameter of 9.41 μm, when the S136 workpiece material was polished
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using a bonnet with a radius of 20 mm and LP-66 polishing cloth, pure water additives,
and Al2O3 abrasive particles.

Table 3.11 Results of confirmation trials
Trial no.

VMMR (μm3/min)

Predicted mean value

1

1355544247

1234508691

2

1449060000

1234508691

3.5 A Study of Material Removal Mechanisms in Bonnet
Polishing
3.5.1 Experimental Design
The bonnet polishing process involves forcing a spinning, inflated bonnet,
covered with the polishing pad, against the polished surfaces flooded with a liquid
slurry of abrasive particles. The slurry is dragged by the porous polishing pad into the
interface between the pad and the workpiece. The material removal in bonnet
polishing is accomplished by the interactions between the polishing pad, workpiece
and abrasive particles as shown in Figure 3.12. The mechanism of material removal is
a complex process, which is affected by various factors such as tool radius, precess
angle, polishing depth, head speed, tool pressure, polishing time, polishing cloth,
slurry concentration, particle size, material properties of the particles and workpiece,
etc. To have a better understanding of the pad-abrasive-workpiece contact mechanics
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and material removal mechanisms in the bonnet polishing process, a series of
experiments was conducted as follows:
(i) To investigate the interactions among the polishing pad, workpiece and abrasive
particles, three samples made of NiCu (Hardness HV: 110) were prepared by the
Moore Nanotech 350FG using single-point diamond tooling which were then
polished by a Zeeko IRP 200 ultra-precision freeform polishing machine.
Sample N1 was polished without water and abrasive particles, sample N2 was
polished using pure water without abrasive particles and sample N3 was
polished using a slurry comprising 2.066 vol. % of Al2O3 abrasives with an
average size of 3.22 µm. All these samples were polished under the identical
polishing parameters as shown in Table 3.12 and measured by a Zygo Nexview
3D Optical Surface Profiler and HITACHI TM3000 Tabletop Scanning Electron
Microscope.
(ii) To study the hydrodynamics conditions in the contact area for bonnet polishing,
three samples made of S136 HRC 55 steel were prepared by deterministic
micro-grinding of Moore Nanotech® 450UPL and then polished by a Zeeko IRP
200 ultra-precision freeform polishing machine using a slurry comprising 2.066
vol. % of Al2O3 abrasives with an average size of 13.12 µm. Experiments were
conducted using different polishing depths of 0.1 mm, 0.3 mm and 0.5 mm,
while other parameters are shown in Table 3.12.
(iii)

With consideration of the importance of the dwell time map for the surface
generation by bonnet polishing, three samples made of different materials
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including steel, BK7 and Nicu were polished using a slurry comprising 2.066
vol. % of Al2O3 abrasives with an average size of 13.12 µm to study the effect
of polishing time on the surface generation for various materials. All these
experiments were conducted on a Zeeko IRP 200 ultra-precision freeform
polishing machine using different polishing times of 60 s, 120 s, and 180 s and
the other parameters are shown in Table 3.12.

Pressure

Slurry
Polishing pad

Workpiece
Inlet region

Contact region

Outlet region

Figure 3.12 Schematic diagram of bonnet polishing and workpiece-pad interactions

Table 3.12 Polishing parameters used in the experimental studies
Polishing pad

LP-66 (Cerium oxide D'27)

Precess angle

15°

Tool size

20 mm radius bonnet

Tool pressure

1.2 bar

Polishing depth

0.2 mm

Head speed

1200 rpm

Polishing time

60s
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3.5.2 Results and Discussion
3.5.2.1 Pad-abrasive-workpiece Interactions
Table 3.13 shows that sample N3 had the highest material removal rate while the
amount of material removal of sample N2 was smaller than that of sample N3, and
sample N1 had the lowest material removal. It was also found that the polishing pad
not only contributes to the material removal but also generates micro-scale scratches
on the polished surface as shown in the scanning electronic microscopy (SEM)
photographs in Table 3.13. The outcomes of these experiments can be summarized as
follows:
(i) The interaction between the pad and the polished surface decreases the material
removal rate for the dry bonnet polishing process;
(ii) The functions of the abrasive slurry in bonnet polishing include the conversion
of an abrasive to a loose abrasive process, flushing or the transport of the debris
away from the abrasive process, culling in the contact area, mechanical
lubrication of the abrasive contacts, etc.
(iii)

The material removal in bonnet polishing is shared by the polishing pad and the
abrasives trapped in the pad-workpiece interface, and the amount of material
removal by the polishing pad is much smaller than that by the abrasive particles.
More importantly, the material removal produced by the polishing pad is mainly
caused by the abrasion associated with plastic deformation of the polishing pad
which produces the scratches and hence damages the surfaces being polished.

To obtain super mirror finished surfaces without pad scratches, the abrasive wear that
82

CHAPTER 3 EXPERIMENTAL INVESTIGATION OF FACTORS AFFECTING MATERIAL
REMOVAL IN COMPTER CONTROLLED ULTRA-PRECISION POLISHING

occurs in bonnet polishing which is dominated by the plastic removal mode of
abrasive particles, while the material removal is caused by the polishing pad should be
mitigated through flattening the asperities (Hutchings, 1993; Kim et al., 2013; Saka et
al., 2010), controlling reasonably the polishing depth and/or appropriately adopting a
polishing pad with low pad hardness.

Table 3.13 Experimental results for studying interactions between the pad, workpiece
and particles
Sample No.

Zygo photographs

SEM photographs (Center area)
2.86μm

A1.1

3.27μm

(No water and
1.36μm

no abrasive

3.82μm

particles)
A1.2
1.91μm

(with water

1.77μm

but no

2.59μm

abrasive
particles)
136nm

A1.3

272nm

(with water
and abrasive

409nm

particles)

83

409nm

CHAPTER 3 EXPERIMENTAL INVESTIGATION OF FACTORS AFFECTING MATERIAL
REMOVAL IN COMPTER CONTROLLED ULTRA-PRECISION POLISHING

3.5.2.2 Hydrodynamic Lubrication
It is well-known that abrasive slurry is vital to facilitate the material removal at
nano level and the polishing mechanisms of bonnet polishing usually exhibit
multidisciplinary and multi-scale complexity, possibly accomplishing contact
mechanics, lubrication mechanics, erosion, and wear mechanisms. Hence, the material
removal mechanisms tend to vary under different polishing conditions. Similar to the
lubrication theory, the polishing conditions can be divided into three parts: boundary
lubricant, mixed lubricant and hydrodynamic lubricant polishing.
Table 3.14 shows that the amount of material removal is increased with
increasing polishing depth while the pad scratching is presented in the centre area
with the highest pressure when using a polishing depth of 0.5 mm. The results can be
explained as follows:
(i)

A larger polishing depth means a larger contact area and a higher pressure
distribution in the contact area and hence obtains a higher material removal rate;

(ii) when using a large polishing depth, the pressure of the centre area of a polished
spot is the highest and the slurry is hard to be entrapped in the gap between the
pad and the polished surface and hence the polishing pad may contact the
surface directly with little water and no abrasive particles. This plastic-contact
mode between the workpiece and polishing pad in the centre area is named
boundary lubricant polishing condition and causes the minimal material removal
rate and results in high surface quality. Hence, there exists a critical polishing
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depth which if exceeded leads to the breaking of the hydrodynamic lubrication
condition in the high pressure area of the polished spot which causes the pad
scratching.

Table 3.14 Experimental results used to study hydrodynamic conditions in the contact
area
Sample No.

Zygo photographs

SEM photographs (Center area)

D1
(Polishing

136nm

409nm

409nm

depth:
0.1 mm)

D2
681nm

(Polishing

272nm
409nm

depth:
0.3 mm)

D3
2.86μm

(Polishing
2.35μm

depth:

3.4μm

0.5 mm)

In other words, the tool offset in bonnet polishing should be smaller than the critical
polishing depth in order to ensure high surface quality without pad scratching. The
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critical polishing depth may be affected by tool pressure, pad topography, particle size,
and the material of polishing pad and polished surface in bonnet polishing. Conversely,
when using a small polishing depth, the contact mode of bonnet polishing is
dominated by the hydro-dynamical contact mode and the material removal rate under
hydrodynamic lubricant polishing conditions is significantly small. As a result, the
polishing depth should be selected properly to ensure that the contact mode of bonnet
polishing is a mixed lubricant polishing condition including the hydrodynamic contact
model and the solid-solid contact mode. The mixed lubricant polishing condition is
greatly valued due to the fact that it can obtain high surface quality with high
polishing efficiency. The results discussed are helpful for a better understanding of the
polishing process and process optimization.

3.5.2.3 Effect of Polishing Time
Since the surface generation by bonnet polishing is dominated by the polishing
tool influence function instead of the actual geometry of the cutting tool, the surface
generation mechanism of bonnet polishing is quite different from that of other
ultra-precision machining processes such as single-point diamond turning and raster
milling (Cheung et al., 2011). The influence function (TIF) is affected by various
factors which is commonly regarded as a tool that is used in calibration, prediction or
form correction. With the data of the tool influence function, the polishing tool can be
told where it should stay longer or shorter for removing more or less materials from
the surface.
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Figure 3.13 shows that the removal volume increases linearly with increasing
polishing time and this infers that the material removal rate is constant when using
only one variable factor of polishing time while keeping other parameters constant.
This implies that bonnet polishing is a relative and cumulative process for various
materials and the surface generation of bonnet polishing is a linearly cumulative effect
of dwell time together with constant material removal rate under identical polishing
conditions.

Figure 3.13 The effect of polishing time and on the surface generation

3.6 Summary
In this chapter, the Taguchi design of experiments is described to identify the
optimal operational parameters and the significance of the important parameters for the
volumetric material rate in fluid jet polishing. The Taguchi trials show that pressure
has the largest effect on the material removal rate and that standoff distance has the
smallest effect. The results of the Taguchi design process indicate that the optimal
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process parameters are given as follows: pressure of 15 bar, impact angle of 45°,
standoff distance of 15 mm, slurry concentration of 1:3, and particle size of 13.12 μm,
when polishing BK7 using a 1.1 mm diameter nozzle, pure water additives, and Al2O3
abrasive particles.
A series of experiments was performed to study the effects of important process
parameters on the material removal characteristics in fluid jet polishing. The results
can be summarized as follows:
(i) the width of the influence function increases slightly with increasing pressure and
standoff distance.
(ii) the maximum depth as well as volumetric removal increase linearly with increasing
polishing time and slurry concentration, while they increase non-linearly with slurry
pressure, slurry distance, and particle size. It is interesting to note that the maximum
depth as well as the volumetric removal increase first then decrease with increasing
impingement angle.
The Taguchi design experiments were also used to identify the optimal
operational parameters and the significance of the important parameters for the
volumetric material rate in bonnet polishing. The Taguchi trials show that the precess
angle, head speed, particle diameter, tool offset, slurry concentration and tool pressure
are the significant factors in descending order of significance which affect the material
removal rate. The results of the Taguchi design process indicate that the optimal
process parameters in the present experiments are a head speed of 1500 rpm, precess
angle of 25°, tool pressure of 0.5 bar, tool offset of 0.36 mm, concentration of 1:3, and
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particle diameter of 9.41 μm, when the S136 workpiece material was polished using a
bonnet with a radius of 20 mm and LP-66 polishing cloth, pure water additives, and
Al2O3 abrasive particles.
The material removal mechanism was studied through a series of polishing
experiments. The main findings are summarized as follows:
(i) Experimental results reveal that the functions of the abrasive slurry in bonnet
polishing include conversion of an abrasive to loose abrasive process, flushing or
the transport of the debris away from the abrasive process, culling in the contact
area to avoid some interactions, mechanical lubrication of the abrasive contacts,
etc. Although the material removal is shared by the abrasive particles and the pad
asperities in the designed experiments, the abrasive wear that occurs in bonnet
polishing is dominated significantly by the plastic removal mode of abrasive
particles, while the material removal caused by the polishing pad should be
mitigated in order to obtain super mirror finished surfaces without pad scratches.
(ii) Experimental results suggest that there exists a critical polishing depth which if
exceeded leads to the breaking of the hydrodynamic lubrication condition in the
high pressure area of polished spot which causes pad scratching. As a result, the
polishing depth should be selected properly to ensure that the contact mode of
bonnet polishing is mixed lubricant polishing condition including the
hydrodynamic contact model and the solid-solid contact mode. The mixed
lubricant polishing condition is greatly valued due to the fact that it can obtain
better surface quality with higher polishing efficiency.
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(iii)

