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Abstract

Magnetic field-assisted finishing (MFAF) is a class of non-conventional polishing
processes that utilize ferromagnetic smart fluids. As the final stage in a chain of
manufacturing processes, these processes are used for surface texture reduction, removal
of sub-surface damage layer, or for form correction. Recently, the aerospace industry has
identified MFAF processes as a potential solution for polishing of freeform external
surfaces of aerospace components made of titanium alloy (Ti-6Al-4V). Two of the most
pressing issues are the process efficiency in terms of material removal rate, and the
ability to predict material removal based on process conditions, with the ultimate goal of
process automation.

The two main focus of this project reflect the two aforementioned issues. For the
first focus pertaining to increasing the process efficiency, a new MFAF process is
developed. The double-magnet configuration of the polishing unit used in the process,
which is a novel concept, is developed to achieve high material removal rate. Two factors
contributing to the increased material removal rate are identified and established. The
first factor is the high magnetic flux density in the polishing zone, which is verified by
magnetostatic analysis and measurement on physical setups with a magnetometer. The
second factor is the in sifu reformation of finishing media during the process, which
allows the finishing media to exert sustainable pressure on the workpiece surface. The
mechanism responsible for the in situ reformation of finishing media is also identified,
described and established.

Following that, the effect of the tool parameters on the process outcome is

studied. Specifically, the parameters studied are the magnet-to-magnet gap, magnet-to-
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workpiece gap, and the thickness of magnet. Using magnetostatic analysis, the
relationships between these parameters and the magnetic flux density are established.
Additionally, the use of magnetic cap to augment the magnetic flux density is also
assessed. Based on the findings from these studies, a set of dimensions is recommended
for the polishing unit.

The capabilities of the new MFAF process are demonstrated. Surface texture
reduction is confirmed for both stainless steel (SUS316) and titanium workpieces, where
a final surface texture of 0.016 um Ra and 0.073 um Ra are achieved respectively, from
an initial surface texture of approximately 1 to 2 um Ra. The removal rate of the new
MFAF process is also compared against similar processes, and its material removal rate
of 11.8 wm/min is among the highest. Finally, the feasibility of the process for surface
finishing of structured surfaces is also assessed. 2.5-D V-shaped channels with depth of
0.1 mm and width of 0.2 mm are polished. Surface texture of both the peaks and valleys
is reduced, but the removal rates are different. As a result, the peak-to-valley height of the
channels is reduced from 100 um to 14 pm. Non-uniformity of removal rate is a
weakness of the new MFAF process that needs to be considered in future work.

For the second focus pertaining to prediction of material removal rate, a material
removal model based on contact mechanics is proposed to better represent the complexity
of the finishing media in the MFAF process. The proposed model consists of a base
model and two extensions for conditions where assumptions made for the base model are
not fulfilled. The complete derivation of the base model and both extensions is presented
in this thesis. Then, experiments are conducted to verify the proposed model. The
theoretical trends given by the proposed model are found to be in good agreement with

the experimental trends.
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Chapter 1

Introduction

1.1 MECHANICAL SURFACE FINISHING IN PRECISION ENGINEERING

Surface finishing is typically the final step in a chain of manufacturing processes
for high precision components. There are numerous surface finishing techniques
available which can be broadly classified as mechanical, chemical, chemically-assisted or
vibration-assisted. This thesis mainly considers mechanical processes in both assisted and
non-assisted forms.

Surface finishing processes have several purposes. Firstly, they are used to
achieve fine surface finish that high efficiency manufacturing processes such as
conventional machining (which includes processes such as milling, turning, drilling and
grinding) and forming (which includes processes such as forging and molding) cannot
produce. In such applications, surface finishing processes are also referred to as polishing
processes. A fine surface finish is important either for functional or aesthetic purposes or
both. There is currently no strict definition for a fine surface finish, though a surface
texture below 0.1 pum Ra is typically classified as fine finish for metal surfaces [1]. For
example, the joint of a hip implant and the turbine blades of an aircraft engine require
fine surface finish for friction reduction and reduced drag force respectively. On the other
hand, cranks of high performance bicycles and the cylindrical chassis of the Apple Mac
Pro (2015 version) require a fine surface finish to give a clean and reflective surface for

aesthetic appeal. An emerging application at time of writing is the surface finishing of



parts produced by additive manufacturing or 3-D printing, which are complex in shape
but typically have surface texturees exceeding 20 um Ra.

Secondly, surface finishing may be used to correct dimensional inaccuracies
introduced by machining or forming processes. For instance, chemical mechanical
polishing is used to improve the flatness of silicon wafers sliced by a sawing process,
while magnetorheological finishing can be used for form correction of optical surfaces
produced by single point diamond turning. In some applications, surface finishing
processes may be used to achieve a fine surface finish, as well as for correcting
dimensional inaccuracy.

There are at least two key areas of interest in the development of surface finishing
techniques. The first is in developing new solutions for the processing of freeform and
structured surfaces. These surfaces are difficult to process and typically require
specialized process or tooling that are not transferrable from one component to another.
An emerging demand is for the finishing of complex internal surface, which is driven by
the meteoric rise in interests of additive manufacturing. Additively manufactured parts
may include complex internal passages not reachable by conventional tools, and they
require post-processing for surface texture improvement. Therefore, there are substantial
academic and commercial interests in developing new techniques that are more generally
applicable.

Another key area of interest is in the automation of these processes. Currently,
many surface finishing jobs of complex components are carried out manually by skilled
workers. In addition to the high overhead involved, this may result in inconsistent part
quality, which leads to lower yield. Process automation typically requires an

understanding of the process, and process modeling is crucial to that end.



1.2 PRECISION SURFACE REMOVAL TECHNIQUES

There are many precision surface removal techniques, and a thorough review and

treatment of all the processes is beyond the scope of this work. Instead, a brief overview

is given, with the intention of providing a context for the selection of magnetic field-

assisted finishing as the approach. A list of precision surface removal techniques is

presented below in Table 1.1.

Table 1.1:  Precision surface removal techniques.

Freeform | Structured | Internal Remarks
ol s o o A Skill-dependent, high cost, inconsistent
outcome.
Classical lapping X X X Very good for flat surface.
VIBE polishing [2] o X X Typically for aspheric surface of optics
component.
Sy Structured and internal capabilities limited
Fluid jet © A A by jet size and reachability.
Precessions bonnet Capable of achieving superfinish at high
_ O X X
polishing [3] removal rate.
Shape adal;z; e grinding O X X Uses a conformable tool.
Reactive a[lg(;m plasma O O X In developmental phase.
MREF [6] O X X Developed for processing of optics
AFM [7] A X o Mainly for 1nj[ernz‘ﬂ sur.faces. External
surfaces require fixturing.
ECM [8] O O A Requires specially shaped tooling.




It can be seen that there are many solutions targeting freeform surfaces, but not
many for structured surfaces. Processes that depend on the rotation of a rigid tool for
material removal are not suitable, while processes with a linear motion or stationary
tooling (ECM) will require specially shaped tools. For internal surfaces, the key
challenge for existing processes is reachability of the internal surfaces by tools.

With an understanding of the challenges facing conventional processes, magnetic

field-assisted finishing processes have been identified as a unique, potential solution.

13 MAGNETIC FIELD-ASSISTED FINISHING (MFAF)

Magnetic field-assisted finishing (MFAF) is a broad category of non-conventional
finishing processes that harnesses the unique properties of ferromagnetic smart fluids for
surface finishing. Since its early development in the United States in the 1930’s, many
different techniques and embodiments of MFAF such as magnetic fluid grinding [9],
magnetic abrasive finishing (MAF) [10] and magnetorheological finishing (MRF) [6]
have been reported in the literature. Generally, these approaches manipulate magnetic
fields to drive magnetic media onto a target surface to remove material or to assist in
removing material. Material removal from the target surface is typically gentle enough to
achieve reduction in asperity heights and therefore improves the surface texture.

The cornerstone of MFAF is the unique behaviour of ferrous particles under the
influence of a magnetic field generated by permanent magnets or electromagnets. Under
the magnetic field’s influence, ferrous particles link together along the magnetic field
lines, forming flexible chains suspended by the magnetic force. Seen as a bulk, the layer
of ferrous particles behaves like a Bingham plastic - solid-like at rest but yields when

subjected to a critical level of shear stress. When in contact with an external surface, the



layer of ferrous particles conforms to the geometry of the external surface, as shown in
Figure 1.1. By mixing abrasives into the layer of ferrous particles and introducing relative
motion between the layer and the external surface (by rotation, vibration, or any other
form of actuation), material may be removed from the workpiece surface. The ability to
remove material from an external surface with freeform features and complex geometry

is a distinct advantage of MFAF.

—

Figure 1.1: Schematic diagram to illustrate the conformable nature of magnetic
particles.

In addition, magnetic flux flows unimpeded and unperturbed through any non-
ferrous and non-magnetic workpiece. As such, the motion of ferrous particles can be
influenced and controlled even when they are not in direct contact with a magnetic pole.
Thus, MFAF can also be used as a finishing operation on hard-to-reach areas such as
internal surfaces, as shown in Figure 1.2. This constitutes another distinct advantage of

MFAF.



Figure 1.2: Schematic diagram to illustrate that the motion of magnetic particles can be
influenced even when not in direct contact with a magnetic pole.

14 MOTIVATIONS

There have been recent demands from the aerospace industry for an automated
surface finishing technology capable of polishing complex geometry and hard-to-reach
internal surfaces. Traditionally, mass finishing operations such as vibratory finishing and
drag finishing were used to polish external freeform surfaces when a fine surface finish is
not required. Components requiring fine surface finish below 0.01 ym Ra are manually
polished by skilled craftsmen with traditional polishing tools. As a result, the quality of
components produced may vary from part to part and is dependent on the skill level of
the craftsmen. Attempts to automate conventional surface finishing operations have thus
far achieved limited success. The main challenge of automating finishing processes based
on conventional tools is arguably the compensation for changes in tool geometry due to
tool wear. Huang et al. [11] have demonstrated methods to empirically compensate for
the tool wear, but such methods may be cumbersome, inflexible and unreliable.

Compensation by force control is more promising, but any such solution must consider



the fluctuation of contact forces arising from a dynamic contact area during the polishing
process.

MFAF processes, which use conformable finishing media, may therefore be a
viable substitute for the conventional tools and thus eliminate the need for compensation.
However, certain technological hurdles prevent wide adoption of the technology for
commercial applications. Firstly, formulation of finishing media for MFAF processes is
dependent on the target material, and there is a paucity of knowledge for the MFAF of
materials other than optical glasses. Therefore, commercial applications of MFAF are
thus far limited to the polishing of high value-added optics. Secondly, finishing media of
MFAF processes are known to deteriorate over time due to debris from material removal,
oxidation of magnetic particles, and carrier fluid degradation. These translate into
stability issues that must be addressed before an MFAF process can be viably applied for
commercial purposes. Lastly, the removal rate of MFAF processes is low compared to
conventional abrasive processes, while commercial applications usually require high
efficiency material removal. As such, MFAF processes are currently used only for
commercial applications of small volume.

Fortunately, the technological hurdles mentioned above are not insurmountable.
The capability for MFAF to polish exotic materials such as titanium alloys, nickel alloys
and tungsten carbide can be investigated and better understood through theoretical
analyses, or empirically by conducting appropriate process studies to test different
finishing media formulations and process parameters. In terms of process stability, some
solutions have already been proposed to improve the stability of the finishing media [12,
13]. Lastly, the material removal rate may be improved by optimizing the process

conditions. In addition, the process efficiency may see significant improvements through



innovations on the finishing media and innovative manipulation of magnetic properties to
develop new MFAF processes with high efficiency.

The combination of commercial interests and technical challenges make the
development of MFAF processes a meaningful topic to both the scientific community and
the manufacturing industry. As a bonus, positive outcomes may lead to lucrative rewards

commercially.

1.5 SCOPES AND OBJECTIVES

The overarching goal of this thesis is to initiate the development of a new MFAF
process that is capable of achieving high material removal rate, feasible for polishing
structured surfaces, and is suitable for automation. In a preliminary study, a new process
capable of achieving high material removal rate has been proposed.

The first objective of this thesis is to establish the principles of the new process
that contribute to the increased material removal rate. Theoretical magnetostatic analyses
and empirical observations are both employed to that end. The second objective, which is
related to the first, is to establish the capability of the new process to improve surface
texture on both flat surfaces and freeform surfaces. Experiments will be conducted and
the capability will be verified by inspection of the polished surfaces through microscopic
observations and two-dimensional profilometry. For experimentation, the workpiece
material chosen is stainless steel (SUS 316), which is a common material to allow
comparison with other processes, and aerospace grade titanium alloys, such as Ti-6Al-
4V. For freeform surface, the selected surface is micro-scale V-grooves array (0.2 mm
wide and 0.1 mm deep) on a flat surface, which is extremely challenging to polish with

currently available techniques. Note that the selected surface geometry is in fact



classified as a structured surface rather than a freeform surface. The reason for choosing
structured surface is that it is arguably a bigger challenge compared to freeform surface.

The third objective is to establish a method to predict the material removal rate of
the process when the polishing conditions are varied. The ability to predict the material
removal rate is critical for process automation. To that end, a material removal rate model
is proposed to describe the relationship between material removal rate and the polishing
parameters. Many material removal rate models that pertain to common polishing
parameters such as revolution speed, polishing time, and material properties of workpiece
have already been reported in the literature. For the new material removal rate model, the
focus is on the relationship between material removal rate and some properties related to
the finishing media.

The last and final objective is to validate the proposed model experimentally for a

selected range of values of parameters in the proposed model.

1.6 REPORT STRUCTURE

A background on the role of surface finishing and MFAF as manufacturing
technologies has been presented at the beginning of this chapter. Thereafter, the
motivations, objectives and scopes of this thesis have been outlined. Following this
introductory chapter, there are six more chapters.

Chapter 2 covers the literature review conducted on the current state of MFAF
processes. The review will be structured according to the four classes of finishing media
currently used in MFAF processes — ferrofluid, magnetic compound fluid,
magnetorheological fluid and magnetic abrasive. Chapter 2 will be concluded with a

summary on research opportunities in the field of MFAF.



Chapter 3 pertains to the early developmental work of the new MFAF process.
The process principles of the new process are established by both theoretical analyses and
empirical observations. Parameters of the proposed polishing tool are also studied
theoretically with magnetostatic analyses. Based on the simulation results, a set of
parameters is suggested for the first prototype. Finally, the capability of the process for
improving surface texture and polishing freeform surfaces is validated with the prototype.

Chapter 4 and 5 embody the theoretical work on proposing a material removal
rate model for the new MFAF process. The complete derivation of the base model is
presented in chapter 4, while two extensions for the base model to include conditions that
are invalid for the base model are presented in chapter 5.

Chapter 6 is the experimental verification of the base model and its two
extensions presented in the previous two chapters. The trends between the properties of
the finishing media, such as the abrasive particle concentration and abrasive particle size,
and the material removal rate are verified experimentally.

Chapter 7 summarizes the work done in this thesis and provides suggestions on

direction for future research work for this topic.