The experimental results show that the removed volume increases linearly with
increasing polishing time when polishing steel, optical glass (BK7) and nickel
copper (NiCu). This implies that the surface generation of bonnet polishing is a
linearly cumulative effect of dwell time together with the constant material
removal rate when polishing is undertaken under the identical polishing
conditions.
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CHAPTER 4 CFD-BASED MODELLING
OF MATERIAL REMOVAL
CHARACTERISTICS AND SURFACE
GENERATION IN FLUID JET
POLISHING
4.1 Introduction
Fluid Jet Polishing (FJP) has the advantages of localized force and cooling of the
debris, and of a stable and controllable material removal function with very little tool
wear. Due to the complex machining mechanism, it is still difficult to model the
material removal characteristics and simulate the surface generation for FJP. In the
present study, an attempt was made to better understand the material removal
characteristics and surface generation mechanisms in the FJP process.
Hence, a theoretical model was built to predict and characterize the material
removal characteristics and surface generation in FJP based on computational fluid
dynamics modelling. A series of spot and pattern polishing tests, as well as simulation
experiments by the theoretical model, were conducted. The results show that the
theoretical model satisfactorily predicts the surface generation under different
polishing conditions and enables a better understanding of the polishing process in
FJP.

91

CHAPTER 4 CFD-BASED MODELLING OF MATERIAL REMOVAL CHARACTERISTICS AND
SURFACE GENERATION IN FLUID JET POLISHING

4.2 Polishing Mechanisms
4.2.1 Material Removal Mechanism
In the FJP system, abrasive particles are accelerated by the drag force of water to
impact on the workpiece and then initiate material removal at the nano scale. The
mechanism of material removal is a complex process, which is affected by various
parameters such as abrasive particle concentration, particle size, particle type, slurry
pressure, machining time, impingement angle, standoff distance, etc.
While the FJP process bears some similarities to abrasive water jet machining, it
operates at much lower slurry pressure and with smaller particle size (Beaucamp et al.,
2012). As a result, the particle energy is insufficient to immediately perform a cut, but
rather erodes the material at a small rate (Wang et al., 2009a). More generally, target
surfaces are machined mechanically by the repeated impact of the small abrasive
particles in the ductile mode. The amount of material removed by the fluid jet depends
on the flow conditions of the jet slurry and on the abrasive particles' erosion
mechanism, as shown in Figure 4.1.
It seems clear that an understanding of the material removal in FJP can be
divided into two major parts. The first part involves the determination of the relative
motion between the workpiece and the particles, which can be solved by multiphase
fluid theory. With the availability of such information, the second part is related to the
modelling of the erosion rate caused by abrasive particles. In the FJP process, the
material removal characteristics represent the distribution of the material removal rate
across the surface of the polishing tool (Markus Schinhaerl et al., 2007; Walker et al.,
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2002b). They are referred to as the Tool Influence Function (TIF) which is assessed in
terms of width, maximum depth and volumetric material removal rate.

Nozzle
Fluid

Particles

Particles

Fluid
Workpiece

Stagnation Point

Penetrating

Ploughing

Workpiece
Streamline

Cracking

Cutting

(a)

(b)

Figure 4.1 Material removal mechanism in the FJP process: (a) fluid conditions in the
case of perpendicular impact and (b) abrasive particles' erosion conditions

4.2.2 Surface Generation Mechanism
Fluid Jet Polishing (FJP) is a type of computer controlled ultra-precision
polishing (CCUP) technology. In the present study, it is operated on an ultra-precision
polishing machining system with three linear axes (X, Y and Z axis), and three
rotational axes (A, B and C axis). The slurry nozzle is mounted on the B axis and the
fluid jet is released from the slurry nozzle. The workpiece is mounted on the C axis.
The machining process of FJP is quite different from that of other diamond machining
technologies, such as single point diamond turning and ultra-precision raster milling.
The surface generation in FJP is dominated by the polishing Tool Influence
Function (TIF) rather than the geometry of the cutting tool (Cheung et al., 2011). It
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turns out that the material removal distribution on the polished surface in FJP can be
viewed as the convolution of the tool influence function and polishing tool path
planning. Hence, there are two ways to control the surface generation: (a) controlling
the tool influence function through changing the polishing process conditions and (b)
controlling the polishing path generator with a constant tool influence function.
The former method can achieve non-uniform material removal and shows high
polishing efficiency, while it tends to introduce waviness, texture or other
non-negligible form error (Schinhaerl et al., 2008a; Tam and Cheng, 2010). The latter
method is commonly used by computing the 'dwell time map' for a constant tool
influence function during the polishing process (Dunn and Walker, 2008). The slower
the velocity of the polishing tool, the more material is removed. Due to the technical
restrictions, this method is limited by the velocity of the polishing tool and turns out
to have low polishing efficiency.

4.3 Theoretical Modelling of Material Removal in FJP
Figure 4.2 shows a flowchart of theoretical modelling of material removal
characteristics and surface generation by FJP. In the first step, the material removal
characteristics are obtained using the integrated computational fluid dynamic-based
erosion model, which is established by a combination of Computational Fluid
Dynamics (CFD) simulation, erosion model and experimental study. Hence, the
polishing path planning is determined based on the desired surface integrity of the
optical surface to be generated using the data of the material removal characteristics.
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Finally, a theoretical model is built for predicting and simulating the surface
generation in FJP.

The impact velocity up(x) and
impact angle α(x) of particles
are calculated by the CFD code

Single particle erosion model
E(up(x),α(x), dp, Km)

The spatial distribution of
abrasive particles N(c,u,x)

Erosion model
V(x)=N(c,u,x)*E(up(x),α(x), dp, Km)

The factors are determined
by Experimental study

Material removal characteristics
(Tool influence function)

Polishing path planning

Surface generation model

Figure 4.2 Flowchart of theoretical modelling of the material removal characteristics
and surface generation by FJP

4.3.1 Computational Fluid Dynamics Modelling
Since direct measurement of particle velocities and visualization of particle
trajectories are very difficult in FJP, Computational Fluid Dynamics (CFD) modelling
tends to be an effective tool, which is widely used to study the polishing process
mechanism and predict the material removal rate due to the impact of abrasive
particles (Fang et al., 2006b; Liu et al., 2004; Obikawa and Yamaguchi, 2015). CFD
modelling can provide insights into the forces acting on the abrasive particles which
affect particle motion and hence determines the conditions of abrasive particles
impacting on the target surface. In this study, an Eulerian-Eulerian-Lagrangian
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method, which treats the water and air as Eulerian phases and the abrasive particles as
Lagrangian particles, is used in the Computational Fluid Dynamics (CFD) software
package named FLUENT. The coupled discrete phase model (DPM) and volume of
fluid (VOF) model are used to describe the multiphases, and the transport equation for
the shear stress transport (SST) k- model together with level set method are used
to describe the slurry/air interface in FJP. After solving the flow field, the particulate
phase is tracked separately through the flow field based on a force balance around
individual particles and particle impact information (velocity, angle and position) is
gathered as particles strike the target surface. In the entire CFD process, some
assumptions are made as follows:
(i)

In reality, the shape of the particles can affect the particle drag (which couples
the particle motion to the fluid motion) to some extent, and the more irregular
the particle, the greater the drag. The value of scruple for polishing particles
may be 2.08 and a typical particle Reynolds number in this case is around 500.
Consequently, the drag of the irregular particles is estimated to be within 5% of
the drag of a sphere (Loth, 2008; Thompson and Clark, 1991). Hence, the shape
of particles is considered to be spherical in the CFD modelling.

(ii)

The abrasive particles used in FJP commonly come in a specified size
distribution, including small and large particles. The abrasive particles supplied
by Panadyne Inc., USA are of very small particle size, with a narrow size
distribution, so the particle size is assumed to be constant, equal to the average
size of the particle distribution used for testing.
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(iii) Due to the low abrasive particle concentration, particle-particle interactions are
considered negligible and the particulate phase does not affect the prevailing
flow field.
(iv) The abrasive particle spatial distribution at the inlet is uniform and the initial
particle velocity at the inlet is the same as the velocity of its surrounding water.
(v)

Since direct impact can be the dominant type when the impact velocity of the jet
slurry is small in the FJP process, only the first impact of the abrasive particles
against the surface is considered.

4.3.1.1 Dynamic Flow Description
The impacted slurry in the vertical FJP process is assumed to be a
two-dimensional, incompressible, steady axisymmetric turbulent flow with constant
properties and temperature conditions (Beaucamp et al., 2012). This turbulence flow
field can be established by solving the Reynolds averaged Navier-Stokes (RANS)
equations:
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where ui and u 'i are the mean and fluctuating velocity components ( i =1, 2, 3);

p is the fluid pressure;  is the fluid density;  is the fluid viscosity;  ij is the
________

Kronecker-Delta function and   u 'i u ' j is the Reynolds stresses.
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4.3.1.2 Turbulence Flow Description
In the Reynolds averaged Navier-Stokes (RANS) equations, the turbulent
correlation for Reynolds stresses should be modelled in order to close the RANS
equations. In this study, the shear stress transport (SST) k   model, which was
developed by Menter (1994), is applied to describe the turbulent regime in FJP. The
SST k   model combines the robust and accurate formulation of the k  
model in the near-wall region and the free-stream independence of the k   model
in the far field. This makes the SST k   model more accurate and reliable to
simulate the laminar to turbulent flow transition of the jetting slurry in the FJP process.
The transport equation for the (SST) k   model is described in detail in the Fluent
13.0 Theory Guide (Ansys., 2010a).

4.3.1.3 Multiphase Flow Description
The volume of fluids (VOF) model and the level-set method are popular
interface-tracking techniques used to simulate the evolution of the interfaces between
the slurry and air. The level-set method can exactly assess the interface curvature and
surface tension force (Olsson et al., 2007). However, it is not adequate in accurately
maintaining the volume conservation of the immiscible phases. On the contrary, the
VOF model is effective in preserving the volume conservation (Annoni et al., 2014).
The limitation of the VOF model is that the computation of the interface curvature
and surface tension is inaccurate because of the discontinuity of the VOF function
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across the interface. To avoid the limitations of both methods, the Coupled Level-Set
and VOF Model are used to describe the multiphase systems and the interface
according to the Fluent 13.0 Theory Guide (Ansys., 2010a).