1.7 CONTRIBUTIONS OF THE CANDIDATE

The development of the new MFAF process was a joint effort between the
candidate and his supervisor. In the awarded patent, the candidate is listed as a one of the
two co-inventors, with equal weightage. Most of the experiments up to Chapter 3 was
conducted by the candidate, while some results were drawn from experiments conducted

jointly with co-workers in the institute.

10



The proposed model was the candidate’s original work. The candidate was

responsible for all the work conducted and reported from Chapter 4 onwards.
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Chapter 2

Review of magnetic field-assisted finishing (MFAF) processes

2.1 INTRODUCTION

In this chapter, relevant literatures published on MFAF processes are reviewed
and presented. Jain [1] has previously summarized some developments in MFAF by
describing four MFAF processes, namely magnetic float polishing, magnetic abrasive
finishing, magnetorheological finishing and magnetorheological abrasive flow finishing.
Jain’s review is focused on the process principles and capabilities of the MFAF
processes. The review presented in this chapter will take a different approach,

emphasizing instead on the finishing media used in MFAF processes.

2.1.1 Four classes of finishing media for MFAF

The four classes of finishing media used for MFAF processes are ferrofluid (also
known as magnetic fluid), magnetorheological fluid (also known as MR fluid), magnetic
compound fluid (MCF) and magnetic abrasives. The key characteristic that distinguishes
these four classes of finishing media is the size of the magnetic particles used.

Ferrofluid contains the smallest magnetic particles, which typically have an
average diameter smaller than 1 um, but more commonly between 10 nm - 100 nm.
Magnetic particles in ferrofluid are typically magnetite (Fe;O,). In addition to magnetic
particles, ferrofluid used for MFAF processes also contains non-magnetic abrasives. Both
the magnetic particles and non-magnetic abrasives are suspended in a carrier fluid with

chemical additives to promote better particle dispersion.
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MR fluid contains larger magnetic particles, which typically have an average
diameter of between 1 um - 10 um. Magnetic particles in MR fluid are usually carbonyl
iron particles of high purity (greater than 99 %) produced by the thermal decomposition
of iron pentacarbonyl (Fe(CO);) [2]. In addition to magnetic particles, MR fluid used for
MFAF processes also contains non-magnetic abrasives. Both the magnetic particles and
non-magnetic abrasives are also suspended in a carrier fluid with chemical additives to
promote better particle dispersion.

MCEF, essentially a mixture of ferrofluid and MR fluid, contains magnetic
particles that are both micro-sized (1 wm - 10 um) and nano-sized (10 nm - 100 nm).
Physical properties of MCFs typically fall in-between ferrofluid and MR fluid. In
addition to magnetic particles, MCF used for MFAF processes also contains non-
magnetic abrasives and o-cellulose fibers suspended in a carrier fluid with chemical
additives [3].

Lastly, magnetic abrasives have the largest magnetic particles, which typically
have an average diameter exceeding 10 um, but more commonly between 100 um - 1000
um. In the literature, the term ‘magnetic abrasives’ have been used to describe both
unbonded magnetic abrasives, where magnetic particles and non-magnetic abrasives are
mixed mechanically [4] and bonded magnetic abrasives, where non-magnetic abrasives
are embedded onto the magnetic particles [5]. Magnetic abrasives are also used together
with a carrier fluid for lubrication purposes. Magnetic abrasives typically do not suspend

well in a carrier fluid due to their large particle size.
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2.1.2 Comparisons of the finishing media

The size of magnetic particles critically affects both the physical characteristics
and behavior of the finishing media, regardless of the presence of a magnetic field. When
not under the influence of a magnetic field, finishing media with smaller magnetic
particles are less viscous than finishing media with larger magnetic particles, as smaller
magnetic particles are better suspended in a carrier fluid. This is true when mass of
particles per unit volume in the finishing media is constant. Hence, ferrofluid, MR fluid
and MCF are typically fluidic and flow easily. For these fluidic finishing media, the
viscosity increases with the size of magnetic particles, ceteris paribus. On the other hand,
magnetic abrasives in a carrier fluid usually appear as visible grains that settle at the
bottom of the container quickly. The fluid dynamics of finishing media is an important
engineering consideration for media circulation in MFAF processes.

Under the influence of a magnetic field, finishing media of different magnetic
particle sizes also behave differently. Firstly, the magnetic force exerted on a magnetic
particle is directly proportional to its volume. Larger magnetic particles therefore form
stronger chains along the magnetic field lines. As a result, the increase in viscosity of
finishing media rank in the following order: ferrofluid, MCF, MR fluid, magnetic
abrasives. Viscosity is an important characteristic of the finishing media that affects both
the process efficiency and the process outcome. Generally, a higher viscosity means a
higher removal rate, but also a rougher surface finish. Secondly, as larger magnetic
particles do not suspend well in the carrier fluid, there is a propensity for the carrier fluid
and non-magnetic abrasives to separate from them. In the example of a magnetic
abrasives media on a rotating permanent magnet tool, the magnetic particles may be held
in place by the strong magnetic force while the carrier fluid and non-magnetic particles

are scattered due to centrifugal force from the tool rotation.
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Lastly, from an academic viewpoint, the physics required to analyze the behavior
of finishing media with different sizes of magnetic particles, regardless of whether a
magnetic field is present, may be substantially different. When the magnetic particles are
large, solid behaviour dominates and solid mechanics may be sufficient for analysis of
the material removal mechanism. However, as the magnetic particles decrease in size, the
influence of the carrier fluid becomes significant and may not be negligible. A complex
combination of fluid mechanics and solid mechanics may be required for proper analyses
of MFAF finishing media with small magnetic particles.

Figure 2.1 summarizes the aforementioned comparisons.
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Figure 2.1: Comparison of finishing media used for MFAF processes.
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2.1.3 Review structure

This literature review is organized into four major parts, one for each of the four
classes of finishing media, in the following order: ferrofluid, MCF, MR fluid and
magnetic abrasives. Within each major part, related processes will first be briefly
described, followed by a review of the media studies reported in literature. Focus will be
given mainly to MR fluid, which is the class of finishing media used in a new MFAF
process to be proposed in a latter chapter.

Following that, a summary of the review will be presented. Research
opportunities for process and media development for MFAF are then proposed. Figure

2.2 shows a flowchart that summarizes the content and structure of this chapter.
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Figure 2.2: Flowchart of the literature review chapter.
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2.2 FERROFLUID
2.2.1 MFAF processes based on ferrofluid

2.2.1.1 MFAF with sealed ferrofluid

_1‘"

Nloo

o,

a

Figure 2.3: Schematic diagram of MFAF with sealed ferrofluid [7].

One of the earliest applications of ferrofluid for an MFAF process is the MFAF
with sealed ferrofluid developed by Kurobe and Imanaka [7]. Figure 2.3 shows the
schematic diagram of the process. In the process, magnetic force on ferrofluid is used to
deformed an elastic on a polishing sheet, which then applies pressure on the workpiece.
Detailed descriptions of the process can be found elsewhere [6, 7]. In this process, the
ferrofluid is sealed and only used to provide pressure to a polishing sheet made of rubber.
The finishing media (silicon carbide abrasives suspended in water) responsible for

material removal is separate from the ferrofluid. Since the ferrofluid does not come into
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direct contact with the workpiece, the composition of the ferrofluid is not critical, with

fluid stability and saturation magnetization instead being the primary concerns.

2.2.1.2 Magnetic fluid grinding

Ferrofluid is used in a process known as magnetic fluid grinding (MFG), which
was originally introduced by Umehara and Kato [8] as a finishing process for silicon
nitride (Si;N,) ceramic balls used for advanced ball bearings applications. It was
proposed as a competing technology to the lapping process, which was then the state-of-
the-art finishing operation for ball bearings. The apparatus of MFG for ceramic balls is
illustrated in Figure 2.4. In MFG, workpieces (typically spherical or cylindrical) are
submerged a ferrofluid reservoir and is sandwiched between a rotating shaft and a float,
which applies pressure on the workpieces. The float presses the workpiece towards the
shaft as a result of magnetic levitation force. A detailed exposition of the principles of
MEFG is available in the original article [8]. In later years, MFG has also been referred to
as magnetic float polishing (MFP), in reference to the float, which is a key hardware in
MFG.

For MFG of Si;N, balls, Umehara and Kalpakjian [9] utilized a finishing media
with SiC abrasives (median size 17.3 um) suspended in a water-based ferrofluid. A
minimum surface texture and sphericity of 0.1 um Rz and 0.14 pm respectively were
reported. Sphericity was defined as the difference between the largest and smallest
diameters of a ball arising from repeated measurements (a smaller sphericity is therefore
more desirable). A maximum removal rate of 12.4 pm/min was also quoted, and the
initially rough surface was described to have turned shiny after three hours of MFG.

Childs et al. [10] also performed MFG experiments on Si;N, balls using diamond

20



abrasives (20 um - 40 um) and reported an average surface texture and average sphericity
of 0.2 pm Ra and 1.4 um respectively. Using smaller diamond abrasives (1 um - 2 pm),
an average surface texture and average sphericity of 0.05 wm Ra and 0.6 um respectively
were also obtained, albeit at about one-tenth of the removal rate. About a decade later,
Umehara et al. [11] reported on a new apparatus for finishing large batches of Si;N, balls,
together with some process refinements. A multistep approach with decreasing abrasive
sizes was also used to achieve the best possible surface finish. A surface finish of
0.0082 um Ra and an average sphericity of 0.27 um were reported. Table 2.1 summarizes
the aforesaid, although direct comparison must be done with caution as the reported
values were based on different apparatus, different finishing media formulations and

different experimental conditions.
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Figure 2.4: Schematic diagram of the MFG apparatus for the finishing of ceramic ball
[11].
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Table 2.2:

Reported results for MFG or MFP of Si;N, balls.

Umehara and . Umehara et al.
ettt O] Childs et al. [10] [11]
Workpiece Si;N, balls
Abrasive type SiC #400 Diamond Diamond B,C #500
and size (17.3 pm, median) | (20 pm - 40 pm) | (1 um -2 pm) | (12 wm, median)
Ra (um) - 02+0.1 0.05 0.0082
Rz (um) 0.1 (min) - - -
Removalrate| 5 4 110y 5 0.5 1to 1.5
(um/min)
Sphericity | 14 (1in) 14206 0.6 0.27
(pm)

While polishing Si;N, balls is the main objective of MFG, MFG has also been
used for polishing of other workpieces such as Si;N, rollers and flat alumina plates. In
addition to results for polishing of Si;N, balls, Umehara and Kalpakjian [9] also reported
works on to the MFG of as-sintered Si;N, rollers using the apparatus shown in Figure 2.5.
The finishing media utilized for their experiments was similar to that for MFG of Si;N,
balls, except that SiC abrasives were substituted by cubic boron nitride (CBN) abrasives
(median size 29.2 um). The straightness and roundness of Si;N, rollers were improved to
22 wm and 3.18 pm respectively, although a surface texture of 2.0 pm Rz meant that they
were not well polished. A removal rate of 0.76 pum/min was also quoted, which is
significantly lower than the removal rate achieved for Si;N, balls. In a separate study,
Umehara and Komanduri [12] experimented on the MFG of hot isostatically pressed

(HIP) Si;N, rollers, but with different abrasives compared to their earlier study. With
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chromium oxide (Cr,O,) abrasives (median size 3 um), the straightness and roundness of

Si;N, rollers were improved to 10 um and 4.25 um respectively, and a surface texture of

0.091 um Rz and 0.029 pum Ra were achieved.
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Figure 2.5: Schematic diagram of the magnetic fluid grinding apparatus for the finishing
of ceramic rollers [12].

Table 3.2:  Reported results for MFG of Si;N, rollers.
Umehara and Kalpakjian [9] | Umehara and Komanduri [12]
Workpiece As-sintered Si;N, rollers HIP-Si;N, rollers
. . CBN #320 Cr,0,
Abrasive type and size (29.2 um, median) (3 um, median)
Ra (um) - 0.029
Rz (um) 2.0 0.091
Removal rate
T — 0.76 1.11
Straightness (um) 22 10
Roundness (um) 3.18 4.25
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2.2.1.3 MFAF of micropore X-ray optics

Ferrofluid was utilized in an MFAF process developed by Yamaguchi et al. [13]
for the polishing of high aspect ratio sidewalls of micropore structures found in X-ray
optics. Figure 2.6 illustrates the apparatus used for the polishing work, where the two
electromagnets on either side of the container were switched on and off alternately by an
AC current supply. That created a dynamic magnetic field that caused the magnetic
particles in the ferrofluid to oscillate in the finishing media and remove material by
mechanical actions. A more complete description of the process principles can be found
in the original article [13]. The finishing media used for the process consisted of diamond
abrasives of different sizes (< 0.05 pm, < 0.2 uym and < 0.5 pwm) suspended within a

water-based ferrofluid.

Container
Ferrous fluid Pole tip

Mirror chip ' .
& | Abrasive | Cc."l

3

o
T |

AC power supply

Figure 2.6: Schematic diagram of apparatus for MFAF of micropore X-ray optics [13].

Figure 2.7 shows the reported surface texture of the micropore sidewalls after 60
minutes of processing. The reduction in surface texture demonstrates the capability of the

process.
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Figure 2.7: Surface texture after 60 minutes of polishing with diamond abrasives of
different sizes [13].

2.2.2 Reported studies on ferrofluid

The importance of the formulation of ferrofluid-based finishing media in
determining the success of an MFAF process has been intuitive to researchers from the
beginning. This is apparent from the frequency of which research groups focusing on
different MFAF processes carried out studies related to the properties of finishing media.
For example, Childs et al. [10] conducted MFG on Si;N, balls with different abrasive
sizes ranging from 1 pm to 80 pum to study its effect on the removal rate and the
achievable surface texture. Figure 2.8 shows the results reproduced from the original
article. The removal rate was found to peak when the abrasive size is in the 10 pum - 20
pum range, while the surface texture increased with the abrasive size. The fact that
increasing abrasive size can cause a reduction in removal rate may be a strange notion to
some, and these are examined later in this thesis (Section 6.3.3). These results partially
agree with the general observation in abrasive processes such as lapping, which is that

both the removal rate and the surface texture increase with the abrasive size.
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Figure 2.8: Effects of abrasive sizes on the (a) wear coefficient and (b) Ra [10].

A similar trend was also observed by Umehara and Komanduri [12] for the
polishing of Si;N, rollers with three different sizes of Cr,O, abrasives, although results
obtained by Yamaguchi et al. [13] during the polishing of micropore sidewalls, where
abrasive sizes were also varied, show contradiction to results reported by Childs et al.
[10] and Umehara and Komanduri [12]. From Figure 2.7 shown earlier, it can be seen
that the final surface texture decreased when the diamond abrasive sizes were increased.
Yamaguchi et al. reasoned that larger diamond abrasives left deeper cuts, removed more
materials and hence achieved a lower surface texture. Common understanding of abrasive
processes however tends to suggest the contrary, that larger abrasive sizes will result in a
rougher surface. However, the MFAF process reported by Yamaguchi et al. is
unconventional and its mechanism may therefore be different compared to conventional

abrasive processes.
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In addition to the study of abrasive sizes, Childs et al. [10] also tested five
different ferrofluid formulations composed of either water-based or oil-based carrier fluid
with different viscosity. It was found that an ideal carrier fluid viscosity to obtain the
optimum removal rate exists. Childs et al. hypothesized that too low a fluid viscosity did
not cause skidding of the ceramic balls while too high a viscosity of the carrier fluid
caused skidding but also induced the formation of a lubrication film that retarded the
abrasive actions of the abrasives. The explanation provided by Childs et al. is in good
agreement to the modern elasto-hydrodynamic lubrication theory, which is often quoted
to explain similar observations made in chemo-mechanical polishing [14].