4.3.1.4 Lagrangian Particle Phase
To determine the detailed information of the interaction of the particles and
workpiece, the particulate phase is modelled using the Lagrangian description rather
than the Eulerian method. In this study, particle-particle interactions are considered
negligible and the particulate phase does not affect the prevailing flow field which has
been shown to be a valid assumption by Chen et al. (2004). A Lagrangian description
of the particulate phase is based on a force balance around individual particles
accounting for particle drag, gravitational force and additional forces (virtual mass
force, Saffman's lift force and pressure gradient), as shown in Eq. (4.3). The effect of
the fluid turbulence on the particle motion is taken into account by using a discrete
random walk model as referred to by Wallace et al. (2004).

du p
dt

 FD (u  u p ) 

gx ( p   )

p

 Fx

(4.3)

where FD is given by:

FD 

18u CD Re
 p d p2 24

(4.4)

where u is the fluid phase velocity, u p is the particle velocity,  is the fluid
density,  p is the density of the particle, d p is the particle diameter, Re is the
relative Reynolds number, FD (u  u p ) is the drag force per unit particle mass and
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Fx is an additional acceleration (force per unit particle mass) term. In the simulation
model, each particle is tracked separately through the flow field and particle impact
information (velocity and location) is gathered as particles strike the wall.

4.3.1.5 Boundary Conditions and Other Numerical Settings
The geometry of the computational domain with boundary conditions is shown
in Figure 4.3. The CFD simulation starts where the slurry enters the computational
domain through the boundary of the INLET and ends after the jet exits the fluid
domain from the boundary of the OUTLET. The established CFD model was run with
higher-order discretization schemes and a Pressure-Implicit with Splitting of
Operators (PISO) scheme for pressure-velocity coupling. The interface sharpening
routine applied for the VOF model is Geo-reconstruct. The solution initialization was
computed from all zones with the default turbulence kinetic energy and specific
dissipation rate and the water volume fraction was set to zero. The rest of the
numerical settings were selected to obtain the best results in terms of simulation
convergence and accuracy, as suggested in the Fluent 13.0 User's Guide (Ansys.,
2010b).
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WORKPIECE (No slip wall)
NOZZLE (No slip wall)

Nozzle

OUTLET (Pressure Outlet)

Workpiece

INLET
INTERIOR DOMAIN

(Velocity

(Fluid Domain)

Inlet)

(a)

(b)

Figure 4.3 (a) Boundary conditions of the CFD model and (b) experimental setup of
fluid jet polishing

4.3.2 Spatial Distribution of Abrasive Particles
Due to the axisymmetric characteristics in the vertical FJP, the equation of
erosion model can be expressed as:

V ( x)  N (c, u, x)  E(u p ( x),  ( x), d p , km )

(4.5)

where V ( x) is material removal amount at position x , term N (c, u, x) is the
abrasive particle spatial distribution that represents the effect of the slurry
concentration c , the slurry velocity u , and the impact position x , and the term

E (u p ( x),  ( x), d p ) is the volume removed by a single particle that describes the
effect of the impact velocity u p ( x) , the impact angle  ( x) , the particle size d p
and material property km . Generally, CFD-based erosion modelling does not require
a detailed knowledge of instantaneous particle distribution, but only the information
of time-averaged particle distribution, which reflects the state of the fluid jet as a
whole, rather than individual particles. Similar to Abrasive Water Jet technology, the
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spatial distribution of the abrasive particles tends to be a Gaussian radial distribution
(Balz et al., 2013). A Gaussian Function is given by:

 1 x C
f ( x)  A exp  
 2 B


2





(4.6)

In fact, the spatial distribution of the abrasive particles can also be affected by
the nozzle diameter, nozzle shape, standoff distance, etc. Considering the influence of
these factors, the modified Gaussian Function is used to describe the abrasive particle
spatial distribution (Cheung et al., 2011) and it can be expressed as:

 1 x C
f ( x)  A exp  
 2 B








(4.7)

where A controls the height of the curve's peak; C controls the position of the
curve's peak; B controls the width of the curve and this can be derived as the half
width at the point with the curve height of A exp(0.5) . The parameter  can be
derived as:



ln(ln(k1 ') / ln(k2 '))
ln( w1 / w2 )

(4.8)

where k1 ' is a positive value near 0, w1 is the width of the curve at the height of

k1 ' A ; k2 ' is a positive value close to 1, w2 is the width of the curve at the height of
k2 ' A . As a result, the spatial distribution of particles can be expressed as:
 1 x C
d
6
N (c, u, x)  k kn  cut ( n )2 

exp
 
2
 p d 3p
 2 B



 3k kn cutd n2
 1 x 
exp  
 
 2 B  (4.9)
2  p d p3




where k is the efficiency factor to allow for the fact that not all particles are
involved in the erosion process and some particles do not have sufficient energy to cut
the material, k n is the scale factor, C controls the position of the curve's peak and
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is assigned to be zero in the FJP process, t is the machining time,  p is the density
of particles, d p is the diameter of particles and d n is the nozzle diameter.

4.3.3. Erosion Model for a Single Particle
Since the particle size and work pressure in the FJP system are relatively small,
the abrasive particles are dragged by the water at lower velocities and then impact the
surface with much lower kinetic energies as compared with Abrasive water jet
machining (Beaucamp et al., 2012). The resulting impact most probably erodes
surfaces made of hard and brittle materials in a ductile regime, and produce minimal
damage to abrasive particles. In the present study, it is assumed that only the first
impact of the abrasive particles against the surface is considered and all particles in
the jetting slurry arrive at the surface in the same orientation as shown in Figure 4.4.
In reality, the material removal amount and profile due to the impact of a hard particle
depend on the impact velocity, shape and orientation of the particle as well as the
impact angle as illustrated by Hutchings (1977) and Papini and Spelt (2000a and
2000b). Hutchings (1977) observed that forward rotating particles resulted in target
material being pushed to the edge of deep and short triangular craters, and backward
rotating particles resulted in the actual machining and removal of a chip of target
material. Papini and Spelt (2000b) further found that the maximum material removal
occurs at the transition between forward and backward rotation where the particle
rotation through the impact is minimized. Despite the evidence that the material
removal caused by an angular particle depends on the orientation of the particle as it
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strikes the surface, and on whether the particle rolls forwards or backwards during
contact, the erosion model can be established regardless of the material removal
caused by the rotation energy due to the relatively small impact velocity in the FJP
process. The particle velocity can be resolved into two components which include the
normal component and the tangential component. The normal component is
responsible for the particle penetration in the target surface (deformation wear) while
the tangential component gives the particle cutting action as shown in Figure 4.4.

vx
Particle

Particle

θ

vy
α

v0

y

Target

Target

(a) impact information

(b) deformation wear
Particle

Particle

Target

Target

(c) typical cutting type (  )

(d) typical cutting type (  )

Figure 4.4 Schematic illustration of erosion behaviour of impacting particle

To establish an erosion model for the ductile-mode machining of hard and brittle
materials, the following assumptions are made:
(i)

Abrasive particles are assumed to be cones of semiangle  and have the same
diameter.
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(ii)

Particle deformation can be neglected and the deformation of the surface is
perfectly plastic with a constant plastic flow pressure Pn (normal direction)
and Pt (tangential direction) during the impact process.

4.3.3.1. The Normal Component of Kinetic Energy
At time t after initial contact, the particle of mass m p has indented the surface
to the depth of y; the cross-sectional area of the indentation at the surface is Ay , where

Ay is determined by the shape of the particle. The normal force acting on the particle
is due to the plastic flow pressure acting over the area Ay :

Ay   y 2 tan 2 

(4.10)

where  is the semiangle of the particle. The equation of motion of the particle can
be written as:

du y 

Fy
mp

dt  

Pn Ay
mp

dt  

Pn Ay dy

mp u y

(4.11)

Eq. (4.11) can be solved under the initial conditions u y  u y 0 : when y=0 and u y  0
when y  ymax , where u y 0 is the initial normal component of a particle's impacting
velocity and ymax is the maximum depth of the indentation, one has:



ymax

0

Ay dy 

m p u y20

(4.12)

2 pn

As a result, the final volume of the indentation Vey is given by:

Vey  

ymax

0

Ay dy 

m pu y20
2 pn



m pu02 sin 2 
2 pn

(4.13)

where u0 is the initial velocity of the particle and  is the impact angle of the
particle. Some researchers (Hutchings, 1976, 1993; Hutchings et al., 1981; Hutchings
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and O'Brien, 1981) presented that the material displaced from the indentation can be
accommodated in several ways which include: elastic deformation, plastic
deformation or removed as wear debris. Due to a number of different energy
dissipations, only part of the work of indentation can contribute to the erosion process
since the elastic work of indentation is returned to the particle during rebound (Bull,
2006; Papini and Dhar, 2006). As a function of the particle’s kinetic energy only,
Slikkerveer et al. (1998) concluded that the erosion efficiency,  , is the parameter
best suited to characterize the erosion process, where:
 m p u02 sin 2  
  k1 

2



n

(4.14)

where k1 and n are coefficients, determined by experiments. As a result, the volume
removed by the normal component of a particle's impacting velocity can be expressed
as:

Vy  Vey  k2

m1p nu02(1 n ) sin 2(1 n ) 

(4.15)

pn

where k2  k1 / 2n +1 .

4.3.3.2. The Tangential Component of Kinetic Energy
As a result of the normal component of kinetic energy, the particle can penetrate
into the surface, while the tangential component of kinetic energy can produce the
cutting action. The cutting volume caused by the tangential component of kinetic
energy is expressed as:
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L

Vex   Ax dx

(4.16)

0

where Ax is the cross-cutting area;

is the cutting length and

is the cutting

position. Huang et al. (2008) simplified the cutting profile and expressed the
cross-cutting area Ax by using Eq. (4.17):

Ax 

2 ymax Dmax 2
x
L2

(4.17)

The tangential component force acting on the particle is expressed as:

Fx  c1 pt Axb

(4.18)

where c1 is a coefficient and b is the exponent of the cross-section area
( 0.5  b  1 ). By substituting Eq. (4.10) into Eq. (4.12), the maximum depth of the
indentation can be expressed as:
ymax

 3m p u y20

 2 p tan 2 
n


1/3





(4.19)

The maximum width of the indentation of the surface is given by Eq. (4.20):
Dmax

 3m p u y20
 2 ymax tan   2 tan  
 2 p tan 2 
n


1/3





(4.20)

In the cutting process, there are two cases:
Case (1): the tangential velocity component becomes zero during the collision which
is shown as typical cutting type (  ) in Figure 4.4(c);
Case (2): the particle has a tangential velocity component when it leaves the surface
and this is shown as typical cutting type (  ) in Figure 4.4(d).