In the report by Umehara and Komanduri [12] on MFG of Si;N, rollers that has
been mentioned earlier, the authors also conducted studies to investigate the effect of the
abrasive type. Three different abrasive types — boron carbide (B,C) (hardest), SiC and
Cr,0; (softest) were tested. In agreement with conventional knowledge, it was found that
the removal rate increased with the abrasive hardness. Despite the low removal rate,
Cr,0; gave the best surface finish. The original results reported by Umehara and
Komanduri are shown in Figure 2.9. It may be difficult to draw a clear conclusion on the
effect of abrasive type on the surface texture as Cr,0O; also reacts chemically with Si;N,

favourably to improve the surface finish [15].
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Figure 2.9: Effects of abrasive type on (a) removal rate and (b) surface texture [12].

Other media-related observations for ferrofluid-based finishing media include
findings reported by Jiang and Komanduri [16], where their design of experiment (DoE)
study indicated that a 5 vol. % concentration of abrasives was more favourable than 10 or
20 vol. % to achieve a smooth surface finish during the MFG of Si;N, balls. The authors
did not provide any explanation for this observation. In a separate study, Umehara and
Komanduri [12] attempted to correlate the removal rate and surface texture to the
abrasive-to-workpiece hardness ratio. Although the hardness ratio is regularly used in

wear study for conventional abrasive processes, the authors obtained no clear correlation.

23 MAGNETIC COMPOUND FLUID (MCF)
2.3.1 MFAF processes based on MCF

2.3.1.1 MCF pad polishing

MCF, which was introduced by Shimada et al. [3], is the newest class of polishing

fluid used for MFAF processes. In the beginning, MCF was a blend of magnetite (10 nm)
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coated with oleic acid, carbonyl iron particles (1.2 um - 1.6 um), Al,O, abrasives (3 um)
and kerosene. MCF was initially studied for the polishing of pure titanium using a pad
polishing process as shown in Figure 2.10. The principles of MCF are similar to that of
lapping, except that magnetic force acts on the slurry (MCF fluid) to augment the
pressure on the workpiece. A detailed description of the processing principle has been
reported elsewhere [17].
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Figure 2.10:  Schematic diagram pad polishing using MCF [3].

The capability of the process was demonstrated with the titanium workpiece
polished from 0.367 um Ra initially to 0.132 um Ra. It was also reported that a
fluctuating magnetic field gave better surface finish than a steady magnetic field and an
optimum value for the magnetic field strength exists. Shimada et al. [18] later showed
that this optimal value is approximately 0.15 T for their apparatus, regardless of the

workpiece material.
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In their subsequent work, Shimada et al. [19] incorporated a-cellulose fibers into
the MCF to replace the physical polishing pad. The results were positive, and the latest

embodiment of MCF now includes a-cellulose fibers in the finishing media.

2.3.1.2 MCF wheel polishing

A wheel consisting of an outer layer of MCF has also been proposed for the use of
polishing [20]. The principles of the process are akin to grinding, whereby bonded
materials are replaced by an MCF layer held together by magnetic forces. Figure 2.11

shows the schematic diagram of the most recently reported design of an MCF wheel [21].
A-A
MCF layer Al Magnet
- Left
side
plate

Right
side
late

Workpiece
Figure 2.11:  Schematic diagram of MCF wheel polishing [21].

Using the MCF wheel, Jiao et al. reported that fused silica was successfully
polished from 200 nm Ra to 5.26 nm Ra in only one minute. The MCF used was a
composition of water-based ferrofluid (10 nm), carbonyl iron particles (7.5 um), cerium

oxide (CeQ,) abrasives (1.5 um) and a-cellulose fibers.
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2.3.2 Reported studies on MCF

MCEF, being the newest class of finishing media for MFAF, is a niche research
area. While Shimada er al. [18] have made significant contributions in explaining the
behaviour of MCF under the influence of a magnetic field, not many studies that
investigate the effects of MCF properties on the finishing performance have been
published. Still, Furuya et al. [22] performed extensive work in investigating the effects
of the abrasive sizes and the MCF composition on the surface texture and removal rate.
Comparing 0.3 um, 1 pm and 3 um Al,O; abrasives, Furuya et al. showed that larger
abrasives resulted in better surface texture and highest material removal. In addition,
Furuya et al. also reported that there is an optimum weight composition for the carbonyl
iron particles and abrasives. They reasoned that too small an amount of abrasives would
result in low availability of active abrasives, while too large an amount of abrasives

would retard the formation of magnetic clusters.
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24 MR FLUID
2.4.1 MFAF processes based on MR fluid

2.4.1.1 Magnetorheological finishing (MRF)

Suction

/ Wheel ’

69 Electromagnet 6,9

Figure 2.12:  Schematic diagram of MRF [23].

MR fluid is predominantly used for magnetorheological finishing (MRF). Figure
2.12 shows the principles of MRF. The key principles of MRF are the delivery of the
MR-fluid based slurry in a fluid form, followed by hardening of the fluid by a magnetic
field at the polishing spot. A workpiece is brought into contact with the continuous
stream of slurry, and the resultant shear stress is responsible for the material removal
from the workpiece. The slurry conditions and polishing outcome are all tightly
controlled in the MRF process, allowing deterministic material removal to be achieved
following a spotting run to obtain removal data. Detailed descriptions of the process can
be found elsewhere [24]. One of the main strengths of MRF is its well-defined polishing

spot. Together with on-site interferometry and numerical control, MRF is able to
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deterministically remove material from a target surface. Thus, MRF is excellent for figure
correction. Material removal by MRF also simultaneously reduces surface texture to sub-
nanometer level. For example, it had been reported that a three-step MRF of convex
fused silica parts (40 mm diameter, 58 mm radius of curvature) reduced the surface
texture from 4 nm Ra to 0.8 nm Ra [25]. The peak-to-valley figure error also reduced
from 0.31 um to 0.09 um after 80 minutes of polishing time. On another optical glass part
(convex SK7 lens, 40 mm diameter, 58 mm radius of curvature), a similar three-step
MREF reduced the surface texture significantly from 940 nm Ra to 1 nm Ra. The peak-to-
valley figure error also reduced from 6.42 um to 0.86 um in 140 minutes. Extensive
studies on the capabilities of MRF on many other optical glasses are available in the
literature. Jacobs et al. [26] comprehensively compared the peak removal rate of MRF on
fourteen different types of optical glasses available from major glass manufacturers at
that time.

Aside from optical glasses, MRF have also been demonstrated for optical infrared
(IR) materials such as LiF, ZnSe, CaF,, ZnS, MgF,, Al,O, and CVD diamond [26]. Using
appropriate conditions, plano-convex plugs (25 mm to 40 mm diameter, 70 mm radius of
curvature) of LiF, CaF,, ZnS and MgF, were smoothened from an initial surface texture
of about 2000 nm Ra to 4 nm - 6 nm Ra. With the addition of nanodiamond abrasives,
surface texture of CVD diamond plano-convex plug was also reduced from 400 nm Ra to
40 nm Ra, although the process took 80 hours. Peak-to-valley figure error was reduced
from 9 pym to 1 pm.

There are also reports in existing literature that outlined the feasibility of MRF for
optical polymers such as PMMA, PS, COP and CP [27]. A ZrO,-based MR fluid was
found to be effective for smoothening and figure correction of PMMA parts to 0.5 nm Ra

and 0.4 pm peak-to-valley respectively. Polishing of PS, COP and CP were limited in
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success, although Al,O;-based MR fluid was reported to be the most promising for
processing the said materials without roughening the surface or introducing artifacts on
the surface.

From the examples above, it can be observed that MRF have mainly been used for
non-magnetic convex optical glasses and ceramics, rather than metals or magnetic
materials. Cost may be a reason that metal parts are preferably polished using other
techniques, as MREF is a relatively expensive process. Large optical lenses and ceramics
are generally high value-added components, hence justifying the use of expensive
processes to achieve stringent requirements. For magnetic materials, MRF is not the
preferred process, as they interfere with the magnetic field of the polishing wheel and
potentially the polishing spot. The material removal may therefore be difficult to control
and makes the process non-deterministic. Still, Shafrir et al. [28] demonstrated that MRF
spots can be placed on cobalt-based magnetic WC materials and the damaged layer from
previous machining processes was removed.

Besides the state-of-the-art MRF technology, other research teams have built
platform similar to MRF for academic studies. For example, Sidpara and Jain [29]
performed experimental investigations and a design of experiment (DoE) study of the
forces during the MRF process on an in-house platform, which is shown in Figure 2.13.
Principally it is the same as the commercial MRF system but without the sophisticated
control of the process conditions. In their work, Sidpara and Jain used a finishing media
of magnetic carbonyl iron particles (2 wm median diameter) and non-magnetic CeO,
abrasives (1.1 um - 1.8 um median diameter) suspended in a carrier fluid consisting of
water and glycerol. Polishing experiments were conducted on a single crystal silicon
blank, demonstrating the capability of the platform in reducing the surface texture from

1.3 wm Ra to 0.008 um Ra in 210 minutes. In a follow-up to their work, Sidpara and Jain
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[30] investigated by a DoE study the effects of working gap, concentration of carbonyl

iron particles and abrasives, and the wheel speed on the finishing forces.
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Figure 2.13:  Schematic of an in-house MRF platform [31].

2.4.1.2 Magnetorheological jet (MR jet) finishing

Kordonski et al. [32] proposed a new process known as MR jet finishing,
whereby a jet of MR fluid is stabilized by an axial magnetic field when it flowed out of
the nozzle to achieve a highly collimated and coherent jet. Principally it is the same as
conventional jet machining, except that the jet is more collimated due to the presence of
magnetic field at the nozzle exit. For nozzle sizes of the order of 1 mm in diameter,
coherent jets of 0.5 m in length were routinely achieved. Figure 2.14 shows snapshot

images of the jet for water, MR fluid with magnetic field off, and MR fluid with magnetic
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field on. The improved coherence of the MR fluid jet with magnetic field on can be

verified visually.

(a) (b) (c)
Water MR Fluid MR Fluid
Magnet Off Magnet On

Figure 2.14:  Jet snapshot images at 30 m/s and nozzle diameter 2 mm [33].

MR jet finishing is advantageous over conventional MRF process for surfaces
inaccessible by a wheel. Concave surfaces of a mold cavity exemplify surfaces that are
preferentially polished by an MR jet. Tricard et al. [33] demonstrated the ability of MR
jet finishing by reducing the peak-to-valley figure error of a cavity from 304 nm to 47 nm

while achieving a surface texture of less than 1 nm Ra simultaneously.
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2.4.1.3 Magnetorheological abrasive flow finishing (MRAFF)

MR fluid was also used for the MRAFF process. MRAFF, which is a combination
of abrasive flow machining (AFM) and MRF, was proposed by Jha and Jain [34] for the
finishing of freeform internal surfaces. The basic principles of MRAFF is similar to
conventional AFM, whereby finishing media is extruded back and forth under high
pressure through a passage formed by the workpiece and fixture. For MRAFF, Jha and
Jain used an electromagnet coil at the finishing area to generate a magnetic field that
stiffened the finishing media, which comprised magnetic carbonyl iron particles (6 um)
and non-magnetic SiC abrasives (17 um) suspended in a viscoplastic base medium.

Figure 2.15 shows the schematic of the MRAFF experimental setup.
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Figure 2.15:  Schematic of MRAFF experimental setup [34].

37



Using the experimental setup shown in the previous figure, Jha and Jain
demonstrated the ability of MRAFF to reduce the surface texture of a flat stainless steel
workpiece from 0.47 um Ra to 0.34 um Ra after 200 extrusion cycles at 3.75 MPa
extrusion pressure and 0.575 T magnetic field strength. The surface reduction can be
attributed to the presence of a magnetic field, as no surface texture reduction was
observed in the absence of a magnetic field. However, the surface texture reduction was
not significant. Subsequent works in MFAFF pertained to theoretical modeling and

simulation of the process [35, 36].

2.4.1.4 Ball end magnetorheological finishing (BEMRF)

Another embodiment of MFAF that utilized MR fluid is the BEMRF process,
which was developed by Singh er al. [37]. Principally, this process works like a
conventional polishing tool, except that the head consists of MR-fluid, which is held
together by a magnetic field and is conformable to the workpiece surface. Compared to
other processes reviewed so far, this process has a tool-to-part configuration, which
allows independent module to be developed and attached to a conventional CNC machine
or as end effector of a robotic arm. The schematic of BEMRF is shown in Figure 2.16.
BEMREF used similar finishing media as MRAFF, which consisted of magnetic carbonyl
iron particles (6 um) and non-magnetic SiC abrasives (5 um - 10 pm) suspended in a
viscoplastic base medium. Singh et al. performed polishing experiments on both non-
magnetic and magnetic workpieces and have successfully demonstrated the capability of
BEMREF in reducing surface texture. The non-magnetic workpiece was polished from

0.414 pm Ra to 0.070 um Ra in 100 minutes, while the magnetic workpiece was polished
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from 0.337 um Ra to 0.102 um Ra in 60 minutes. The relative difficulty of polishing

ferromagnetic workpiece is consistent with observations made by Shafrir et al. [28].
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Figure 2.16:  Schematic of the BEMRF process [37].

Later, Singh et al. [38] expanded upon their previous work and demonstrated the
ability to polish the external surface of a freeform component. It was observed that the
final roughness of the external surface was not uniform and dependent on the angle
between the tool and the normal of the surface. The inability to obtain a uniform change
in surface texture without tilting the tool to follow the workpiece surface is consistent

with initial observations made for the new process to be developed in this thesis [39].
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Subsequent work in BEMRF pertained to the theoretical analyses of forces during the

finishing process and comparisons with experimental data [40].

24.1.6 MFAF of wafers

Yamaguchi et al. [41] utilized MR fluid for an MFAF process for the polishing of
wafers. Figure 2.19 shows the schematic of the process. Principally, this process is
similar to conventional lapping, except that the normal force is a result of the magnetic
force. Using magnetic carbonyl iron particles (7 wm) and non-magnetic diamond
abrasives (< 0.25 um) suspended in silicone oil as finishing media, the surface texture of
wafer was successfully reduced from 1.14 nm to 0.58 nm after 5 minutes of polishing.
Using diamond abrasives of larger size (< 0.5 um), the surface texture of the wafer

instead deteriorated from 1.27 nm Ra to 2.04 nm Ra.