To describe these cases, the energy equation of the particle can be expressed
approximately by using Eq. (4.21):
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c2 

L /2

0

1
2
Fx dx  m p (ux20  uxout
)
2

(4.21)

where c2 is a coefficient and about 1 for the Case (1) (see Figure 4.4(c) typical
cutting type(  )), 2 for the Case (2) (see Figure 4.4(d) typical cutting type(  )); u xout ,
the tangential velocity when the particle leaves the surface, can be expressed as

uxout  cux 0 , where c  1 is a coefficient. Substituting Eqs. (4.17) and (4.18) into Eq.
(4.21) and integrating it, we have:

L

c3m pu x20

(4.22)

b
b
ymax
Dmax
pt

where c3  (1  c 2 )(2b  1) / (c1c2 ) . By substituting Eqs. (4.17), (4.19), (4.20) and (4.22)
into Eq. (4.16), and integrating it, the cutting volume ( Vex ) caused by the tangential
component of kinetic energy can be expressed as:

Vex 

c4 m1p 2(1b )/3u02 4(1b )/3 (cos  )2 (sin  )4(1b)/3

(4.23)

pt pn2(1b )/3 (tan  )(1b )/3

where c4  (21(1b)/3  32(1b)/31 c3 ) / ( 2(1b)/3 ) . The actual material removal by cutting
action of a particle is proportional to the cutting volume ( Vx ):
Vx  c5

c4 m1p 2(1b )/3u02  4(1b )/3 (cos  )2 (sin  )4(1b)/3
pt pn2(1b )/3 (tan  )(1b )/3

 k3

m1p 2(1b)/3u02  4(1b)/3 (cos  )2 (sin  )4(1b) /3
pt pn2(1b )/3 (tan  )(1b)/3

(4.24)

where k3  c4c5 . The volume of material removal caused by the impacting particle
can be obtained by the sum of volume losses produced by the normal and tangential
component of kinetic energy approximately and expressed as:
E ( x)  Vx  Vy  k3

m1p 2(1b )/3u02 4(1b)/3 (cos  )2 (sin  )4(1b)/3
pt pn2(1b )/3 (tan  )(1b)/3

 k2

m1p nu02(1 n) (sin  )2(1 n)
pn

(4.25)
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4.3.3 Polishing Tool Path Planning
In practice, polishing is a multi-stage process conducted by repeatedly running
particular designed polishing cycles until the expected surface finish and form error
are obtained. Within each cycle, the polishing tool sweeps through the polished
surface under the adopted polishing tool path and desired polishing parameters. Hence,
an important part of freeform surface polishing is the tool-path generation (Tam et al.,
1999) in considering time efficiency and surface quality improvement. It is interesting
to note that the amount of material removal can be considered as the convolution of
the influence function and the dwell time map along the pre-specified tool path.
Hence, the dwell time map, processed by the variations of the feed velocity of the
polishing tool, is computed through a complicated deconvolution process. This
implies that the programmed dwell time map can correct the form error while uneven
polishing can lead to undesirable surface waviness (Tsai et al., 2009).
As shown in Figure 4.5, there are various polishing paths that can be planned
based on the desired surface integrity of the optical surface to be generated. For
example, the polishing path can be the raster path, cross path, spiral path, Hilbert path,
Peano path (Tam et al., 2013), Lissajous path or Pseudo-random path (Dunn and
Walker, 2008), etc.
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(a) Raster path

(d) Peano path

(b) Spiral path

(e) Lissajous path

(c) Hilbert path

(f) Pseudo-random path

Figure 4.5 Tool path planning for Fluid Jet Polishing

As shown in Figure 4.6, a surface generation model was built and developed by
using the MATLAB software package so as to verify the predictability of the surface
generation model and to compare the measured and the predicted results by using the
feature parameters in this study. The polishing conditions in the polishing paths are
assumed to be constant and hence the tool influence function is stable and constant,
and the polishing paths are also assumed to be evenly spaced straight lines on a flat
surface. As the sample was polished with an impingement angle of 90°, it is
interesting to note that the influence function has axial symmetry and a W-shaped spot,
as shown on the left side of Figure 4.6.
When this influence function follows a raster tool path with a constant surface
feed rate, the removal profile is constant along all path lines. For raster polishing, the
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material removal distribution is constant along the path line direction, and waves in
the orthogonal direction arise from the overlapping of the removal profiles affiliated
with adjacent polishing path lines. In this case, the surface generation is simplified to
a 2D problem which can be solved numerically for a given polishing path spacing and
path number. The spacing of the polishing path represents the translational distance of
the removal profile along the orthogonal direction and the feed rate determines the
dwell time of each polished spot, and hence the surface height of the removal profile
along the path line direction.

The influence function

The influence function

Figure 4.6 Schematic diagram of the theoretical modelling of the surface generation in
the raster and cross polishing

Most importantly, the surface generation of FJP is assumed to be a linearly
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cumulative effect of the dwell time together with the constant material removal rate
for the identical polishing condition. For cross polishing, the surface generation can
be considered as the superposition of two orthogonal raster polishing results. The
influence function and the polished surface area are expressed as meshes of the same
size. The surface generation by cross polishing is computed by summing up the
removal amount at all the mesh points.

4.4 Experimental and Simulated Results
The experimental study was divided into two parts, i.e. spot polishing tests and
pattern tests. Spot polishing tests were conducted to verify the feasibility of the
theoretical modelling under various polishing conditions; while pattern tests focused
on the experimental evaluation of the surface generation model for various materials.
Experiments were conducted on a Zeeko IRP 200 ultra-precision freeform polishing
machine. All specimens were polished by using Al2O3 slurry and measured by a
non-contact 3D optical system, Wyko NT 8000 from Veeco Inc., USA.

4.4.1 Experimental Verification of the Material Removal Model using
Various Polishing Conditions
Table 4.1 tabulates the experimental parameters used for the validation of the
theoretical modelling under various polishing conditions. Three groups of
experiments (i.e. group A1-A3, group B1-B3 and group C1-C4) were conducted under
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different polishing times, abrasive particle concentrations and work pressures. All
experiments in Part A were conducted using the Al2O3 slurry with a particle size of
3.22 μm for polishing of the optical glass BK7 and they were performed by changing
one process factor and keeping the other process factors constant for each of the
groups. A series of CFD simulations was constructed under the same conditions that
were adopted for polishing experiments as shown in Table 4.1.

Table 4.1 The experimental parameters used for validation of theoretical modelling
Condition

Impingement

Slurry

Pressure

Nozzle

Standoff

Machining

No.

angle (°)

concentration

(Bar)

diameter(mm)

distance(mm)

time (s)

A1

90

1:12

12

1.1

10

60

A2

90

1:12

12

1.1

10

120

A3

90

1:12

12

1.1

10

240

B1

90

1:6

12

1.1

10

180

B2

90

1:9

12

1.1

10

180

B3

90

1:12

12

1.1

10

180

C1

90

1:12

5

1.1

10

180

C2

90

1:12

8

1.1

10

180

C3

90

1:12

10

1.1

10

180

C4

90

1:12

12

1.1

10

180

The results of the simulation (in the case of 10 bar) are shown in Figure 4.7. As
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shown in Figure 4.7(a), the blue area with deep colour represents the Al2O3 slurry and
red area with light colour represents the surrounding air in FJP. Figure 4.7(b) shows
the distribution of pressure in the FJP process. It shows that high pressure focuses on
the shrinkage aperture of the nozzle and the impact area between the slurry and the
workpiece. Figure 4.7(c) shows the distribution of the velocity in the FJP process,
which indicates that the velocity is increased in the shrinkage area of the nozzle and
arrives at a maximum when the slurry jets out of the nozzle. A relatively small
velocity occurs at the centre of the impact area. Figure 4.7(d) shows the concentration
distribution of the CFD simulation in a given moment. Due to the dynamic
characteristics of particles being random in the slurry, it is interesting to note that the
concentration distribution tends to be different at any given time.
Figure 4.8 shows a comparison between the measured results and simulated
results for the maximum depth of the influence function. Figure 4.8(a) reveals that the
amount of material removal increases linearly with increasing polishing time. This
proves that the form error can be corrected by the compensatory 'dwell time map' of
the polishing tool. It is shown that the predicted value is slightly larger than the
measured data when the initial design concentration (1:12) is used. However, the
predicted results agree well with the measured data when the concentration is changed
to 1:14. This implies that the real abrasive particle concentration is varied in the
polishing process. The variation of the abrasive particle concentration affects the slope
of the fitted curve between the polishing time and the maximum depth of the
influence function, and this phenomenon can be predicted reasonably well by the
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established theoretical model.

(a)

(b)

(c)

(d)

Figure 4.7 (Colour online) Distribution of normal impact fluid field (for 10 bar): (a)
phase field, (b) pressure field (Pa), (c) velocity field (m/s) and (d) concentration field
(kg/m3)

Figure 4.8(b) shows that the maximum depth of the influence function depends
linearly on the abrasive particle concentration and can be well predicted by the
theoretical model. Figure 4.8(c) suggests that the exponent of pressure corresponding
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to the material removal rate tends to be between 2 and 3, according to the polynomial
fitting of the experimental data, and this is adequately explained by the theoretical
model. Since various polishing parameters are difficult to detect in real time, and to
control them accurately, the theoretical model provides an important means for
explaining the experimental phenomena and better understanding of the polishing
process.

(a) Polishing time

(b) Slurry concentration

(c) Pressure
Figure 4.8 Comparison between the measured and simulated results for the maximum
depth of the influence function
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To further verify the effectiveness of the developed prediction model, a
least-squares-based surface matching method was used to evaluate the deviation of the
measured surface from the corresponding simulated surface (Ren et al., 2012a, 2012b).
Figure 4.9 shows the surface matching and error evaluation process for case C3. It is
clearly seen from Figure 4.9(a) that some misalignment exists between the coordinate
frames of the measured surface and the simulated surface. Hence, surface matching is
required to eliminate the misalignment of the coordinate frame.
The surface matching method is an optimization process to search for an optimal
Euclidean motion for the measured surface so that it is aligned with the theoretical
surface as closely as possible. Figure 4.9(b) shows two surfaces after the surface
matching. Hence, the deviation of the measured data from the design surface is
considered to be the prediction error of the proposed model as shown in Figure 4.9(c).
It is interesting to note that the topography of the 3D error map is not rotationally
symmetrical, and relatively large deviations may occur at some positions. This may be
due to the asymmetry of experimental results and may be affected by some
experimental conditions, including the instability of the pumping system, the surface
inclination of the samples and/or the abrasion of the nozzle, etc. (Cao and Cheung,
2014). When vertical FJP is used to polish the target surface, the asymmetry of the
influence function could lead to undesirable surface waviness and hence affect the
final surface generation. As a result, the experimental conditions should be critically
controlled to obtain a stable and controllable influence function, especially for the
achievement of corrective polishing and deterministic machining using FJP
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technology.

(a) Before surface matching

(b) After surface matching

(c) Predicted error
Figure 4.9 Surface matching and error evaluation process for case C3

Table 4.2 shows the quantitative analysis for spot polishing tests under different
polishing conditions. In this table, PV and RMS represent the peak-to-valley
value and root-mean-squared value of the prediction error, respectively. St
represents the maximum peak to valley height of the measured surface of the tool
influence function, while Pa  PV / St is used to evaluate quantitatively the deviation
of the modelled and the measured surface of the tool influence function. Although the
polishing parameters are hard to control accurately in the FJP process, the predicted
results show an average of 76.54 percent agreement with the measured data under the
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various polishing conditions. This validates the technical feasibility and effectiveness
of the theoretical modelling for understanding and predicting the effect of some
important process parameters on the influence function in Fluid Jet Polishing.

Table 4.2 Evaluated results of polished spots under different polishing conditions
Condition No.