Magnetic jig rotation
Disk rotation (&
Magnetic jig

Figure 2.19:  Schematic diagram of an MFAF process for polishing of wafers [41].
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2.4.2 Reported studies on MR fluid

Being one of the key aspects to the MRF process, MR fluid has been extensively
studied in the context of MRF. It is known that the conditions of MR fluid evolve with
time due to particle sedimentation, evaporation of the water content in MR fluid, and
breakdown of abrasive agglomerates. Changes in the conditions of MR fluid translate
into a change in the processing capability of MRF. Thus, maintaining the MR fluid
condition is crucial to achieve a well-defined finishing spot and a deterministic material
removal. To that end, MRF has a persistent fluid circulation system with on-line viscosity
control for fluid maintenance. Even then, the removal rate was found to drop with time
and was halved after six weeks of non-continuous use due to fluid degradation [42].

Experiments have shown that removal rate in MRF is a strong function of the
fluid viscosity, whereby an increase in the MR fluid viscosity translated into an increased
peak removal rate [43, 44]. The MR fluid viscosity is strongly dependent of the water
content in the MR fluid. A 2 % change in water content can lead to a 30 % change in MR
fluid viscosity. The relationships between the water content, viscosity of MR fluid and

peak removal rate for polishing of fused silica are shown in Figure 2.20.
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Figure 2.20: Relationships between (a) viscosity of MF fluid and water content (vol %),
and (b) peak removal rate and viscosity of MR fluid. Workpiece is fused
silica [43].
While the maintenance of MR fluid conditions is paramount for a deterministic
MREF, the composition of the MR fluid is equally important in determining the outcome
of MRF, especially on new materials. The ‘standard’ MR fluid developed by QED
Technologies, which consisted of 36 vol. % magnetic carbonyl iron particles (4.5 um), 6
vol. % non-magnetic CeO, abrasives (3.5 um), 55 vol. % water and 3 vol. % sodium
carbonate as stabilizers is extremely effective on optical glasses. Studies have found that
substituting water with dicarboxylic acid ester (DAE), which is non-aqueous, drastically
reduced the removal rate on optical glasses and introduced pits and sleeks on the surface
that compromised surface texture [45]. Substituting as little as 1 vol. % of DAE back to
water resulted in a significant improvement in material removal and eliminated the pits
and sleeks from the surface. Figure 2.21 is a graphical representation of the results from
the original source. The results reported by Shorey et al. is consistent with Cook’s [46]

description of how CeQO, abrasives bond more readily to the silica network of optical
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glasses in an aqueous environment, which is a beneficial phenomenon for the material

removal.
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Figure 2.21: Effect of water content in MR fluid composition on (a) removal rate, and
(b) surface texture [45]. The remaining 40 % of the MR fluid composition
is carbonyl iron powder.

The type of abrasives used also play an important role for the MRF process.
Shorey et al. [45] studied the removal rate using MR fluid with 40 vol. % to 45 vol. %
carbonyl iron particles with three different types of non-magnetic abrasives — Al,O;,
CeO, and diamond — for the polishing of fused silica. In addition, the abrasives were
added gradually to also investigate the effect of the abrasive concentration. Firstly, it was
reported that diamond abrasives, being the hardest, resulted in the highest removal rate.
This was followed by CeO, abrasives, which react favorably with glass, and lastly Al,O,
abrasives, which were reported to leave discontinuous grooves on the surface. The results

reported, shown in Figure 2.22, are similar to observations reported by Schinhaerl et al.

[47].
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Figure 2.22:  Effect of type of abrasives on the removal rate of fused silica [45].

Secondly, it was reported that a small amount of abrasives can have a large effect
on the removal rate, and that the removal rate increases with the concentration of
abrasives at a diminishing rate. Figure 2.23 is the results reported by Shorey et al. The
onset of saturation occurred very early for diamond abrasives, at approximately 0.1 vol.
%, and later for both CeO, and Al,O, abrasives. The reason for this is not fully
understood, although Miao et al. [48] reported similar observations of removal rate
saturation at approximately 0.1 vol. % for diamond abrasives. In a separate report,
tangential and normal forces measurements by Sidpara and Jain [29] on their in-house
MREF platform showed that further addition of abrasives beyond the saturation point

caused a drop in both the tangential and normal forces. This is illustrated in Figure 2.24.
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Figure 2.24: Effect of abrasive concentration on the tangential and normal forces [29].

While the combination of CeO, and water is favourable for material removal of
most optical glasses, the standard MR fluid composition was reported to be unsuccessful
for some materials. For example, Arrasmith et al. [49] found that CeO, abrasives have to

be substituted by nanodiamond abrasives for the MRF of CaF,. They explained that this
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is to achieve a gentler material removal and prevent deep grooves on the CaF, surface,
which compromised the surface finish. For KDP, which is highly soluble in water, DAE
was found to be a promising candidate as carrier fluid for the MR fluid composition. Both
CaF, and KDP are soft single crystal optical materials. A similar strategy was adopted by
Jacobs et al. [26] for the MRF of various IR materials, whereby the experimental
conditions were relaxed by substituting CeO, abrasives with smaller nanoalumina and
nanodiamond abrasives. For the MRF of several optical polymers, deGroote et al. [27]
investigated the use of different abrasives and found that only selected abrasives were
suitable.

In summary, the formulation of MR fluid is largely based on conventional
wisdom and informed estimates, which are then investigated and validated empirically.
This is the most common approach taken by research groups in their studies of MR fluid
formulation [26, 27, 45, 47, 49]. Miao et al. [48] and deGroote et al. [50] have both
empirically correlated the removal rate to the 1/3 power of the nanodiamond
concentration in the MR fluid, although the correlation may not be universal, given that
removal rate is dependent on many interacting factors.

Some of the recent studies aimed at improving the properties of MR fluid are
innovative and exciting. Shafrir ef al. [51] studied the coating of carbonyl iron particles
with a 50 nm - 100 nm thick zirconia layer by sol-gel technique. The zirconia layer is to
prevent oxidation of the carbonyl iron particles, hence improving the stability of the
finishing media. Using the coated carbonyl iron particles for MRF, they reported that the
removal rate remained stable for up to three weeks, with no drop in the removal rate.

In a separate study, Hanada et al. [52] embedded diamond abrasives (0.3 um) on
the surface of carbonyl iron particles (7.2 um). Magnetic particles embedded with

abrasives are common in magnetic abrasive finishing, where the magnetic particle size is
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larger, but are uncommon for MR fluid where the magnetic particle size are much
smaller. The particles were fabricated by plasma spraying at a plasma current of 100 A
after mechanical mixing. The performance of the particles was demonstrated for the
surface finishing of SUS304 flat plates, whereby a final surface texture of 77 nm Rt was
achieved after 4 minutes of processing time. However, the authors reported that the

diamond abrasives separated from the carbonyl iron particles during polishing.

2.5 MAGNETIC ABRASIVES

2.5.1 MFAF processes based on magnetic abrasives

2.5.1.1 Magnetic abrasive finishing (MAF)

MAF was initiated by Shinmura ef al. [5] for the polishing of Si;N, rollers. The
magnetic abrasives used were of the bonded type, whereby diamond particles of different
sizes (5 pum, 10 pm, 20 um and 40 pm) were embedded onto either sintered (100 um -
200 pm) or cast (50 pm - 500 pum) iron balls. Material removal is achieved by the relative
motion between a magnetic ‘brush’ formed by chains of magnetic abrasives under the
influence of a magnetic field, and a workpiece. Figure 2.25 shows a schematic diagram of
MAF. A more complete description of the principles of MAF can be found in the original
article. Shinmura et al. reported that the surface texture of the roller was reduced from
0.45 pm Ra to 0.04 pm Ra, while studies reported in later years have successfully

achieved surface texture as low as 0.0076 um Ra [53].
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Figure 2.25:  Schematic diagram of MAF apparatus for Si;N, rollers [5].

While the MAF was initiated as a method for the surface finishing of the external
surface of cylinders, the strength of the process is its ability to reduce surface texture of
internal surfaces, such as that of cylindrical tubes [54]. Figure 2.26 shows the schematic
of an MAF apparatus for the finishing of the internal surface of a tube. The magnetic
abrasives apply pressure on the internal surface of the tube because they are attracted
towards the magnetic poles. Simultaneously, the tube is rotated to cause a relative motion
between the magnetic abrasives and the workpiece inner surface, resulting in material
removal. Yamaguchi and Shinmura [54] reported that the internal surface of a stainless

steel (Grade 304) tube was polished from 2.0 um Ry to 0.2 um Ry.
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Figure 2.26:  Schematic diagram of the MAF of the internal surface of a tube [55].

2.5.1.2 Flexible magnetic abrasive brush (FMAB) finishing

FMAB is a term coined by Singh ef al. [56] to describe the magnetic abrasives
brush at the open end of a magnetic pole. The processing principle of FMAB is similar to
MAF, although FMAB is shaped like a milling tool and is therefore able to target an
external surface locally, and can be attached to a conventional CNC machine or as the
end effector of a robot arm. Figure 2.27 shows the apparatus for the polishing of a cutting
tool by FMAB using a magnetic jig and a non-magnetic jig to target different faces of the
cutting tool [57]. The flank and rake faces of the cutting tools were polished from 80 nm -

110 nm Ra to less than 25 nm Ra and less than 50 nm Ra respectively.
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Figure 2.27:  Schematic diagram of FMAB finishing of cutting tool faces (a) with non-
magnetic jigs and (b) with magnetic jig [57].

2.5.2 Reported studies on magnetic abrasives

The characteristics and properties of magnetic abrasives are one of the main
aspects of MAF that have been greatly researched. The significance of the finishing
media in MAF is evident even to the pioneers, as Shinmura et al. [5] conducted studies to
investigate the effect of the bonded magnetic abrasive size. Firstly, it was reported that
increasing the diamond abrasive size while maintaining the magnetic abrasive size did
not change the removal rate, but caused the surface texture to deteriorate. This is shown
in Figure 2.28. Secondly, it was reported that the removal rate increased with the

magnetic abrasive size while roughness deteriorated. This is shown in Figure 2.29.
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Figure 2.29: Effect of the magnetic abrasive size on the (a) stock removal and

(b) surface texture profiles [5].

Fox et al. [53] performed MAF using unbonded abrasives, whereby the abrasives
were simply mixed with the magnetic particles instead of being embedded. The use of

unbonded abrasives bestows the benefits of not needing to prepare magnetic abrasives by
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sintering and also allow better control of the choice of particle sizes. Fox et al. reported
that unbonded abrasives gave approximately 15 to 20 times the removal rate compared to
bonded abrasives, although the final surface texture was significantly inferior (300 nm Ra
for unbonded abrasives versus 20 nm Ra for bonded abrasives). These are shown in
Figure 2.30. Fox et al. attributed this effect to the better availability of abrasives when
they were unbonded to the iron particles. A more recent work by Mulik and Pandey [58]
obtained some contradicting observations, where the surface texture for unbonded
magnetic abrasives improved faster than that of bonded abrasives, although the
experimental conditions were sufficiently different and their process included the

assistance of ultrasonic vibration, which removed the directional grinding tracks.
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Figure 2.30:  Comparison of removal rate and surface texture for bonded and unbonded

abrasives [53].

Chang et al. [59] performed in-depth studies on unbonded magnetic abrasives by

investigating the effects of the magnetic particle material (steel grit and iron grit),
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magnetic particle size (80 um, 130 um and 180 um) and abrasive size (1.2 um and 5.5
um) on removal rate and surface texture. Figure 2.31 shows the surface texture and

removal rate versus the finishing time for steel grit of different sizes and SiC of 5.5 um.

300

—— (a) m Ra 80

£ ®Ra 130 .

= 0.25 250 =
- 0.23 A Ra 180 =
= Omg 80 —
[« " S - —
7 0.2 Omg 130 200 E
5 Amg_180 Z
= 015 } 150 5
élj | (a4
e =
&2 0.1 100 =
) )
3 5
— _ . -
5 0.05 | 50 -~
A

0

0
0 5 10 15 20 25 30

Finishing Time (min)
Figure 2.31:  Surface texture and removal rate for steel grit of different sizes and SiC of
5.5 um [59].

It can be observed that an increase in the magnetic particle size resulted in greater
removal rate and better surface texture, contrary to results reported by Shinmura et al. [5]
when bonded abrasives were used, where the removal rate increased but surface texture
deteriorated. Disparity was also observed when the SiC abrasive size was changed while
keeping the steel grit size constant, as shown in Figure 2.32. Chang et al. reported that an
increase in the SiC abrasive size improved removal rate and caused minimal change in
surface texture, while Shinmura et al. reported that the removal rates were similar and the

surface texture deteriorated. These disparities may be attributed to differences in the

material removal mechanism between bonded and unbonded magnetic abrasives.
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Figure 2.32:  Surface texture and removal rate for different SiC sizes and constant steel

grit size [59].

In addition to studies related to particle type and size, studies have also been
undertaken on other media properties. For example, Mulik and Pandey [58] observed for
their ultrasonic vibration-assisted process that an optimum amount of abrasives for the
best improvement in surface texture exists, as shown in Figure 2.33. In a separate study,
Wang and Hu [60] demonstrated the benefits of using a lubricant to increase removal rate
and also showed that 4% stearic acid in oil is a significantly better lubricant than
transformer oil. An older study by Fox et al. [53] also advocated the use of zinc stearate

for lubricant and showed that the surface finish was optimized when the lubricant was a 5

wt. % zinc stearate.
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Figure 2.33:  Percentage change in surface texture against wt. % of SiC abrasives for
different abrasive sizes [58].

One of the major developments related to magnetic abrasives was the study by
Yamaguchi and Shinmura [41] to include larger iron particles (510 um) into the finishing
media to allow the magnetic abrasives and larger iron particles to bind magnetically and
form large magnetic clusters. This mixed type of finishing media was reported to be more
efficient for surface finishing than finishing media consisting purely of magnetic
abrasives. Subsequent research works by the same research group have since been using
this mixed type of magnetic abrasives [61, 62, 63].

Another noteworthy development is the use of a silicone gel-based finishing
media for the MAF for internal surface as reported by Wang and Lee [64]. The results
reported were in line with results reported by other research groups for unbonded
abrasives. This gel-based media may be perceived as another option in addition to bonded

magnetic abrasives and unbonded magnetic abrasives.
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2.6 CHAPTER SUMMARY

2.6.1 Cited contents of reviewed literature

Table 2.3 summarizes the publications quoted in this literature review section.
From the literature review, it is evident that the development of MFAF processes is an
active research topic. Despite that, new solutions and innovations are still needed to
address many technological gaps. These are presented in the final two sections in this

chapter after Table 2.3.

Table 2.3: Cited contents of reviewed literature.