PV

RMS

St

Pa

A1

0.5261 μm

0.1704 μm

2.21 μm

23.8%

A2

0.7862 μm

0.1580 μm

4.01 μm

19.6%

A3

1.8914 μm

0.3998 μm

7.7 μm

24.6%

B1

3.1625 μm

0.6718 μm

13.21 μm

23.9%

B2

2.0406 μm

0.4600 μm

9.1 μm

22.4%

B3

2.0387 μm

0.4486 μm

7.42 μm

27.5%

C1

0.1388 μm

0.0405 μm

0.48 μm

28.9%

C2

0.4467 μm

0.1108 μm

1.92 μm

23.3%

C3

0.6771 μm

0.3170 μm

3.52 μm

19.2%

C4

1.5769 μm

0.4024 μm

7.37 μm

21.4%

4.4.2 Experimental Verification of the Surface Generation Model for the
Various Materials
A series of practical polishing experiments was designed to validate the surface
generation model developed in this study. Three groups of experiments were
conducted using the Al2O3 slurry for polishing different materials under identical
polishing conditions. One of the experiments was designed for polishing a workpiece
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made of Nickel Copper (NiCu), which is a ductile material while another experiment
was designed for polishing steel, which is a hard and difficult-to-machine material and
is not amenable for diamond machining technologies due to significant tool wear
problems. And the third experiment was designed for polishing optical glass material
(BK7), which is a brittle material commonly used in advanced optics applications.
Table 4.3 shows the polishing parameters used for testing the tool influence function
and the generation of different surface patterns. In the tool influence function tests, all
samples were polished at a constant polishing time of 180 s, while the raster polishing
mode with two polishing steps was used for generating different surface patterns.

Table 4.3 Parameters for tool influence function tests and pattern tests of FJP
Parameters

Setting

Abrasive particle concentration

1:12

Particle size

3.22 µm

Standoff distance

10 mm

Work pressure

10 bar

Nozzle diameter

1.1 mm

Impingement angle

90°

Surface feed rate

5 mm/min

Polishing mode

Raster

Polishing direction

Horizontal

Polishing spacing

1 mm
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The measured results of the influence function tests and the simulated results of
the theoretical modelling for different materials are given in Figure 4.10. It is shown
that the width of the influence function only changes slightly and this can be
considered to be constant for the various materials. Steel appears to possess the
highest material removal rate while the amount of material removal for BK7 is
smaller than that for polishing steel. NiCu is highly resistant to erosion by the jet
slurry and thus has the lowest material removal rate. It is also found that the predicted
polishing tool functions agree well with that for the experimental data. The central
point of the polishing tool tends to be the stagnation point, where the pressure is the
highest and the velocity is the smallest which can be approximated to be zero. Hence,
the centre of the fluid jet has the minimum material removal rate due to the low
kinetic energy of the jet slurry. This implies that the ductile-mode theoretical model
can be used for better understanding of the polishing mechanisms and predicting the
material removal characteristics for various materials in the FJP process.
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(a) Measured result of NiCu

(b) Simulated result of NiCu

(c) Measured result of Steel

(d) Simulated result of Steel

(e) Measured result of BK7

(f) Simulated result of BK7

Figure 4.10 Comparison between the measured and simulated results of TIF for
various materials

The experimental results obtained by the surface pattern tests show that more
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material was removed in the central areas than that in the edge areas of the raster
polishing and cross polishing tests. This is due to the overlapping of the polishing tool
influence functions and this can be well predicted by the theoretical model. Figure
4.11 to Figure 4.13 show the experimental and the simulated results. It is found that
the simulated surface patterns agree well with the measured patterns. This further
validates the capability of the surface generation model presented in this study. For a
constant material removal rate and under identical polishing conditions, it is found
through the experimental study and the surface generation model that FJP is a
cumulative process for various materials, depending linearly on the dwell time.

(a) Measured surface after the 1st step

(b) Measured surface after the 2nd step

(c) Simulation for the 1st step

(d) Simulation for the 2nd step

Figure 4.11 Comparison between the experimental and simulated results for NiCu
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The comparison of the theoretical model and the pattern tests reveals that the
model can be used for predicting and gaining a better understanding of the FJP
process of various materials. It also implies that the surface generation in FJP is
sensitive to the initial surface condition, the influence function, the dwell time map
and the polishing path. Hence, the stability of the pressure system and the precision of
the motion control are critical in regard to corrective polishing and deterministic
machining. Any error of these parameters may cause undesired material removal and
may produce unacceptable waviness when polishing optical surfaces.

(a) Measured surface after the 1st step

(b) Measured surface after the 2nd step

(c) Simulation for the 1st step

(d) Simulation for the 2nd step

Figure 4.12 Comparison between the experimental and simulated results for steel
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(a) Measured surface after the 1st step

(b) Measured surface after the 2nd step

(c) Simulation for the 1st step

(d) Simulation for the 2nd step

Figure 4.13 Comparison between the experimental and simulated results for BK7

To further verify the effectiveness of the surface generation model, the
least-squares-based surface matching method (Ren et al., 2012a, 2012b) discussed in
Section 4.4.1 was also used to evaluate the deviation of the measured surface from the
corresponding simulated surface. Figure 4.14 shows the surface matching and error
evaluation process for the pattern test (for the case of cross polishing of steel). The
evaluated form errors of the pattern tests for different materials are shown in Figure
4.15. It is interesting to note that the simulation results agree reasonably well with the
measured surfaces. As a result, the surface generation model provides a reliable
prediction of the surface generation by Fluid Jet Polishing.
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(a) Before surface matching

(b) After surface matching

(c) Form error evaluation
Figure 4.14 Schematic diagram of the error evaluation process for the pattern test
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(a) Error map of NiCu for the 1st step

(b) Error map of NiCu for the 2nd step

(c) Error map of Steel for the 1st step

(d) Error map of Steel for the 2nd step

(e) Error map of BK7 for the 1st step

(f) Error map of BK7 for the 2nd step

Figure 4.15 Evaluated form error of the testing patterns for different materials

4.5 Summary
This chapter presents a study of the modelling, simulation and testing of surface
generation by using Fluid Jet Polishing (FJP) technology. Through a better
understanding of the polishing process, a theoretical model is built for the prediction
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and simulation of the surface generation in FJP. Computational Fluid Dynamics (CFD)
theory and erosion mechanisms are used to establish the theoretical model, while the
polishing strategy is determined by the desired surface integrity of the optical surface
generated and using data on the material removal characteristics.
A series of spot polishing tests was conducted to verify the theoretical model
under different polishing conditions. The results show that the theoretical model
predicts well that the amount of material removal increases with increasing pressure,
and depends linearly on the polishing time and abrasive particle concentration.
Moreover, the theoretical model provides an important means for better understanding
and predicting the effect of process parameters in the polishing process.
The deviation between the predicted and measured results of the spot polishing
tests show that the influence function does not have rotational symmetry while the
relatively large deviations may occur at some positions. The asymmetry of the
influence function could lead to undesirable surface waviness and hence affect surface
generation.
A comparison of the surface generation model and the pattern tests reveals that
the model can be used for predicting the surface quality of the workpiece and
acquiring a better understanding of the polishing process in FJP. Both experimental
and theoretical results show that the surface generation in FJP is a linearly cumulative
function of the dwell time, with a constant material removal rate under identical
polishing conditions.
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CHAPTER 5 MULTI-SCALE
MODELLING OF MATERIAL REMOVAL
CHARACTERISTICS AND SURFACE
GENERATION IN BONNET POLISHING
5.1 Introduction
Bonnet Polishing (BP) is an enabling technology which is capable of fabricating
ultra-precision freeform surfaces with sub-micrometre form accuracy and surface
roughness in the nanometre range. This is particularly useful for machining
difficult-to-machine and ferrous materials. However, the material removal mechanism
of bonnet polishing usually exhibits multidisciplinary and multi-scale complexity and
hence our understanding of the material removal characteristics and surface
generation is still far from complete.
As a result, a multi-scale material removal model and a surface generation model
were built based on the contact mechanics, kinematics theory, abrasive wear
mechanism, as well as the relative and cumulative removal process of surface
generation in bonnet polishing. The models were verified through a series of spot and
pattern polishing experiments. Based on the results of spot polishing experiments, the
multi-scale material removal model is found to predict the material removal
characteristics well under various polishing conditions. The simulated patterns by the
surface generation model are found to agree well with the measured patterns in the
pattern polishing experiments which substantiate that the relative and cumulative
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removal process is a key surface generation mechanism in bonnet polishing.

5.2 Multi-scale Material Removal Model
It is well-known that the surface generation of the polishing process can be
regarded as the convolution of the influence function and the dwell time map along
the pre-specified tool path. Hence, the determination of the material removal
characteristics and an optimized tool path generator are of paramount importance for
modelling and simulation of the surface generation in bonnet polishing. Figure 5.1
shows a flowchart of the theoretical modelling process of the material removal
characteristics and surface generation by bonnet polishing.
In the first step, a multi-scale material removal model is developed by studying
the contact mechanics, kinematics theory and abrasive wear mechanism. In the
coming section, the material removal characteristics are modelled step by step with
the following assumptions:
(i)

The polishing bonnet is assumed to be a perfect sphere and much softer than the
polished flat surface. Hence, the polishing bonnet is elastically deformed while
the polished surface remains flat in the contact area;

(ii)

The polishing bonnet with respect to the target flat surface is assumed to be a
viscous sphere on a hard plane regardless of the contribution of slurry
hydrodynamic pressure, pad asperities, contact-surface instability and
pad-abrasive-workpiece contact;

(iii) Material removal in bonnet polishing is assumed to be only related to the
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removal of material by plastic deformation caused by abrasive particles. The
polishing tool path is then planned based on the desired surface integrity of the
optical surface to be generated using the predicted data of the material removal
characteristics. Finally, the surface generation is simulated based on the
developed multi-scale material removal model and polishing tool path planning.
Macroscale

Nanoscale

Microscale

Pressure distribution in the
contact area

Single Particle wear model

Pad topography model

Velocity distribution in the
contact area

Material Removal
Characteristics

Active number of particles

Tool Path Generation

The Surface Generation

Figure 5.1 Flowchart of the theoretical modelling process of the material removal
characteristics and surface generation for bonnet polishing

5.2.1. Modelling of Surface Velocity Distribution
Figure 5.2 shows the graphical illustration and detailed geometry in the polishing
area by the bonnet on a flat surface, where  is angular velocity in rad/min,



S
30

{0,  sin( ), cos( )} ;  is the inclination angle; S is angular velocity in

rpm; Ob is the centre of the bonnet; L is the axis of rotation of the bonnet; Ow is
the centre of polishing spot; d is the polishing depth in mm; Rb is the radius of the
bonnet in mm; Or is the swing centre of point P and can be expressed as (0, y0 ,

 y0 cot  ); P is any point in the polishing contact area and can be expressed as
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(R  d )
( ( Rb  d ) tan  sin  , ( Rb  d ) tan  cos  , ( Rb  d ) ), 0    arccos  b
,




Rb

0    2 . Hence, the vector of ObOr and Or p can be represented as follows:

ObOr  0, y0 ,  y0 cot 

(5.1)

Or p  ( Rb  d ) tan  sin  ,( Rb  d ) tan  cos   y0 , ( Rb  d )+y0 cot 

(5.2)

Since ObOr  Or p , the solution of y0 can be expressed as:

y0 

( Rb  d )(tan  cos   cot  )
1+(cot  )2

ω

(5.3)
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L
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φ z
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Rb
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vp
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K
Ow
vpy
P
vpx

d

Q
θ

Workpiece


2a

2a

(a)