Authors Process Cited contents of reviewed literature
Ferrofluid
Suzuki et al. [6] MFAF with Process study for polishing of curved surface.
Kurobe and Imanaka [7] sealed ferrofluid Study of abrasive size.
Umehara and Kalpakjian [9] Process study for polishing of Si;N, balls and rollers.
Childs et al. [10] Study of abra.swe. size.
Study of media viscosity.
Umehara and Komanduri [12] MFG Study of abrasive size.
Jiang and Komanduri [16] DOE study of abrasive concentration.
Umehara et al. [11] Process study for polishing large batch size.
Yamaguchi et al. [13] M.FAF of Study of abrasive size.
micropore
MCF
Shimada et al. [17] - Characteristics of MCF.
Shimada et al. [3] Process study for polishing of titanium.
Shimada et al. [18] MCF pad Optimization of magnetic field strength.
Shimada et al. [19] polishing Study on the use of alpha-cellulose in MCF.
Furuya et al. [22] Study of abrasive size.
Sato et al. [20] MCF wheel Process study for polishing of three-dimensional
o surface.
- polishing — -
Jiao et al. [21] Process study for polishing of optical glass.
MR fluid
Cook et al. [46] - ‘ Chemical reactions between CeQO, and glass.

continued on the next page...
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... continued from the previous page

Jacobs et al. [25] Process study for polishing of optical glass
Study of abrasive type.
Jacobs et al. [26] Media formulation for IR materials.
. . Study of stabilizer concentration.
Kordonski and Golini [43] Study of water content in MR fluid.
Process study for polishing of CaF, and KDP.
Arrasmith ef al. [49] f:t;lsiy of nanodiamond concentration for polishing of
5
Study of carrier fluid for polishing of KDP.
Shorey et al. [45] Study of effects of.abraswe conce.ntratlon, abrasive
type and carbonyl iron concentration on removal rate.
DeGroote ef al. [27] Process study for polishing of polymers.
Study of abrasive type.
Schinhaerl et al. [42] MRF Study of media stability.
Schinhaerl et al. [44] Study of media viscosity.
Schinhaerl ef al. [47] Study of commercial media.
Study of media viscosity.
Shafrir et al. [28] Process study for polishing of ferrous materials.
Shafrir et al. [51] Zirconia coating of carbonyl iron particles.
Miao et al. [48] Correllatlon between rempval rate to 1/3 power of
nanodiamond concentration.
Sidpara and Jain [29] Study of carbopyl iron conce.ntratlon.
Study of abrasive concentration.
Sidpara and Jain [30] Process modeling.
Sidpara and jain [31] Process study for polishing of silicon blank.
Kordonski et al. [32] R Patent for MR jet finishing
- MR jet finishing — -
Tricard et al. [33] Process study for polishing of concave optics.
Jha and Jain [34] Process study.
Jha and Jain [36] MRAFF Modeling and simulation.
Das et al. [37] Fluid flow analysis.
Singh et al. [37] Process study.
Singh et al. [38] BEMRF Study of polishing of ferrous materials.
Sidpara and Jain [40] Force analysis.
Yamaguchi et al. [41] MFAF of wafer | Process study.
Hanada et al. [52] I.n'FerI?al Carbonyl iron embedded with diamond.
finishing
Magnetic abrasives
Shinmura et al. [5] Process study for pghshmg of Si;N, rollers.
Study of abrasive size.
MAF
Fox et al. [53] Process study for polishing of Si;N, rollers.

continued on the next page...
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Study of unbonded abrasives.
Study of lubricant concentration.

Yamaguchi et al. [54] Process study for internal polishing.
Yamaguchi and Shinmura [55] Process study for internal polishing.
Yamaguchi et al. [61] Removal mechanism.

Study of abrasive size.

Chang et al. [59] Study of unbonded abrasives.

Study of silicone gel as carrier fluid.
Wang and Lee [60] Study of abrasive size.
Study of abrasive concentration.

Study of unbonded abrasives.

Mulik and Pandey [58] Study of abrasive concentration.

Kang et al. [62] Process study.
Kang and Yamaguchi [63] Process study for high-speed rotation.
Singh et al. [56] L Surface texture analysis.

- FMAB finishing — -
Yamaguchi et al. [57] Process study for polishing of cutting tools.

2.6.2 Process development

One of the key goals of process development is to develop capability to polish
complex geometry that is currently difficult to assess with conventional techniques. This
is evident from the literature review, where processes are developed to polish a variety of
geometries such as the convex surface of an optical glass, internal surface of a small
diameter tube, cutting edges of a tool insert, sidewalls of micropore X-ray optics, steep
concave surfaces of a mold insert and freeform external. Even so, many technological
gaps still exist, as there is a lack of capability or solution to polish structured surfaces
(grooves, pins, holes and optical arrays), textured surfaces, blind holes, and complex
internal surfaces or internal features. There are demands for these capabilities, but no
viable solution is currently available.

Besides assessing difficult-to-reach surfaces described above, there is also
demand for surface finishing processes capable of uniform material removal over a large

surface. Processes covered in this literature review mostly have localized material
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removal. For these processes, achieving uniform material removal across a large surface
is challenging, as the removal profile must be known and the tool path has to be
controlled precisely. The MRF process reviewed earlier features a combination of these,
allowing deterministic material removal from a concave surface. New process principles
capable of achieving ‘global’ material removal with simpler setups will be advantageous,
especially for the surface finishing of internal surfaces.

From the literature review, it can be seen that there is also a significant emphasis
on the removal rate of processes. High efficiency processes are highly desirable, and new
processes capable of achieving high removal rate are constantly in demand. Novel and
innovative applications of chemicals, magnetic field, vibration, or other principles may
create new solutions to substantially improve efficiency of surface finishing. In addition
to a high removal rate, another key point pertaining to removal rate is the determinism or
predictability of removal rate, which is imperative for form correction or simply for the
removal of a uniform layer of material.

Lastly, there is also significant interest in the ability to predict the process
outcome of surface finishing processes. The process outcome of key interest typically
consists of the material removal and the surface texture. Prediction of process outcome is
the key to process automation, which is another area of high commercial interest. The
mechanism of abrasive processes is generally not well understood. Achieving the
required process outcome is typically done through experimentation and tapping on
experience from similar jobs in the past. Therefore, process modeling capable of

predicting process outcome is also in high demand and an area of key interest.
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2.6.3 Finishing media development

The importance of finishing media development for MFAF processes is evident
from the literature review. One of the key goals is to understand and establish the
relationship between the finishing media properties and the process outcome. Many of
the reviewed studies have investigated the effect of abrasive type, abrasive size, abrasive
concentration and other properties on the process outcome. Despite that, the physics and
chemistry involving the finishing media are complex and not currently completely
understood. As a result, there is no clear understanding of how the removal rate and
surface texture are influenced by the finishing media properties. Theoretical analyses and
process modeling are therefore needed to help establish the relationship between
finishing media properties and process outcome.

A second goal of media development is to improve the media stability. Finishing
media used in current processes are known to degrade over time, causing changes in the
finishing performance and characteristics over time. Efforts made in this area have been
covered in the literature review. Examples include the coating of carbonyl iron particles
with a layer of zirconia, and the bonding of abrasives onto carbonyl iron particles to
engineer a new type of particles for surface finishing. New solutions and innovations in
improving the media stability and in storing, circulating, recycling the finishing media are

still needed.
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Chapter 3

Development of a new magnetic field-assisted finishing

(MFAF) process

3.1 INTRODUCTION

Based on the literature review in the previous topic, the ability to polish complex
geometry and high process efficiency has been identified as two of the key demands for
surface finishing processes. In the aerospace industry specifically, there are existing and
emerging applications requiring surface finishing processes capable of high efficiency
material removal on freeform surfaces. Emerging applications may be various
components in aero engines, such as next-generation blisks and more recently, additively
manufactured parts of the same. For structured surfaces, one of the key potential
applications is in processing of structured surfaces in mold for complex components.

To that end, the development of a new magnetic field-assisted finishing (MFAF)
process targeted at high material removal on freeform surfaces has been initiated. The
process uses novel principles to increase the removal rate. A prototype has been
designed, fabricated, and incrementally improved to demonstrate the capability of the
process. The work reported in this thesis forms the initial phase of a longer-term project
in the research institute to develop a commercially viable MFAF process.

In this chapter, the development of the new MFAF process is reported. First, the
requirements, goals, and visions of the new process are outlined. Following that, the
principles of the process are established theoretically with magnetostatic analyses and

empirically verified with experiments. Next, the parameters of the polishing tool are
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theoretically analysed to understand their effects on the process outcome. Based on that, a
set of parameters is suggested for the prototype of the polishing tool. Lastly, the
prototype is used to validate and evaluate the capability of the polishing tool in achieving
surface texture reduction and to polish selected freeform surfaces.

The work and results presented in this chapter have been published in one journal
paper [1] and two conference papers [2, 3]. An international patent [4] has also been

awarded for the new MFAF process.

3.2 GOALS OF NEW MFAF PROCESS

For surface finishing processes, no one-size-fit-all solution currently exists. The
best surface finishing process is application-specific, and is dependent on many factors
such as the target geometry, target material, required surface finish, production rate and
production cost. New solutions and innovations are required when the combination of
requirements cannot be met with any existing technique. The new MFAF process that has
been developed seeks to address one such combination of requirements.

The new process is intended to be an automated process capable of polishing
freeform surfaces to obtain surface texture around 0.1 to 0.01 um Ra from initial values
of approximately 1 to 2 um Ra. These were the guideline values proposed by industrial
partners of the research institute at the inception of this work. The target freeform
surfaces are either concave, convex, or a combination of both. As mentioned in Chapter
1, these freeform surfaces are typically polished manually with traditional polishing tools.
The wear of these tools pose a significant challenge in automating the process.

Microstructured surfaces for emerging applications [5] in functional surfaces are also of
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keen interest, as no viable solution currently exists for the surface finishing of these
surfaces.

High removal rate is another key requirement for the new process, as the process
may be used for the surface finishing of large aerospace components, or for the surface
finishing of surface with high initial roughness. In this instance, no specific value has
been provided but a minimum removal rate of 10 um/min is desirable.

At this phase of development, there is no specific target material for the new

process, although advanced materials such as aerospace superalloys are of keen interest.

33 PRINCIPLES OF NEW MFAF PROCESS

In this section, the processing principles of the new MFAF process are introduced.
A link between these principles and an increased removal rate is established theoretically
and validated empirically. Figure 3.1 is a schematic diagram of the polishing tool, with a

magnified view of the polishing zone. Particle sizes are exaggerated.
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Figure 3.1: Schematic diagram of the polishing tool and the polishing zone.

The new MFAF process uses an MR fluid-based finishing media, with non-
magnetic abrasives suspended within. The MR fluid is prepared by mixing dry carbonyl
iron particles and water, which acts as the carrier fluid. Under the influence of a magnetic
field, the carbonyl iron particles form chain-like structures, resulting in an exponential
increase in the viscosity of the finishing media. The viscosity profile is similar to that of a
Bingham plastic. In this semi-solid form, the finishing media is utilised as a conformable
polishing lap that is adaptable to the geometry of the workpiece. This is advantageous for
the polishing of freeform surfaces.

The polishing tool consists of two ring magnets positioned next to each other with

their axes parallel and their magnetic poles opposite of each other. An air gap is
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maintained between the two magnets. Another air gap is also maintained between the
planar end of the two magnets and the workpiece. During polishing, the second air gap is
occupied by finishing media, which interfaces the magnets and the workpiece surface.
The two magnets are rotated in opposite directions by a gear mechanism, but can also be
driven independently. A relative velocity between the finishing media and the workpiece
surface is created by the rotation of the magnets. As a result, the abrasives in the finishing
media abrade and remove materials from the workpiece surface.

The relatively high removal rate of the new MFAF process can be attributed to

two key principles, which are discussed in the following sections.

3.3.1 High magnetic flux density in the polishing zone

The new MFAF process employs a unique double-magnet configuration, which
creates a magnetic circuit passing through both magnets to reduce the magnetic flux
leakage from the system. This is illustrated by an image capture from the magnetostatic
analysis shown in Figure 3.2. Magnetostatic analyses in this chapter are performed using
the ANSYS software package and have been verified against actual values measured by a
vector magnetometer. Complete technical details of the simulation are available in

Appendix A.
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Figure 3.2: Magnetic flux lines for (a) single-magnet configuration, and (b) double-
magnet configuration.

The reduced magnetic flux leakage for the double-magnet configuration creates a
region of high magnetic flux density in the air space on the planar end of both magnets.
This region is the designated polishing zone of the polishing tool. The contour plots of
the magnetic flux density for the single-magnet and double-magnet configurations, also
obtained with magnetostatic simulations, are shown in Figure 3.3. Both contour plots

share a common colour scale.
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Figure 3.3: Contour plots of magnetic flux density for (a) single-magnet configuration,
and (b) double-magnet configuration.

At a distance of 1 mm away from the planar end of the magnets, the calculated
magnetic flux density for the double-magnet configuration is 0.637 T. This is
approximately double the magnetic flux density of 0.325 T obtained for the single-
magnet configuration. A high magnetic flux density is advantageous because it increases
the viscosity of the finishing media, which typically translates into a higher removal rate.
Therefore, the advantage of the double-magnet configuration is evident from the

theoretical results presented above.
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3.3.2 In situ media reformation

The second key feature of the double-magnet configuration is the ability of the
finishing media to reform its shape in situ during the process. This is not possible for the
single-magnet configuration. The photographs of the shape of the finishing media during
different stages of the polishing process using the single-magnet configuration are shown

in Figure 3.4.

. 4

(b)

- ———————

—

(©) (d)

Figure 3.4: Shape of the finishing media during the polishing process using the single-
magnet configuration (a) before polishing, (b) after initial contact with the
workpiece, (c) after losing contact with the workpiece, and (d) after coming
into contact with the workpiece again.

Figure 3.4(a) shows the shape of the finishing media after it has been supplied to

the tool and before polishing begin. Magnet is rotated at this stage. When the finishing
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media is brought into initial contact with the workpiece in (b), the shape of the finishing
media changes to conform to the geometry of the workpiece. In (c), the polishing tool is
deliberately moved away from the workpiece so that contact is lost between the finishing
media and the workpiece. It can be observed that the shape of the finishing media
remains deformed, and is different compared to the initial shape in (a). When the
polishing tool is brought into contact with the workpiece again in (d), the deformed
finishing media is no longer able to exert a sustained pressure on the workpiece. As a

result, the removal rate will be reduced.

(b)

(©) (d)

Figure 3.5: Shape of the finishing media during the polishing process using the double-
magnet configuration (a) before polishing, (b) after initial contact with the
workpiece, (c) after losing contact with the workpiece, and (d) after coming
into contact with the workpiece again.
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Figure 3.5(a) shows the shape of the finishing media for the double-magnet
configuration after it has been supplied to the tool and before polishing begin. In (b), the
finishing media is brought into initial contact with the workpiece and its shape changes to
adapt to the geometry of the workpiece. When the polishing tool is deliberately moved
away from the workpiece in (c), contact is lost between the finishing media on the left
magnet and the workpiece. Unlike the single-magnet configuration, the shape of the
finishing media is reformed to its initial shape. This occurs in situ without any form of
external input or assistance. The same can be observed in (d) when contact is lost
between the finishing media on the right magnet and the workpiece.

The ability of the finishing media in the double-magnet configuration to reform to
its initial shape in sifu is advantageous, as it allows the finishing media to exert a
sustained pressure on the workpiece. As a result, the removal rate will be higher
compared to the single-magnet configuration. This advantage is also in addition to the
increased magnetic flux density attributed to the double-magnet configuration described
in the previous section.

The observed in situ reformation of finishing media in the double-magnet
configuration occurs via two different mechanisms. The first mechanism is the dynamic
magnetic field experienced by the magnetic particles in the double-magnet configuration.
Likewise, no in situ reformation is observed for the single-magnet configuration because
the magnetic particles experience a static magnetic field. To illustrate the magnetic field
in the single-magnet configuration, a moving point X on the planar surface of the magnet
is considered, as shown in Figure 3.6(a). The moving point X is at a constant distance r
from the centre of the magnet. When the magnet rotates, the locus of moving point X is
therefore a circle concentric with the magnet, with a radius of r. As 0 changes during the

magnet rotation, the moving point X experiences no change in magnetic flux density
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because the magnetic field is axisymmetric. This is illustrated in the plot of magnetic flux

density at moving point X against the angle @, shown to the right of Figure 3.6(a).

Magnetic flux density at point X /T

Locus of 4
point X 1.01
6=0or2x 0.5 -
» 0 /rad
0 27 ¥ T
(a)

Magnetic flux density at point ¥ /T

A
______ 1.0 1
| i 0.5- \
\ ‘/ > 0 /rad
0 27 ¥ 6r
(b)

Figure 3.6: The magnetic flux density profile of moving points X and Y for (a) single-
magnet configuration, and (b) double-magnet configuration.
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Similarly, a moving point Y is considered on the planar surface of the left magnet
in the double-magnet configuration, as shown in Figure 3.6(b). The locus of moving point
Y is a circle concentric with the left magnet, with a radius of r. The key difference is that
the moving point Y passes through the region of high magnetic flux density in the
polishing zone for every complete revolution of the magnets. Specifically, the moving
point Y experiences maximum magnetic flux density when its angle 6 is a multiple of 2.
The moving point Y therefore experiences a dynamic magnetic field when the magnets
rotate. This is illustrated in the plot of magnetic flux density at moving point Y against the
angle 0, shown to the right of Figure 3.6(b). A dynamic magnetic field introduces as a
non-zero magnetic field gradient, exerting a magnetic pressure force on the magnetic

particles in the finishing media, which is given by the following expression [6]:

F=VyH-VH (3.1)

where F is the magnetic pressure force on one magnetic particle, V is the volume of the
magnetic particle, y is the susceptibility of the magnetic particle, and H is the magnetic
field strength vector at the centre of the magnetic particle. This magnetic pressure force
provides the impetus for rearrangement of the magnetic particles in the finishing media,
which is manifested as the observed in situ reformation of the finishing media.

The second mechanism of the in situ reformation is the physical squeezing of the
finishing media in the polishing zone. The finishing media is physically squeezed due to
geometrical interference of the finishing media on each magnet as they enter the
polishing zone. This is illustrated in Figure 3.7. The observed in situ reformation can be
attributed to the contact forces resulting from the physical squeezing of the finishing

media.
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Interference of
finishing media

(b)

Figure 3.7: Shape of finishing media when (a) the two magnets are separated from each
other, and (b) when a small air gap is maintained between the two magnets.
Finishing media on the two magnets interfere and are physically squeezed.
Contact forces arising from it is accountable for the observed in situ
reformation of the finishing media.
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3.3.3 Finishing forces comparison

The effect of the high magnetic flux density in the polishing zone and the in situ
reformation of finishing media will be validated and evaluated by comparing the shear
and normal forces on the workpiece during polishing for the single-magnet and double-
magnet configurations. Force measurements are conducted by mounting the workpiece
on a three-component dynamometer (Kistler, Type 9265B+9443B). Figure 3.8 shows the
relationship between shearing and normal forces, F, and F,, and the gap between magnet
and workpiece, z, for the single-magnet (S) and double-magnet (D) configurations. The

supplied amount of finishing media is also varied.
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Figure 3.8: (a) Shear forces and (b) normal forces during polishing for single-magnet
(S) and double-magnet (D) configurations, with different supplied amount
of finishing media.

It can be observed that both the shear and normal forces for double-magnet

configuration are about one order of magnitude higher than that for the single-magnet
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configuration. The significant difference of finishing forces between the single-magnet
and double-magnet configurations can be attributed to the high magnetic flux density and
the in situ reformation as discussed earlier. Comparison of the finishing forces have thus
established and validated the two principles of the new MFAF process.

In addition, the finishing forces decrease with an increasing z, and increase with
an increasing supplied amount of finishing media. These factors are addressed in the next

section.

34 EFFECT OF TOOL PARAMETERS ON MAGNETIC FLUX DENSITY IN THE FINISHING
ZONE

In the previous section, the two principles of the novel MFAF process have been
established and photographic evidence together with magnetostatic analyses have been
presented for validation. Measurements of finishing forces have also been used as a proxy
to establish the advantage of a high magnetic flux density in the polishing zone for
achieving a high removal rate.

In this section, the relationships between selected tool parameters and the
magnetic flux density in the finishing zone are established and evaluated. Specifically,

the effects of the gap between magnets, w,,,, the gap between magnets and workpiece, z,

gap?

and the thickness of the magnets, ¢

magnet?

on the magnetic flux density in the finishing zone
are evaluated. These variables are illustrated in an image capture of the polishing tool in
the ANSYS environment, shown in Figure 3.9. Additionally, the merit of including
magnetic caps in the polishing tool to augment the magnetic flux density in the polishing
zone is studied. The relationship between the thickness of the magnetic caps, 7.,,, and the

increase in magnetic flux density is also evaluated.
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Finally, a brief discussion on the differences between selecting permanent

magnets and electromagnet for the polishing tool is presented.

Woap —> «—

Figure 3.9:  Polishing tool in the ANSYS environment. Magnet thickness, 7,,,.,.» and gap

between magnets, w,,,, are variables.
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34.1 Methodology

Magnetic flux density is obtained from magnetostatic analyses conducted with the
ANSYS software package, similar to results presented earlier in this chapter. Simulations
in this section are based on permanent ring magnets (neodymium, Grade N35) with 30
mm outer diameter, 18 mm inner diameter, and thickness of 12 mm. These dimensions
are based on stock magnets available for experiments. Simulations are also categorized
into three different batches.

For the first batch, the gap between magnets, w,,,, is a variable with values of 1

gap?

mm, 2 mm and 3 mm. For each value of w,,, magnetic flux density is recorded at

gap?

selected nodes in the finishing zone. The nodes are spaced apart evenly in the x-axis and
almost evenly in the z-axis. In the x-axis, the nodes are positioned between x = 0 mm and
up to x = 2.5 mm, with a uniform spacing of 0.1 mm between each node. In the z-axis, the
nodes are positioned between z = 0.1 mm and z = 3.0 mm, with uniform spacing of 0.5
mm for nodes between z = 0.5 mm and z = 3.0 mm. The value of z is equivalent to the
distance between the magnets and the workpiece. Collectively, the nodes form a

rectangular grid. The thickness of the magnet, ¢, is set to 12 mm.

magnet?

For the second batch, the thickness of magnet, ¢, is a variable with values of 3

magnet >
mm, 6 mm, 12 mm, 24 mm, 48 mm and 96 mm. Magnetic flux density is compared for
the nodes at x = 0 mm and z = 1 mm, 1.5 mm and 2.0 mm. The gap between magnets,

Wegps 18 S€L tO 1 mm.

For the last batch of simulation, magnetic caps with material properties
corresponding to stainless steel (Grade 430) are added on top of the existing magnets.

The thickness of the magnetic caps, 7,,, is a variable with values between 0 mm (no

cap?

magnetic cap) and 20 mm. The thickness of the magnets, ¢ is set to 12 mm and the

magnet?
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gap between magnets, w,,,, is set to 1 mm. Magnetic flux density is compared for the

gap?

nodes at x =0 mm and z = 1 mm, 1.5 mm and 2.0 mm.

3.4.2 Effect of gap between magnets, w,,,, and the gap between magnet and
workpiece, z

1.2

w =1mm
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Figure 3.10:  Magnetic flux density profiles at different z values when w,,, is a variable.
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The three graphs in Figure 3.10 show the values of magnetic flux density at

selected nodes when the gap between magnets, w,,,, is varied. Firstly, it can be observed

gap?
that the magnetic flux density decreases with an increasing value of z for all three sets of
curves. This is expected as magnetic flux density is inversely related to z. Using the
magnitude of the magnetic flux density as the criterion, selecting small values of z is
advantageous.

However, small values of z present a different issue. Consider the curves of z =
0.1 mm for all three values of w,,,. The three curves exhibit distinct maximum points at x
=0.5 mm, x = 1.0 mm and x = 1.5 mm respectively. The x-coordinates of these maximum
points correspond to the edge of the magnet. These maximum points are attributable to
the well-documented edge effect of magnet [7], where magnetic flux density is
significantly higher along the edge or at the corner of a magnet. The variation of
magnetic flux density along the x-axis resulting from these maximum points is significant
and will cause uneven removal rate along the x-axis. However, the spike in magnetic flux
density is less prominent with a decreasing z. To achieve better uniformity of the
magnetic flux density profile, selecting large values of z is advantageous.

With two conflicting criteria for the selection of value for z, the ideal value for z is
therefore neither too small, such that the non-uniformity of the magnetic flux density
profile along the x-axis is too significant, nor too large, such that the magnetic flux
density is too low. Based on these criteria and the curves in Figure 3.10, the
recommended range of values of z is between 0.5 mm and 1.0 mm. Selecting a value of z
smaller than 0.5 mm will result in an uneven removal rate in the x-axis, while selecting a
value larger than 1.0 mm will result in low removal rate. For the experimental trials in

this thesis, a value of z = 0.5 mm or 1.0 mm is selected.
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In addition, it is to be noted that the magnetic flux density is sensitive to changes
in the values of z. As such, it is critical to tightly control the dimensional tolerance of the
gap between magnet and workpiece during the polishing process to achieve a repeatable
removal rate. No quantification of the required tolerance is carried out in this thesis, but a
speculative value for the tolerance of z based on experience with setting up the apparatus
is 100 um.

Next, the effect of the gap between magnets, w,,,, is also evaluated by comparing

gap>
the three plots in Figure 3.10. When w,,, is increased from 1 mm to 2 mm and to 3 mm,
the magnetic flux density at x = 0 mm decreases (when comparing at the same z). The
reduction of magnetic flux density is especially significant when values of z are between
0.1 mm and 1.5 mm, while magnetic flux density for z values between 1.5 mm and 3.0
mm decreases marginally. The reduction in the magnetic flux density when increasing
W, 18 caused by a greater flux leakage through the air gap, which nullifies the advantage

of using the double-magnet configuration. The effect of flux leakage is quantified from

the results presented in Table 3.1.
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Table 3.1:  Comparison of magnetic flux density values at the centre of polishing zone

and at edge of magnet for different values of w,,,, when z = 0.5 mm.

Magnetic flux density (T)

Waap At edge of magnet; At centre of
x=(0.5 x wg,,) mm polishing zone; Change
x=0mm
1.0 0.806 0.802 -0.5 %
2.0 0.724 0.652 99 %
3.0 0.675 0.542 -19.7 %

Table 3.1 compares the magnetic flux density at the centre of the polishing zone
at x = 0 mm and at the edge of the magnet for the three values of w,,. As discussed
earlier, the magnetic flux density at the edge of the magnet is the maximum. The drop in
magnetic flux density at x = 0 mm is therefore attributable to the leakage of magnetic
flux. Therefore, the percentage reduction in magnetic flux density is used as a proxy to
quantify the magnetic flux leakage. From the table, the percentage reduction increases
substantially when the w,,, is increased from 1 mm to 3 mm. Based on the criterion of
minimizing the flux leakage and maximizing the magnitude of magnetic flux density,
selecting small values of w,, is advantageous.

However, small values of w,,, result in a smaller area of the polishing zone. The
width of the polishing area is approximately w,,,. While small values of w,,, increases the
magnetic flux density at x = O and consequently the peak removal rate at that point, it
may not result in the maximum volumetric removal rate, which is calculated based on the

magnetic flux density profile and the polishing area. Optimization of w,,, to achieve
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maximum volumetric removal rate is not in the scope of this thesis. Therefore, a value of

Wep = 1.0 mm is selected for future experimental trials in this thesis.

3.4.3 Effect of thickness of magnet, 7,

agnet
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Figure 3.11: Magnetic flux density at x = 0 mm against thickness of magnet, ¢, for

magnet >
different values of z.

Figure 3.11 shows the relationship between magnetic flux density at x = 0 mm

against the thickness of magnet, ¢ for three different values of z between 1.0 mm and

magnet>
2.0 mm. Generally, the magnetic flux density increases with ¢, and approaches an
asymptote. When z = 1.0 mm, the asymptote is at 0.75 T. When z = 1.0 mm, a magnet
thickness of 12 mm and 24 mm can achieve approximately 85 % and 92 % of the
asymptotic value respectively. Therefore, increasing ?,,,.,.. beyond 12 mm does not result

in a substantial increment of the magnetic flux density. For convenience, magnets with

t

magnet

= 12 mm are selected for experimental trials in this thesis. For industrial
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applications, the optimal 7., Will be dependent on economics and engineering factors,

which are not considered in this thesis.

3.44 Effect of magnetic caps and their thickness, 7.,

To augment the magnetic flux density in the polishing zone, the use of magnetic
caps has been considered. Magnetic caps are components made of magnetic materials,
such as ferritic stainless steel (400 series), positioned on top of the magnets to close the
magnetic circuit and reduce magnetic flux leakage. Reduction in the magnetic flux
leakage translates to an increased magnetic flux density in the polishing zone. An image
capture of the double-magnet configuration with magnetic caps in the ANSYS
environment are shown in Figure 3.12. The magnetic properties of the magnetic caps are

based on magnetic properties of SUS430.

cap

1 -
cap

Figure 3.12:  Polishing tool in the ANSYS environment, with magnetic caps.

nla—al
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magnet

Figure 3.13(a) shows the magnetic flux lines in the double-tool configuration

when no magnetic cap is present, and (b) is the magnetic flux lines when magnetic caps
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are present. The magnetic flux lines are concentrated at the air gap between the magnetic
caps. The function of the magnetic caps in closing the magnetic circuit and reducing flux

leakage have thus been validated.
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Figure 3.13:  Magnetic flux lines of double-magnet configuration (a) without magnetic
cap, and (b) with magnetic caps of 5 mm thickness.

The effectiveness of the magnetic caps in increasing the magnetic flux density in
the polishing zone is dependent on the magnetic properties of the magnetic caps, and also

the thickness of the magnetic caps, ¢,

cap*

Simulations have been carried out to quantify the

effect of varying ¢

cap

on the magnetic flux density at x = 0 mm for z = 1.0 mm, 1.5 mm
and 2.0 mm. Figure 3.14 shows the relationship between magnetic flux density and z.,, for

the z values aforementioned.
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Figure 3.14:  Magnetic flux density at x = 0 mm against thickness of magnetic cap, 7,
at different z values.

Note that 7., = 0 mm is equivalent to no magnetic cap. For all three values of z,
the inclusion of magnetic caps augments the magnetic flux density. However, the
increase in the magnetic flux density is not significant. For example, magnetic caps with
thickness of 5 mm augment the magnetic flux density by approximately 5 %. In actual
applications where optimization of polishing tool is required, the inclusion of magnetic

caps is advantageous. For convenience, no magnetic cap will be used for experimental

trials in this thesis because the increase in magnetic flux density is insignificant.