(b)

Figure 5.2 (a) Graphical illustration and (b) detailed geometry in the polishing area by
the polishing bonnet on flat surface
Therefore, the vector of Or p can be written as:

Or p  U ,V ,W 

(5.4)

where,

U  ( Rb  d ) tan  sin  ; V  ( Rb  d ) tan  cos  
W  ( Rb  d )+

( Rb  d )(tan  cos   cot  )
;
1+(cot  )2

( Rb  d )(tan  cos   cot  )
cot  .
1+(cot  )2

The velocity vector v p at point P can be obtained by using vector operation
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(cross product):

v p    Or p =

S 

(V cos   W sin  )i  U cos  j  U sin  k 
30 

(5.5)

As a result, the relative velocity Vr at the point P for polishing a flat surface
is expressed as:

Vr 

S
30

(V cos   W sin  )2  U 2 (cos  )2

(5.6)

5.2.2. Modelling of Pressure Distribution
Since the plasticity index for a soft polymer has only about one tenth of the value
for metal, the contact between a polymer and a metal is almost completely elastic,
except against very rough surfaces (Hutchings, 1992). When an elastic sphere slides
over a flat surface with abrasive slurry, the pressure distribution in the contact area
between the polishing pad and workpiece and the surface deformations of the
polishing bonnet cannot be determined independently by Hertz's theory.
Considering the strong time-dependence of mechanical properties of polymers,
the polishing pad pressured on the target flat surface is assumed to be a viscous sphere
on a hard plane regardless of the contribution of slurry hydrodynamic pressure, pad
asperities, contact-surface instability and pad-abrasive-workpiece contact. As shown
in Figure 5.3, the polishing surface is much harder than the polishing pad. Hence, the
surface remains flat in the contact area while the polishing pad is deformed.
According to Brilliantov and Poschel (1998), when the deformation of a sphere is
rather small, d / Rb  1 , the rolling velocity is much lower than the sound speed in
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the sphere’s material and the characteristic time is much longer than the dissipative
relaxation time of the material. The total stress  ij is a sum of the elastic part of the
el
dis
stress tensor  ij and the dissipative part of the stress tensor  ij .

 ijel  E1 ( ij   ij kk )  E2 kk ij

1
3

(5.7)

1
3

(5.8)

 ijdis  1 ( ij   ij kk )  2 kk ij

where  ij and  ij denote the strain and strain rates, respectively. E1  Y / (1  )
and E2  Y / 3(1  2 ) denote the elastic material constants with Y and  being
the Young’s modulus and the Poisson ratio, respectively. 1 and  2 are the
coefficients of viscosity, related to shear and bulk deformation respectively.  ij is the
Kronecker symbol. Subscripts in Eq. (5.7) and Eq. (5.8) follow the Einstein notation.
From Eq. (5.7) and Eq. (5.8), the diagonal component of the stress tensor can be
expressed as:
1
3

 zzel  E1 ( 33   33 kk )  E2 kk 33  E1
1
3

 zzdis  1 ( 33   33 kk )  2 kk 33  1

u y uz 
uz 
E   u
  E2  1   x 


z 
3   x
y
z 

(5.9)

uz 
   u u y uz 
 2  1   x 


z 
3   x
y
z 

(5.10)

where u x , u y , and u z denote the x-, y-, and z- direction displacement field of the
classic Hertz contact problem. u x , u y , and u z denote the time derivative of the
displacement field in the x-, y-, and z- directions, respectively.  zzel has the known
solution for the Hertz contact problem (Landau and Lifshitz, 1959).

u 
E   u u u
  E1 z   E2  1   x  y  z
z 
3   x y
z
el
zz

1/2


 x2 y 2 

p

0 1  2  2 
 a a 


(5.11)

where a  dRb denotes the radius of contact area and p0  3FN / (2 a 2 ) denotes the
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maximum contact pressure, FN is the total elastic force, acting by the surface (in
normal direction) on the polishing pad:

FN 

2 Y
Rb1/2 d 3/2
2
3 (1  v )

(5.12)

 zzel ( E1  1; E2  2 ) was derived by Brilliantov and Poschel (1998) and
Brilliantov et al. (1996) using the technique of coordinate transformation. However,
Zheng et al. (2011) noted inappropriate equality in their derivation and obtained

 zzel ( E1  1; E2  2 ) directly based on the principles of contact mechanics as
described by Johnson and Johnson (1987).
1/2

 x2 y 2 
(1  2 )(1  )
 ( E1  1; E2  2 )  
(22  1 / 3) P0 1  2  2 
Y
 a a 
el
zz

F

(5.13)

F
O

Ob

Pressure

elastic stress
v

v

dissipative stress

(a)

(b)

Figure 5.3 Sketch of pressure distribution for the rolling bonnet
A kinematic equation is used to describe the displacement velocity distribution,





u ( x, y, z)   r  u ( x, y, z )   cos  ( zx  xz )u ( x, y, z)   sin  ( xy  yx)u ( x, y, z ) (5.14)

where   {0,  cos  ,  sin } ,  is the angular velocity and  is the inclined
angle.
Eq. (5.14) coupled with the definitions of the elastic part and dissipative part of
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the stress tensor is used to obtain the dissipative part of the stress tensor as follows
(Brilliantov and Poschel, 1998; Landau and Lifshitz, 1959):

 zzdis   sin  ( xy  yx) zzel ( E1  1; E2  2 )   cos  ( zx  xz )
 zzel ( E1  1 ; E2  2 )  (2  1 / 3) cos zu x  (2  21 / 3)

(5.15)

 cos xu z  (2  1 / 3) sin yux  (2  1 / 3) sin xu y

where x 




, y 
, z  ; u ( x, y, z)  (ux , u y , uz ) and E1  1 , E2  2 ,
y
x
z

etc. u z is the surface displacements in the normal and radial direction and can be
expressed as:

uz  (1  v2 ) p0 (2a 2  x2  y 2 ) / (4Ya)

(5.16)

Similar to Brilliantov and Poschel (1998), some terms can be omitted by calculation
of the relative magnitude. Eq. (5.15) can be written as:
1/2



dis
zz

(1  2v)(1  v)  cos  (22  1 / 3) p0 xz  x 2 y 2 


 1  2  2 
Y
a2
a 
 a
(1  v) 2  cos  (22  1 / 3) p0 x


Y
2a

(5.17)

As a result, the pressure distribution at the polishing contact area can be
expressed by:
1/2

P ( x, y )    
el
zz



dis
zz

 x2 y 2 
 p0 1  2  2 
a 
 a

 cos  (22  1 / 3) p0 xz 
a2

x2 y 2 
 1  2  2 
a 
 a



(1  2v)(1  v)
Y

1/2

(1  v) 2  cos  (22  1 / 3) p0 x


Y
2a

(5.18)

5.2.3. Single-particle Wear Model
The yield load, Wy , is calculated as a function of the particle radius, R p , and the
mechanical properties of the workpiece based on Hertzian analysis and the Tresca
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criterion (Saka et al., 2008):

Wy 

 3 H w3
48 Ew2

Rp2

(5.19)

where Ew and H w are the Young's modulus and hardness of the workpiece,
respectively. As shown in Fig. 5.4(a), an abrasive particle, assumed to be spherical
and rigid with the radius of R p , is dragged across the surface in plastic contact which
flows under an indentation pressure pn . It forms a groove on the target surface and
some proportion of the material is removed by the particle. Since the depth of
indentation,  p , is much smaller than the radius of the abrasive, the depth is related
to the radius of the projected circle of contact, a p , by:
p 

a 2p

(5.20)

2Rp

For a polishing process, the particle is moving with relative velocity, Vr , and
hence in contact only over its front surface; the force applied on an abrasive, W p is
expressed as:

 a 2p pn
Wp 
  p Rp pn   p Rp H w
2

(5.21)

If a fraction  of the material displaced from the groove is actually removed as
wear debris, then the volume ( Vol p ' ) removed by this abrasive particle per unit time is

2 V
Vol p '   p a pVr  3/2 r
 Rp

 Wp 


 Hw 

3/2

(5.22)

As can be seen in Figure 5.4(b), an abrasive particle was idealized as a cone of
semiangle  . The depth of indentation,  p , is related to the radius of the projected
circle of contact, a p , by:
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a p   p tan 

(5.23)

For the cone particle, Eq. (5.21) can be rewritten as:

 a 2p pn  p2 (tan  )2 pn  p2 (tan  )2 H w
Wp 


2
2
2

(5.24)
P

Hence, the volume of wear debris produced by the cone particle per unit time is
Rp

expressed by:
2aP

Vol p ''   p a pVr   p2 tan Vr 

2WpVr

(5.25)

 H w tan 
Wp

Wp

2aP
Rp



2aP

p

p

(a)

ap

(b)

(c)

Figure 5.4 Geometry of contact between an abrasive particle and a surface: (a) and (b)
in elevation; (c) in plan view
ap

From the above analysis, the wear rate of a single abrasive particle depends
heavily on the particle’s shape. However, the angularity of abrasive particles is
difficult to be defined and this is largely due to the difficulty of identifying and
quantifying the features of a complex three-dimensional shape causing its abrasivity.
Since angular particles cause more material removal than spherical particles
(Hutchings, 1992), cone particles are commonly used in the polishing process.
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5.2.4. Active Number of Abrasive Particles
The slurry particles involved in material removal are those that are embedded in
the surface of the compliant polishing pad and are dragged across the polished surface
by the relative velocity between the two surfaces, and the active number of these
particles is generally related to the particle size distribution, the hydrodynamics
condition between the polishing pad and the workpiece as well as the surface
topography of the polishing pad and target surface. To simplify the theoretical
modelling, the pad-particle-workpiece contact is assumed to be solid-solid contact
neglecting the effect of the fluid flow, and the particle size is assumed to be a
constant.
According to Luo and Dornfeld (2001), the abrasive particles engaged in
two-body abrasion are regarded as only agents of effective material removal. The
effective contact area between the polishing pad and the entrained particle is
2
approximately equal to  R p , and hence the force applied on an abrasive, W p , can

be expressed by:

Wp   Rp2 P( x, y)

(5.26)

Since the polishing pad tends to deteriorate in the polishing process, the
modelling of the surface topography of the polishing pad is very hard. Statistical
theories were used to model the surface topography of the polishing pad assessed by
the pad asperity radius Ra and the standard deviation of asperity heights  z
(Greenwood and Williamson, 1966; Kim et al., 2014). For relatively soft pad and low
abrasive concentration, the active number of abrasive particles tends to be
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proportional to the real contact area and the slurry concentration (Fu et al., 2001; Luo
and Dornfeld, 2003). As a result, the active number of abrasive particles ( N ac ) can be
expressed by:
1/2

VtR 
N ac  K ac c2  a 
Rp   z 

(5.27)

where K ac is the coefficient related to the particle size distribution and the
hydrodynamics condition, t is the polishing time, Vc is the volume fraction, Ra is
the radius of the pad asperities, and  z is the standard deviation of asperity heights.
As a result, the material removal rate ( Volmmr ) can be predicted by:
1/2

Volmmr

2 K acVctVr ( x, y ) P( x, y )  Ra 
 N acVol p '' 
 
H w tan 
z 

(5.28)

As a result, the model of the material removal characteristics developed in this
study attempts to relate to the slurry concentration, particle shape, polishing depth,
tool size, head speed, polishing time, pad topography, and hardness of the polishing
pad and polished surface. It reveals some insights into the contact mechanics and the
wear mechanisms of the bonnet polishing process. It suggests that the material
removal rate is proportional to the slurry concentration, polishing time, velocity, and
pressure distribution, and is inversely proportional to the hardness of the polished
surface. The velocity distribution is proportional to the head speed while the pressure
distribution is proportional to the applied load and hence this proportional relation
agrees well with Preston's equation.
Moreover, the model reveals that both the polishing depth (the down force) and
rotational speed have obvious effects on the pressure distribution in the polishing area
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for bonnet polishing. Hence, the calculation of the pressure in the model taking into
account the hardness of the polishing pad can explain the asymmetric pressure
distribution in the X-cross-section due to the strong time-dependence of the
mechanical properties of the polishing bonnet. According to the proposed model, a
larger radius of the pad asperities and a smaller standard deviation of asperity heights
imply a higher material removal rate.