3.4.5 Permanent magnets versus electromagnet

The magnetic field for the polishing tool can be created either by permanent
magnets or electromagnet. For permanent magnets, neodymium (NdFeB) magnets, which

are currently the strongest commercially available magnets, are the preferred type.
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On a per-volume basis, neodymium magnets are typically stronger than an
electromagnet. In addition, an electromagnet system requires wiring and power supply,
and also complex electrical coupling for the rotating magnetic poles in the double-magnet
configuration. On the other hand, with neodymium magnets, a high magnetic flux density
can be obtained in the finishing zone with minimal setup. For convenience and ease of
prototyping, the setup used for experimental trials in this thesis is based on neodymium
magnets instead of electromagnet.

However, a polishing tool based on electromagnet is recommended for industrial
applications as the ability to configure the magnetic field strength brings several key
advantages. Firstly, the magnetic field can be turned off to drastically improve the change
or removal of finishing media from the magnetic poles. This will significantly reduce the
downtime in a process cycle. Secondly, the magnetic field strength can be varied during
process, which may be advantageous for control of process outcome. While desirable, the
ability to configure magnetic field strength is not required for experimental trials in this

thesis. As such, the use of permanent magnets is sufficient.

3.5 FINISHING CHARACTERISTICS

In the previous section, the tool parameters have been analysed theoretically to
understand their effects on the magnetic flux density in the polishing zone, which is a
proxy for the removal rate of the new MFAF process. From the analyses, a set of values
for the tool parameters has been suggested for the prototype.

In this section, experimental trials are conducted with the prototype to study the
finishing characteristics of the double-magnet configuration. Firstly, the ability of the

new MFAF process to achieve surface texture reduction is validated experimentally. The
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achievable surface texture is quantified for stainless steel (SUS 316) and titanium alloy
(Ti-6Al-4V) workpieces. Then, the peak removal rate of the process is measured and
benchmarked against other processes to validate the ability of the process for high
removal rate. Lastly, the capability of the process in polishing freeform surfaces is
demonstrated through the polishing of a 2.5D microtextured surface.

Experimental trials are conducted using a prototype of the polishing unit, as

shown in Figure 3.15.

With finishing media

Figure 3.15:  Prototype of the polishing unit mounted on a desktop milling machine.

93



3.5.1 Surface texture

Table 3.2:  Experimental conditions for polishing of SUS316 flat workpiece.

Machine

CNC Baron desktop milling machine

Workpiece

Stainless steel (SUS316)
Dimension: 25 mm x 25 mm x 3 mm
Ground with sandpaper (#320)

Polishing unit

Magnets Neodymium ring magnets (Grade N35)
OD @30 mm, ID @18 mm, t,,,.,,, = 12 mm
Weap 1 mm
Z I mm
Spindle revolutions 300 /min
Finishing media
Carbonyl iron particles BASF CM Grade

Abrasives

Carrier fluid

Supplied mass: 20 g
Mean particle size: 7.0 um — 9.5 um

Alumina (Universal Photonics)
Supplied mass: 2.0 g
Mean particle size: 0.6 um

Alumina (Kemet)
Supplied mass: 2.0 g
Mean particle size: 3 um, 15 um

Distilled water
Initial supplied mass: 8.0 g

Polishing method

Areal raster
Scan area: 100 mm’
Tool feed rate: 200 mm/min

Preliminary trials have been conducted to polish stainless steel (SUS 316)

workpieces using the new MFAF process to study the achievable surface texture in Ra.
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Three different abrasive sizes were tested. The experimental conditions are shown in
Table 3.2. Surface texture is measured with a laser profilometer (Taylor Hobson, Form
Talysurf 2, vertical resolution 10 nm) with measurement conditions in accordance to the
DIN EN ISO 4288:1988 standards.

Figure 3.16 shows the relationship between surface texture (Ra) and polishing
time for the three different abrasive sizes. Note that the error bar caps correspond to the
minimum and the maximum values recorded. With the 0.6 um abrasives, the surface
texture was reduced from an initial value of 0431 um Ra to 0.033 pum Ra after 10
minutes, and eventually reached a value of 0.016 um Ra after 30 minutes. The surface
texture reduction is not as sharp for the 3 um and 9 um abrasives, with surface texture of

0.127 um Ra and 0.121 pm Ra achieved respectively after 30 minutes.

0.6
—#= (.6 um
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Figure 3.16:  Surface texture (Ra) of SUS316 workpiece versus polishing time for three
different abrasive sizes.
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Figure 3.17:  Micrographs of the SUS316 workpiece surface before and after polishing
with three different abrasive sizes.

Figure 3.17 shows the micrographs of the workpiece surface before and after
polishing with the three different abrasive sizes. The workpiece polished with 0.6 um
abrasives is mirror-finished and its micrograph shows minimal observable artifacts on the
surface. The two workpieces polished with 3 um and 9 um abrasives are reflective, but

the micrographs show defects on the surface that resemble comet tails. The mechanism
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causing these defects is not known, although it may be due to overly aggressive material
removal by larger abrasives.

Preliminary trials have also been conducted to polish titanium alloy (Ti-6Al1-4V)
workpieces with the new MFAF process. Titanium alloy is a difficult-to-machine
material due to its low thermal conductivity and the high reactivity of a freshly machined
surface. Removing material and achieving mirror finish is therefore not easily achieved
with conventional processes [8].

The experimental conditions are similar to the earlier conditions for the polishing
of stainless steel workpiece, except that alumina abrasives are substituted with diamond
abrasives. The gap between magnets and workpiece, z, is also a variable with values of
0.5 mm, 1.0 mm and 1.5 mm. Figure 3.18 shows the graph of surface texture (Ra) against
polishing time, reproduced from the original article [1]. After 20 minutes of polishing at
the z = 0.5 mm condition, the surface texture of the titanium alloy workpiece is reduced
from an initial value of 0.480 um Ra to 0.073 um Ra. The final surface texture is higher
than that achieved for SUS316 workpiece, due to the difficulty in polishing titanium alloy
as discussed earlier. Also, the final surface texture increases when z is increased to 1.0
mm and 1.5 mm. While the reduction in surface texture validates the capability of the
new MFAF process for surface finishing of titanium alloy workpiece, refinement to the
process and formulation of finishing media is needed to improve the achievable surface

texture.

97



0 T T T T

0 5 10 15 20 25
Time t
min

Figure 3.18:  Surface texture (Ra) of Ti-6Al-4V workpiece versus polishing time for
three different values of z.

3.5.2 Removal rate

A key requirement of the new MFAF process is high process efficiency as
measured by the removal rate. Therefore, the peak removal rate of the new MFAF
process is measured and compared with other MFAF processes. Polishing conditions are
similar to the conditions in Table 3.2, except that the gap between magnets and
workpiece, z, is changed to 0.5 mm to increase the removal rate. The peak removal rate is
measured from 2D profile scans of the polished area obtained by a laser profilometer.
Complete details on removal rate measurement are available in Appendix B. Figure 3.19
shows the removal rate of the new MFAF process in comparison with the reported

removal rates of other MFAF processes in the literature.
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Among the surveyed processes, the peak removal rate of the new MFAF process
at 11.8 wm/min is the highest and can be up to one order of magnitude higher than some
other processes[9 — 13]. However, caution must be exercised in judging the capability of
the cited processes based on the reported values, as the removal rate for a particular
process is highly dependent on the target material and polishing conditions. In addition,
comparison between different processes should be taken as a rough gauge only as the
reported values are not optimized for removal rate. Notwithstanding that, the removal
rates shown in Figure 3.19 validate the capability of the new MFAF process in achieving

a high removal rate.
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Figure 3.19: Peak removal rates of selected MFAF and non-MFAF processes.

3.5.3 Polishing of 2.5D structured surface

The conformable nature of the finishing media in MFAF processes is
advantageous for the surface finishing of freeform surfaces compared to traditional

polishing tools. To demonstrate the capability of the new MFAF process for freeform
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surfaces, polishing trials have been conducted on 2.5D structured surfaces. Specifically,
the 2.5D structures are V-grooves on a flat SUS316 workpiece. Figure 3.20 is a
schematic diagram of the geometry of the V-grooves, which are created with the wire-
EDM process. With traditional processes that use rigid polishing tools, the valleys of the
V-grooves cannot be reached during the polishing process. Instead, the workpiece surface
will be flattened, destroying the surface features in the process. No viable process is

currently available for polishing of such structured surface.

Dimensions in mm — )25 >
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Figure 3.20:  Schematic diagram of the V-grooves geometry on the workpiece.
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The workpiece is polished with conditions similar to that in Table 3.2, using 0.6
pum alumina abrasives and with 30 minutes of polishing time. Figure 3.21 shows
photographs of the V-grooves before and after polishing, with their corresponding

micrographs.

L l 1 | | i II ‘ ‘

Before 1 After

% : - ‘
a A fa
i » i
1 i .“a,\_ f }\‘

1,08 "1 200 pm

| g | i L a T 7.
Peak Peak
Valley Valley

Figure 3.21:  Optical images of the V-grooves before and after polishing with the new
MFAF process.

From the photographs, it can be observed that the surface has become slightly
reflective after polishing. The oxide layer covering the surface after the wire-EDM

process has also been removed, which is apparent from the change in color of the sample.
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The micrographs confirm that the V-grooves have been polished, without flattening the
surface. The peaks are well polished, but some artifacts are still present in the valleys.
However, the removal rate across the V-grooves is not uniform, as shown by the 2D

profile scans in Figure 3.22.
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Figure 3.22: 2D profile scans of the V-grooves before and after polishing with the new
MFAF process.

The non-uniform removal rate across the V-grooves is due to the directional effect
of the motion of the finishing media, which is the nature of motion generated by spindle
rotation, during the polishing process. As a result of the directional motion of the
finishing media, the valleys are shielded by the peaks during polishing, resulting in
higher removal rate from the peaks and lower removal rate from the valleys. Similar
observations have been made during the polishing of cylindrical titanium alloy workpiece
[1]. This occurs despite the conformable nature of the finishing media. However, as
shown in the micrographs in Figure 3.21 previously, material removal still occurs at both

the peaks and valleys of the V-grooves, albeit at different removal rates. Therefore, the
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new MFAF process is advantageous for the polishing of 2.5D structured surface, which is
not possible with traditional polishing tool.

Based on the results presented, the capability of the new MFAF process to remove
material from selected freeform surfaces have been validated, although the removal rate

is non-uniform and is dependent on the surface features and geometry.

3.6 CHAPTER SUMMARY

In this chapter, the principles of the newly developed MFAF process have been
established. The two key principles of the new process are the high magnetic flux density
in the polishing zone, and the ability of the finishing media to be reformed in situ during
polishing. The novelty of the new MFAF process is ascertained by the award of an
international patent [4].

Theoretical analyses have been conducted to understand the effect of the gap

between magnets, w,, , the gap between magnet and workpiece, z, and the thickness of

gap?
magnet, ..., on the magnetic flux density in the polishing zone. Firstly, small values of
W, Tesult in larger magnetic flux density and are ideal for increasing the peak removal
rate. However, small values of w,,, mean a small polishing area, which may reduce the
volumetric removal rate. Secondly, small values of z increase the magnetic flux density,

but result in an uneven profile of the magnetic flux density. Lastly, increasing the

thickness of the magnet, ¢,

magnet?

results in an increased magnetic flux density, although at a
diminishing rate. From these analyses, the values of w,,, =1 mm,z=05mmtoz=1.0

mm, and ¢,

magnet

= 12 mm were selected for experimental trials.
Inclusion of magnetic caps has been found to increase the magnetic flux density,

although the augmentation is only approximately 5 %. Increasing the thickness of
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magnetic caps, ?

cap?®

increases the degree of augmentation, although only marginally and at
a diminishing rate. In light of the marginal improvement and for convenience, no
magnetic cap will be included for experimental trials in this thesis.

The finishing characteristics have been studied by conducting polishing trials with
a prototype of the polishing tool. Firstly, surface texture reduction is demonstrated on
both stainless steel (SUS 316) and titanium alloy (Ti-6Al-4V) flat workpieces. For the
SUS316 workpiece, a surface texture of 0.016 Ra um is achieved after 30 minutes of
polishing. For the Ti-6Al-4V workpiece, a surface texture of 0.073 Ra pum is achieved
after 20 minutes of polishing. While these validate the capability of the new MFAF
process for surface texture reduction, the achievable surface texture needs further
improvement.

Secondly, the removal rate of the new MFAF process is compared against
selected MFAF and non-MFAF processes based on values reported in the literature. The
removal rate of 11.8 um/min for the new MFAF process is among the highest, and is one
magnitude higher compared to some other processes. The capability of the new MFAF
process in achieving a relatively high removal rate is therefore validated.

Lastly, polishing trials have been conducted for 2.5D structures on a flat SUS316
workpiece. The 2.5D structures are V-grooves with 0.2 mm width and 0.1 mm depth.
After 30 minutes of polishing, the V-grooves have been successfully polished, although
the peaks and valleys have different removal rates. The shielding effect has been
proposed to explain the different removal rates of peaks and valleys. Despite that, the
capability of the new MFAF process for polishing of 2.5D structures, which has no viable

solution currently, has been validated.
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Chapter 4

Material removal rate model

4.1 INTRODUCTION

For abrasive processes, prediction of the material removal rate based on a given
set of process parameters is an area of keen interest to both the research community and
manufacturing industry. There are two key reasons for this. Firstly, when initiating a new
polishing operation, it reduces the time spent on establishing the process conditions to
achieve the required outcome. Secondly, the knowledge of material removal rate is
important for process automation, specifically for the generation of tool path for CNC
machining.

To that end, numerous removal rate models for different abrasive processes have
been proposed and reported in the literature. As the material removal mechanism of
abrasive processes has not been completely understood or universally agreed upon [1],
currently there is no removal rate model that is generally applicable across all abrasive
processes. Instead, models are derived with different approaches, and may be based on
varying assumptions. Despite that, many of the existing models provide valuable insights
and help to develop the understanding of the particular process.

In this chapter, a theoretical model for the new MFAF process is proposed to
establish the relationship between the material removal rate and selected process
parameters. The process parameters of interest are related to the properties of the
finishing media, which include the size and concentration of abrasives, size of carbonyl
iron particles, and the magnetic flux density at the polishing zone. Firstly, the

assumptions and constraints of the proposed model are defined. Then, the components of
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the model are fully derived across several sections of this chapter. Finally, these
components are assembled together to form the complete model, which is presented at the

end of this chapter.

4.2 REVIEW OF EXISTING MODELS

In this section, important material removal models that are deemed the most
relevant to the new MFAF process are reviewed.

One of the earliest material removal rate models was proposed by Preston [2] to
model the material removal for lapping of glass plates with a felt lap. Preston proposed
that the material removal rate is independently proportional to the normal pressure P, the
relative velocity v between the glass plate and the felt lap, and the polishing time ¢. It can

be expressed as

MRR =k-P-v 4.1)

where, k is a constant of proportionality that encapsulates other process parameters. This
equation was then expanded by Buijs and Korpel-van Houten [3] to include variables
related to the mechanical properties of the workpiece surface and some properties of the
abrasives.