5.3 Surface Generation Model
In practice, polishing is a multi-step process conducted by repeatedly running
particular designed polishing cycles until the expected surface finish and form error
are obtained. Within each cycle, the polishing tool sweeps through the polished
surface following the adopted polishing tool path and desired dwell time map. Hence,
an important part of the surface generation model is dwell time and tool path planning
(Tam et al., 1999) as well as considering time efficiency and surface quality
improvement.
Based on the experimental results of section 3.5.2.3, bonnet polishing appears to
be a relative and cumulative polishing process for various materials and the surface
generation,

, of bonnet polishing can be assumed to be a linearly cumulative effect

of dwell time, T0 , together with the material removal rate, MRRij , under the same
polishing conditions as follows:
N

Zi   MRRij  T0 ,

(i  1, 2,3

M)

(5.29)

j 1

where M is the sample point number, N is the number of trajectory points
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the polishing path and MRRij is the material removal of jth sample point when the ith
trajectory point along the polishing path is polished by the bonnet. The value of MRRij
depends on the material removal rate and the contract area of the bonnet. It will be
non-zero if the jth sample point is located within the contract area of the ith trajectory
point, and will be zero if the sample point is located outside the contract area.
In this study, raster polishing was used to understand the surface generation
mechanisms and verify the effectiveness of the surface generation model. The
polishing conditions in all the paths are assumed to be constant and hence the tool
influence function is stable and constant, and the polishing paths are also assumed to
be evenly spaced straight lines on a flat surface as can be seen in Figure 5.5.

Predicted Tool influence function

x-axis

y-axis
Polishing path generation

Figure 5.5 Schematic diagram of the surface generation model in raster polishing

When the predicted influence function follows straight path lines with a constant
surface feed rate, the removal profile is constant along each and all the path lines.
Hence, the material removal distribution is constant along the path line direction and
waves in the orthogonal direction arising from the overlapping of the removal profiles
affiliated with adjacent polishing path lines for the raster polishing. In this case, the
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surface generation may be simplified to be a 2D problem which can be solved
numerically for a given polishing path spacing and path number. The polishing path
spacing represents the translation distance of removal profile along the orthogonal
direction and the feed rate determines the dwell time of each polished spot and hence
the surface height of removal profile along the path line direction.

5.4 Results and Discussion
In the present study, prototypes of the multi-scale material removal model and
the surface generation model for bonnet polishing were purposely developed using the
MATLAB programming software package. Basically, the experimental verification is
divided into two parts, spot polishing tests and pattern test. Spot polishing tests were
conducted to verify the feasibility of the theoretical model under various polishing
conditions; while a pattern test was performed to experimentally evaluate the
performance of the surface generation model. A Zeeko IRP 200 ultra-precision
freeform polishing machine was used to conduct the experiments. All samples were
polished using Al2O3 slurry and the surfaces of the samples were measured by a Zygo
Nexview 3D Optical Surface Profiler.

5.4.1. Experimental Verification of the Multi-scale Material Removal
Model
The multi-scale material removal model for bonnet polishing was verified
through a series of simulation and polishing experiments. The predictions of material
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removal characteristics of bonnet polishing were accomplished by using a prototype
of the multi-scale material removal model purposely built using the MATLAB
software package. In this study, a bonnet with a radius of 20 mm was assembled on
the main spindle, while the workpiece made of steel (S136) was fixed on the C axis.
All samples were polished by a LP-66 (Cerium oxide D'27) polishing pad with a
slurry comprising 2.066 vol. % of Al2O3 abrasives with an average size of 3.22 µm
with a constant machining time of 60 seconds. A series of simulations based on the
multi-scale material removal model was conducted under various polishing conditions
as shown in Table 5.1, while the coefficients used in the simulations are shown in
Table 5.2.
Table 5.1 The process parameters of polishing experiments
Sample

Tool

Tool

Head

Precess

Slurry

No.

pressure

offset

speed

angle

concentration

A1

1.2 bar

0.12 mm

1200 rpm

10°

1:12

A2

1.2 bar

0.12 mm

1200 rpm

15°

1:12

A3

1.2 bar

0.12 mm

1200 rpm

20°

1:12

B1

1.2 bar

0.1 mm

900 rpm

15°

1:12

B2

1.2 bar

0.1 mm

1200 rpm

15°

1:12

B3

1.2 bar

0.1 mm

1500 rpm

15°

1:12

C1

1.2 bar

0.08 mm

1200 rpm

15°

1:12

C2

1.2 bar

0.13 mm

1200 rpm

15°

1:12

C3

1.2 bar

0.18mm

1200 rpm

15°

1:12

D1

1.2 bar

0.09 mm

1200 rpm

15°

1:12

D2

1.2 bar

0.09 mm

1200 rpm

15°

1:9

D3

1.2 bar

0.09 mm

1200 rpm

15°

1:6
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Table 5.2 Parameters used in the present simulation
Variable

Symbol

Base value

Young's modulus

Y

2 Mpa

Poisson's ratio



0.3

Viscosity coefficient

1

5×10-4 Mpa·s

Viscosity coefficient

2

0 Mpa·s

Semiangle of cone particle



45°

Hardness of workpiece

Hw

509 Mpa

Radius of pad asperities

Ra

23.5 μm

Standard deviation

z

4.4 μm

Figure 5.6(a) shows the experimental data of polished spot measured by a Zygo
Nexview 3D Optical Surface Profiler, while Figure 5.6(b) shows the predicted 3D
topography of the material removal characteristics for the case of B3. It was found
that the predicted result of the theoretical model shows a good correlation in surface
shape with the experimental data. The cross-section curve of the X-Z profile and Y-Z
profile of the measured experimental data passing the deepest point were used to
verify the theoretical model as shown in Figure 5.6(c) and Figure 5.6(d), respectively.
It is turned out that the simulated result by the theoretical model agree reasonably well
with the measured data. It is interesting to note that the width of the X-Z profile was
significantly larger than that for the Y-Z profile and hence the real contact area was
not a circle. This may be due to the deformation of the polishing bonnet and/or the
swing of the main spindle.
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Due to the new calculation method for pressure distribution, the theoretical
model was found to be able to explain the asymmetry of the X-Z profile and Y-Z
profile of the polished spot. This implies that the contact mechanics and kinetics
theory proposed in this study can provide an explanation for the polishing
mechanisms in bonnet polishing. Moreover, the hydrodynamics condition and
abrasive distribution in the contact area of the removal process should be further
studied to enhance the prediction accuracy of the theoretical modelling and better
understand the polishing mechanisms in the bonnet polishing process.

(a) Measured 3D topography data

(b) Predicted 3D influence function

(c) X-Z profile of TIF

(d) Y-Z profile of TIF

Figure 5.6 Results of the simulation and experiment in terms of 3D topography, X-Z
profile and Y-Z profile (for the case of B3)
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To further verify the theoretical model, four sets of simulation and polishing
experiments were conducted under different precess angle, head speed, tool offset,
and slurry concentration. Figure 5.7(a) shows that the amount of material removal
increases with increasing precess angle. This is due to the fact that a higher precess
angle means a higher velocity distribution in the contact area and hence a higher
material removal rate is obtained. It can be explained reasonably well by the
theoretical model.

(a) Effect of precess angle

(b) Effect of head speed

(c) Effect of tool offset

(d) Effect of slurry concentration

Figure 5.7 Comparison of experimental data and predicted data under different
polishing conditions
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Figure 5.7(b) shows that the volumetric material removal rate increases linearly
with increasing head speed and this is predicted well by the theoretical modelling.
Both the experimental and predicted results in Figure 5.7(c) show that the volumetric
material removal increases as the tool offset increases. This can be explained by a
larger tool offset presenting a larger contact area and a higher contact pressure and
hence a higher material removal rate. Figure 5.7(d) shows that the amount of material
removal depends linearly on the slurry concentration. This is due to the fact that a
higher slurry concentration means a larger number of abrasive particles involved in
the material removal in bonnet polishing and this can be explained reasonably well by
the theoretical modelling.

5.4.2. Experimental Verification of the Surface Generation Model by the
Pattern Test
A raster polishing experiment was designed to validate the proposed surface
generation model. The polishing strategies used for generating the designed surface
pattern are shown in Table 5.3, while the surface generation model was purposely
built and programmed using the MATLAB software package. Figure 5.8 shows a
comparison between the measured and simulated results in the pattern test. It is found
that the simulated surface pattern by the surface generation model agrees well with
that for the experimental results. The peak-to-valley value (PV) value and the
root-mean-squared (RMS) value are determined for the measured surface data and the
predicted ones. The PV value of the predicted data is 0.803μm and the RMS value is
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229 nm, while the PV value and RMS value of the measured surface data are 0.876μm
and 110 nm, respectively. It is interesting to note that the parametric values are of the
same order of magnitude. This further validates that the surface generation model can
help to explain and predict the relative and cumulative polishing process and the
linearly cumulative effect of dwell time together with the constant material removal
rate under the identical polishing condition in surface generation of bonnet polishing.

Table 5.3 Parameters for generating surface pattern
Workpiece Material

Steel (S136)

Polishing mode

Raster

Surface feed

20 mm/min

Polishing cloth

LP-66

Polishing spacing

1 mm

Head speed

1200 rpm

Polishing depth

0.2 mm

Precess angle

15°

Tool pressure

1.2 bar

Slurry concentration

1:12

Tool radius

20 mm

Particle property

3.22 µm (Al2O3)

0.431 μm

-0.446 μm

(a) Experimental data

(b) Predicted data

Figure 5.8 Comparison between the measured and simulated results of the pattern test
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To further verify the effectiveness of the surface generation model, a
least-squares-based surface matching method was used to evaluate the deviation of the
measured surface from the corresponding simulated surface (Ren et al., 2012a). Due
to the misalignment between the coordinate frames of the coordinate frames of the
measured surface and the simulated surface, surface matching is required to search for
an optimal Euclidean motion for the measured surface so that it is well aligned with
the simulated surface as closely as possible. After that, the deviation of the simulated
surface and the measured surface is considered to be the prediction error of the
proposed model as shown in Figure 5.9. It turned out that the peak-to-valley value
(PV) of the prediction error was 0.4231 μm and the root-mean-squared value (RMS)
was 64.8 nm. The result reveals that the surface generation model can be successfully
used for predicting and better explaining the surface generation in bonnet polishing.
This further validates the technical feasibility and effectiveness of the surface
generation model in bonnet polishing.

Figure 5.9 Evaluated prediction error of the testing pattern for bonnet polishing
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5.5 Conclusions
Due the complex machining mechanism, it is still difficult to model the material
removal characteristics and surface generation in bonnet polishing (BP). This chapter
presents a theoretical and experimental investigation which attempts to achieve better
scientific understanding of the material removal characteristics and surface generation
mechanisms in bonnet polishing. The major findings are summarized as follows:
(i) A multi-scale material removal model was built for predicting and characterizing
the material removal characteristics in bonnet polishing based on the study of contact
mechanics, kinematics theory, and abrasive wear mechanism. Specifically, the
velocity and pressure distributions were determined based on the kinematics theory
and contact mechanics at macro scale, and the pad topography which affects the
contact ratio and hence the material removal rate at micro scale, and the micro- or
nano-sized abrasive particles scratch the surface at the nano scale. The model
developed in this work captures much of the basic physics of the polishing process
including the tool radius, polishing depth, head speed, precess angle, pad topography,
polishing time, particle shape, slurry concentration, and the mechanical properties of
the pad and workpiece.
(ii) The calculation of the pressure in the model taking into account the strong
time-dependence of the mechanical properties of the polishing bonnet reveals that
both polishing depth (the down force) and rotational speed have significant effects on
the pressure distribution in the polishing area, and hence this can explain the
asymmetry of the material removal characteristics in the X-cross-section and
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Y-cross-section. It is also found that the X-Z width of the polished spot is larger than
the Y-Z width.
(iii) A surface generation model was also built to take account of the relative and
cumulative removal process together with the predicted material removal
characteristics.
(iv) A series of spot and pattern polishing tests as well as simulation experiments was
conducted. The results show that the theoretical model predicts the amount of material
removal well which not only increases with increasing precess angle and tool offset,
but also depends linearly on the head speed and slurry concentration. Through the
experimental study and theoretical analysis by the surface generation model, it is also
found that a relative and cumulative process is proven to be a key surface generation
mechanism in bonnet polishing.
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Computer Controlled Ultra-precision Polishing (CCUP) based on fluid jet
polishing (FJP) and bonnet polishing (BP) with multi-axis machining is an enabling
technology which is

capable of fabricating ultra-precision surfaces

with

sub-micrometre form accuracy and surface roughness in the nanometre range. This is
particularly useful for machining difficult-to-machine and ferrous materials, which are
not amenable for other ultra-precision machining technologies such as single-point
diamond turning and ultra-precision raster milling. Most previous research on the
polishing process was based on achieving super mirror finished surfaces without
focusing on achieving high form accuracy.
Since CCUP is a complex process that exhibits multidisciplinary and multi-scale
complexity, our understanding of the material removal characteristics, surface
generation, and the factors affecting the surface generation of CCUP is still far from
complete. As a result, the research study aimed to conduct extensive experimental and
theoretical investigations on the material removal characteristics and surface
generation mechanisms in CCUP.
To gain a better understanding of the deterministic polishing process, a
comprehensive analysis of the material removal characteristics in CCUP was
conducted. The Taguchi design of experiments was used to determine the optimal
operational parameters and the significance of the important parameters for the
volumetric material rate in fluid jet polishing and bonnet polishing. The results of the
Taguchi trials show that pressure has the largest effect on the material removal rate
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and the standoff distance has the smallest effect in fluid jet polishing, while the
precess angle, head speed, particle diameter, tool offset, slurry concentration, and tool
pressure are the significant factors in order of declining effect on the material removal
rate in bonnet polishing. It is also found that the maximum depth as well as the
volumetric removal increases with increasing polishing time and slurry concentration
linearly while it increases non-linearly with increasing slurry pressure, slurry distance
and particle size, while it increases first then decreases with increasing impingement
angle.
The material removal and surface generation mechanisms of bonnet polishing
were also studied through a series of polishing experiments. Although the material
removal is shared by the abrasive particles and the pad asperities in the designed
experiments, the abrasive wear observed in bonnet polishing was found to be
dominated significantly by the plastic removal mode of abrasive particles, while the
material removal caused by the polishing pad should be mitigated in order to obtain
super mirror finished surfaces without pad scratches. The experimental results imply
that there exists a critical polishing depth which if exceeded leads to the breaking of
the hydrodynamic lubrication condition in the high pressure area of the polished spot
which causes the pad scratching. Moreover, the results also reveal that the surface
generation of bonnet polishing is a linearly cumulative effect of dwell time together
with the constant material removal rate for the identical polishing condition.
Through the investigation of the material removal characteristics and surface
generation mechanisms in fluid jet polishing, it was found that the amount of material
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removed by the fluid jet depends on the flow conditions of the jet slurry and the
abrasive particles' erosion mechanism, while the surface generation can be considered
as the convolution of the influence function and the dwell time map along the
pre-specified tool path. Based on these studies, a theoretical model was built for
predicting and characterizing the material removal characteristics and surface
generation in FJP. Computational Fluid Dynamics (CFD), statistical theory and
erosion mechanisms were used to establish a material removal model for FJP, while
the polishing strategy was determined by the desired surface integrity of the optical
surface to be generated by using the data on the material removal characteristics.
Through a comparison between the actual polishing experiments and the
theoretical results, the material removal model was found to satisfactorily predict the
amount of material removal which increases with increasing pressure, and depends
linearly on the polishing time and the abrasive particle concentration, while the
theoretical model predicts the surface generation well under various polishing
conditions. With a constant material removal rate and under identical polishing
conditions, it was revealed that the surface generation in FJP is a linearly cumulative
function of the dwell time. The proposed prediction model not only helps to provide
an important means for better understanding and predicting the effect of process
parameters on the polishing process, but also contributes significantly to improving
the predictability for the achievement of corrective polishing and deterministic
machining using the FJP technology.
For the bonnet polishing process, a multi-scale theoretical model for the
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prediction and simulation of the material removal characteristics and surface
generation was established based on the study of contact mechanics, kinematics
theory, and wear mechanisms, as well as the relative and cumulative removal process
of the surface generation. Specifically, the pressure and velocity distributions were
determined based on the kinematics theory while contact mechanics were used to
model at the macro scale. The pad topography affects the contact ratio and hence the
material removal rate at the micro scale, and the micro- or nano-sized abrasive
particles scratch the surface at the nano scale.
The multi-scale theoretical model developed in the present study captures much
of the basic physics of the polishing process including the tool radius, polishing depth,
head speed, precess angle, pad topography, polishing time, particle shape, slurry
concentration, and the mechanical properties of the pad and workpiece. It reveals that
both the polishing depth (the down force) and rotational speed have significant effects
on the pressure distribution in the polishing area, and hence this can explain the
asymmetry of the material removal characteristics in the X-cross-section and
Y-cross-section. It was also found that the X-Z width of the polished spot is larger
than the Y-Z width. A series of spot and pattern polishing tests as well as simulation
experiments was conducted. The results show that the theoretical model predicts the
amount of material removal well which not only increases with increasing precess
angle and tool offset, but also depends linearly on the head speed and slurry
concentration. Through the experimental study and theoretical analysis by the surface
generation model, it was also found that a relative and cumulative process is proven to
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be a key surface generation mechanism in bonnet polishing. The successful
development of the theoretical model helps to make the bonnet polishing process
more predictive, thereby optimizing the manufacturing process, and forms the
theoretical basis for better understanding of the polishing mechanisms in bonnet
polishing.
CCUP based on FJP or BP is a complex multi-stage process which relies heavily
on the planning of the process steps in terms of the use of the polishing conditions and
polishing fluid on the specific materials being cut. The polishing mechanisms of the
CCUP process usually exhibit multidisciplinary and multi-scale complexity, and are
affected by many factors such as process parameters, slurry property, work materials,
workpiece geometry, and so on. Nowadays, the generation of a desired surface
integrity of high-performance optical surface still depends largely on the experience
and skill of the machine operator through an expensive trial-and-error approach.
On the whole, the experimental and theoretical investigation reported in this
thesis contributes significantly to the advancement of the scientific understanding of
the materials removal characteristics and surface generation mechanisms in CCUP
based on FJP and BP. Moreover, this was a novel attempt in which the deterministic
models were successfully built which acquire much of the basic physics of the
polishing process. This is essential for further improving the performance of
ultra-precision machines. The successful development of the theoretical models for
the prediction of the material removal and surface generation provides an important
means to make the CCUP process more predictable and efficient. They help to explain
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quantitatively the effect of different factors which affect the material removal and
hence the surface generation in CCUP without the need for costly trial and error cutting
tests.
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CHAPTER 7 SUGGESTIONS FOR
FUTURE RESEARCH
The present research work presented in this thesis provides an important means
for better understanding the effect of polishing parameters, material removal
characteristics and surface generation mechanisms in computer controlled
ultra-precision polishing (CCUP) which make CCUP more predictable in terms of the
prediction and simulation of the material removal characteristics and surface
generation. However, there are some topics which are worth further study as follows:
(i)

The material removal model would be further enhanced by taking into account
the effect of curvature on the material removal characteristics. This is important
for better predicting the form accuracy of ultra-precision surfaces being polished.
Moreover, the established theoretical models of the material removal
characteristics will be incorporated into the capability of the tool path planning
and the optimization of the dwell time. They will be integrated into the
model-based simulation system for the simulation and optimization of the
surface generation in the CCUP process. There is a need for further research into
the model-based simulation system in order to further enhance the capability of
the models and systems so that they are able to cater for more factors which
affect the surface generation. For example, a comprehensive and precise model
needs to take into account factors such as tool path generation and planning, the
geometry of the machined surface, materials factors, and the dynamic factors
involved in the machining process.
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(ii) To gain a better understanding of the polishing process, a monitoring system
should be constructed for further study of the slurry distributions with the use of
tactile sensors so as to measure the stress-strain behaviour during the polishing.
The material removal of FJP is caused by the repeated impact of abrasive
particles and hence the study of the spatial distribution and trajectories of
abrasive particles will make FJP more deterministic, while the measurement of
pressure distribution in the contact area and spatial distribution of active
abrasive particles embedded in the polishing area are crucial for better
understanding the material removal distribution of polished spots in bonnet
polishing.
(iii) To further understand the material removal mechanisms in the polishing process,
more fundamental experiments need to be conducted, such as indentation or
scratch tests for various materials to determine the experimental coefficients to
improve the established theoretical models, and to better understand the material
properties associated with the manufacturing process such as the ductile-brittle
critical conditions and subsurface damage.
Since the ultimate performance of the polishing processes can be assessed
by their achievable surface finish, form accuracy and resulting surface integrity,
a comprehensive analysis method should be developed to assess the polished
surface under various polishing conditions.
(iv) To polish super hard and brittle materials in a more efficient and productive way,
hybrid processes can be applied for CCUP, such as chemical reaction, plasma
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assisted action, electric and magnetic field-assisted operation, etc. This will also
improve the stability of the influence function in the polishing process through
decreasing the deterioration of the polishing tool.
(v)

It is interesting to note that polishing is a multi-stage process conducted by
repeatedly running particular designed polishing cycles until the expected
surface finish and form accuracy are obtained. In other words, surface
generation is usually realized by a series of polishing process steps. The surface
generation in the current polishing process step will be affected by that of the
previous polishing process steps. However, most of the previous studies focus
mainly on individual polishing processes while the effect of the interaction of
each different process and step has received relatively little attention. As a result,
process chain modelling and analysis for computer controlled ultra-precision
polishing of optical freeform surfaces should be further studied to optimize the
polishing process.
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