The MRF research team at the University of Rochester and QED Technologies
has also presented several material removal rate models over the past two decades.
Shorey proposed a model [4] to correlate the material removal rate of the MRF process to
the drag force. The model was adapted and elaborated by DeGroote [5] to for the peak

material removal rate of the MRF process for polishing of glass. In the proposed model,
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the peak material removal rate is proportional to five different terms as shown in

Equation 4.2:
E F ~
MRRPeak o |: K 2 :| X |:jdv:| x I:Bnd(bnd 1BC’ndl/3 + Bci¢ci4/3cci] (42)
-/ -/ N ~ J
Term1 Term 2 Term 3

><|:Ds (pH - )3/10 :| < [e_sbs/bRT :I

\ J H_/

Term 4 Term 5

Nomenclature is provided in the original article and not reproduced here. In
summary, Term 1 embodies the ‘near surface’ mechanical properties, Term 2 is an
equation modified from Preston’s, Term 3 considers the particle sizes and concentrations,
Term 4 accounts for the glass chemical durability, and Term 5 relates to the average
single bond strength of the glass. The model was verified against experimental data from
650 trials on six different types of glasses using six types of finishing media with
nanodiamond concentrations between 0 to 0.01 vol. %. The proposed model fitted the
experimental data points with a linear product moment correlation coefficient of 0.78.

Some material removal models for chemical-mechanical polishing (CMP) are also
relevant to the new MFAF process. Contact mechanics, which considers the indentation
of abrasives into the workpiece surface, is a typical approach for CMP process models.
Examples include models by Luo and Dornfeld [6], Brown et al. [7], and Jeng and Huang
[8]. All three models consider the material removal rate to be the product of the number

of active abrasives and the removal rate per particle. In addition, the aforementioned
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CMP models also consider the effects of abrasive sizes and concentration on the removal
rate. These are variables of interest in the removal rate model for the new MFAF process.

A research team at the Indian Institute of Technology has also reported extensive
work on the theory and modeling of MFAF processes [9, 10]. The proposed models are
intended for several MFAF processes developed by the team. They are either based on
contact mechanics, which takes a similar approach to the CMP models, or obtained by
multi-linear regression using experimental data. Both the effect of magnetic field and the

polishing forces have also been extensively studied.

4.3 MOTIVATION

For the new MFAF process, a model to predict the material removal rate is
advantageous for the same two reasons mentioned at the beginning of this chapter. In
addition, a quantifiable relationship between the process parameters and the material
removal rate is of academic importance, as it enhances the theoretical understanding of
the new MFAF process.

In this thesis, a new model is developed for the new MFAF process because the
models reviewed in the previous section are not applicable, for several reasons. Firstly,
the models proposed are intended for specific processes or applications. For example, the
model proposed by Luo and Dornfeld is intended for the CMP process and is therefore
not directly applicable for the new MFAF process, which is based on novel principles not
found in CMP. The model by DeGroote is intended for the MRF process, which although
is more similar to the new MFAF process, it is still based on slightly different principles.

In addition, the model is intended only for polishing of glasses. The new model proposed
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in this thesis is tailored for the new MFAF process, with some concepts that are
applicable generally to most MFAF processes.

Secondly, the physics of the reviewed models do not sufficiently address the
complexity of the finishing media in MFAF processes, which consists of magnetic
particles and non-magnetic abrasives. Instead, the finishing media is often treated as a
traditional polishing lap with bulk behavior. To understand the effect of the finishing
media properties on the material removal rate, the interaction of particles in the finishing
media should not be neglected. The model proposed in this thesis considers the physical
interactions of the particles in the finishing media. This new approach allows for deeper
insight about the process to be drawn, especially regarding properties of the finishing

media, and establishes a framework for future theoretical studies.

44 MATERIAL REMOVAL RATE MODEL

In this section, the material removal rate expression is derived. The material
removal rate considered in the model is the volumetric material removal rate, measured in
volume per unit time, as opposed to the peak material removal rate, which is measured in
depth per unit time. Additionally, the material removal in this process is considered to be
a due to plastic deformation of the workpiece material by abrasive particles, which has

been established and verified by several studies for the CMP process [6, 11].

44.1 Assumptions

In the multistep derivation of the material removal rate model in this chapter,
several assumptions are required. The key assumptions are summarized here, and they

will be individually referred to again respectively when invoked.

111



The first assumption is the spherical shape of both CI and abrasive particles. As
seen in the scanning electron micrograph in Figure 4.1, actual particles show some

deviations from the spherical shape, but the assumption is reasonable as the shapes are

close to spherical.

2 pm Mag= 300KX  WD= 80mm EHT =20.00 kV Signal A = SE1

(a) (b)

2 Hm Mag= 300KX  WD= 80mm EHT=20.00kV  Signal A= SE1

Figure 4.1: Scanning electron micrograph of (a) CI particles and (b) alumina abrasive
particles.

The second assumption is the uniform size distribution of both CI and abrasive
particles. Actual particle sizes are distributed. However, this is necessary for the
analytical approach of the particle packing proposed in this model. A model considering
the size distribution is much more challenging and can be one of the future works.

The third assumption is the face-centred cubic (FCC) configuration of the CI
particles when they are densely packed when under the influence of a magnetic field.
This assumption is deemed reasonable as the attractive magnetic forces tend to cause the
particles to pack closely, and FCC has the highest atomic packing factor of 0.74.
Verification with scanning electron microscope was not possible because a magnet

cannot be admitted into the chamber.
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The fourth assumption is that the workpiece surface is planar, such that particles
that have penetrated the surface can move parallel to the workpiece surface without
obstruction. In reality, there are asperities on the workpiece surface due to surface
texture, which causes the particle not to travel parallel to the workpiece surface. As a
result, the material removal per particle given by this model may differ from the actual
material removal per particle, and the difference is more significant when surface texture

is greater.

442 General expression

The material removal rate is taken as the sum of material removal rate of each
active particle in the finishing media. In addition, the particles are assumed to be
spherical in shape and of a uniform distribution. Therefore, the material removal rate
becomes the product of the number of active particles and the material removal rate per

active particle, as given in Equation 4.3:

MRR = N - AMRR (4.3)

where N is the number of active particles and AMRR is the material removal rate per
active particle.

To calculate AMRR, the product of the projected area of indentation, A, and the
relative linear velocity between the particle and the polished surface, v, is considered. The
projected area of indentation, A, is related geometrically to the depth of particle
penetration, 4. An illustration of these variables is shown in Figure 4.2. Indentation of the

particle is exaggerated. Note that the asperities attributed to surface texture are not
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considered. Instead, the workpiece is considered as an ideal planar surface. The model is
therefore expected to be more representative for a low surface texture surface than a high

surface texture surface.

Indentation Particle

depth is
exaggerated

-

Wﬂ

Figure 4.2: Schematic diagram of the projected area of indentation, A, and depth of
indentation, /.

Using the geometrical approximation A=hvhD where D is the particle

diameter, the expression for material removal rate per particle, AMRR is given by:
AMRR = hv/hD -v 44)

Equation 4.4 is substituted into Equation 4.3 to obtain an expression relating the total

material removal rate to the number of active particles, N, and the geometrical terms A

and D, as given in Equation 4.5:

MRR =N -hvhD -v 4.5)

114



Next, Hertz’s equation for shallow spherical indentation of a half space [7] is used

to obtain an expression for 4. The Hertz’s equation is given below:

(1) = 3’%(%+ﬁ] 4.6)

where a is the radius of projected circle of contact (see Figure 4.2), D is the sphere
diameter, F is the force per particle, E is the Young’s modulus, 7 is the time and y is the
viscosity. By neglecting the time-dependent component of the equation and applying the
geometrical approximation a? = hD, the expression for the depth of indentation, A, is

obtained and given by:

3P\ 1

Substituting Equation 4.7 into Equation 4.5, the final expression for the total material
removal rate is obtained and given by:

MRR=N-(3—Fj-v (4.3)
8E

The material removal rate is thus a function of the number of active particles, N,
the force per particle, F, the Young’s modulus, E, and the relative linear velocity between

particles and the polished surface, v.
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443 Total MRR as sum of two MRR components

For the new MFAF process, the material removal rate can be attributed to both the
carbonyl iron particles and the abrasives in the finishing media. Generally, material
removal by abrasives is significantly higher, sometimes by up to several orders of
magnitude. The efficacy of abrasives in material removal has conventionally been
attributed to its hardness, although one theory suggests that the Young’s modulus may
also be a factor [7].

In the new MFAF process, the material removal rate is attributed to two sources —
carbonyl iron particles and abrasives. Therefore, it is proposed that the total material
removal rate be written as the sum of two components, one for the carbonyl iron particles
and another for the abrasives. It is expected that the magnitude of the component
representing the abrasives is significantly greater than the component representing the
carbonyl iron particles.

However, the material removal rate expression in Equation 4.8 does not
distinguish the different efficacies of the two particles in material removal. Therefore, it
is proposed that a dimensionless constant is assigned to each component to account for

the particle efficacy. As a result, the expression for the total material removal rate is

given by Equation 4.9:
3F, 3F,,
MRRszI-NCI-( 82’[)‘} + kabr-Nabr-(g—Eb)-v 4.9)
N J N J

Y Y

MRR component for MRR component
carbonyl iron particles for abrasives

where k¢, and k,,, are dimensionless constants that encapsulate the material properties of

the carbonyl iron particles and abrasives respectively; N, and N,,, are the numbers of
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active carbonyl iron particles and active abrasives respectively; F, and F,,, the forces per
particle acting on carbonyl iron particles and abrasives respectively. As previously
mentioned, it is anticipated that k,, is up to several orders of magnitude greater than k.
Equation 4.9 is generalized and applicable to all MFAF processes where the
finishing media consists of two different particles. However, the expressions for number
of active particles, force per particle and the dimensionless constants are process-specific.

In the following sections, expressions for N, N,

al

o Fers and F, . specific to the new MFAF

process are derived.

4.5 NUMBER OF ACTIVE PARTICLES

In abrasive processes, not all particles are involved in material removal at the
same time. Typically, particles that directly remove materials from the workpiece are
considered active. Particles that do not are considered inactive. For the proposed model, a
particle is defined as active if the particle is in contact with the target surface of the
workpiece where material removal is intended. In addition, the finishing media in the
new MFAF process consists of two types of particles that are both involved in material
removal. Therefore, it is necessary to consider both the number of active carbonyl iron
particle, N, and the number of active abrasives, N,,,.

Expressions of both N, and N, form part of Equation 4.9 and are therefore
required for the complete material removal model. In this thesis, new expressions are
developed because existing approaches reported in the literature do not consider the
interactions of the two types of particles in the finishing media. The existing approaches
and why they are inappropriate for the new MFAF process are outlined in the next

section. Following that, complete derivation for N, and N, are presented.
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4.5.1 Ecxisting approaches

The approach taken in modeling number of active particles is specific to a
particular process. For the CMP process, the method used by Jeng and Huang [8] is
representative of the typical approach to model the number of active abrasives. In
essence, this approach comprises of two steps. In the first step, the number of abrasives in
the fluid body between the polishing pad and the workpiece is calculated based on the
dimensions of the fluid body and the abrasive concentration. In the second step when the
polishing pad is brought into contact with the workpiece, certain criteria are applied to
calculate the fraction of the number of abrasives in the first step that will directly contact
the workpiece. The different CMP models that have been reported typically differ in
terms of the applied criteria. Examples of the criteria include the asperity properties and
the abrasive size distribution.

Finally, the fraction of particles in direct contact with the workpiece allows

calculation of the number of active abrasives. Figure 4.3 illustrates the aforesaid steps.
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Fluid body before
wafer contact with pad

Pressure is applied and
wafer is pushed against
polishing pad

contact with pad

Figure 4.3: Schematic diagram of the typical approach in modeling the number of active
abrasives [8].

The approach taken is reasonable for the CMP process, but does not sufficiently
reflect the physics of the finishing media in the new MFAF process. One method to adopt
the CMP model for the new MFAF process is to treat the carbonyl iron particles in the
finishing media as a bulk material equivalent to the polishing pad in CMP. However, this
does not mirror the actual MFAF process, as abrasives in the finishing media can in fact
permeate into the carbonyl iron matrix. In CMP, abrasives do not permeate into the
polishing pad, which is a solid material. As a result, the number of active abrasives given
by the CMP model will be a gross overestimation for the new MFAF process. In addition,
the CMP model is not compatible for the calculation of number of active carbonyl iron

particles.
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A different approach is considered by Sidpara and Jain [10] to calculate the
number of active abrasives for their MFAF process, which is similar to the new MFAF
process developed in this thesis. Figure 4.4 from the original article illustrates the

configuration of the active and inactive particles according to their model.

O -Cps
@ - Active abrasive particle
@ - Inactive abrasive particle

; o > o

Last layer N > o &

of MR fluid & ¢ > o

£ > > o

8 < S O

MR fluid : X XXX

ribbon i Workplece . X >
Inactive «—<—— Active ——»—» |nactive
MR fluid MR fluid MR fluid

Figure 4.4: Configuration of active and inactive particles in the model proposed by
Sidpara and Jain [10].

There are three reasons why the model proposed by Sidpara and Jain is not
compatible for new MFAF process. Firstly, the model proposed by Sidpara and Jain
requires the carbonyl iron particles and the abrasives to be of the same size. This restricts
the model to very narrow applications because it is atypical for finishing media to consist
of carbonyl iron particles and abrasives of equal sizes. More commonly, the abrasives are
smaller than the carbonyl iron particles, allowing them to permeate into the interstitial
spaces of the carbonyl iron matrix.

Secondly, their model assumes that the abrasives are pushed onto the outer layer
of the finishing media during the process. This phenomenon has been claimed to be
attributed to the magnetic forces exerted on the carbonyl iron particles, which pulls them

towards the magnetic pole and simultaneously pushes the non-magnetic abrasives
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outward. This explanation is satisfactory for some processes such as MRF, where
validation of this principle has been done [4]. However, the same is not true for the new
MFAF process. In the new MFAF process, in situ reformation of the finishing media
causes the particles to be continuously mixed during the process. Therefore, the abrasives
are distributed in the carbonyl iron matrix, instead of being concentrated on the outer
layer of the finishing media.

Lastly, the model assumes that the particles are arranged in a simple cubic
configuration. With strong magnetic forces acting on the carbonyl iron particles, the
particles tend to be as close-packed as possible. Therefore, the assumption of face-centred
cubic (FCC) or hexagonal close-pack (HCP) for the carbonyl iron particles is more

reasonable.

4.5.2 Proposed approach

In the previous section, existing approaches have been argued to be insufficient in
reflecting the physics of the particles in the finishing media for the new MFAF process. A
new approach that considers the particle interactions is therefore needed to model the
numbers of active carbonyl iron particles and active abrasives.

First, it is assumed that the carbonyl iron particles are arranged in an ideal FCC
configuration to form the carbonyl iron matrix. Also, all the carbonyl iron particles are
spherical and have the same size. The assumption of an FCC configuration is reasonable
because the carbonyl iron particles are subjected to strong magnetic forces and will
therefore assume configurations with the highest packing ratio. For spheres of equal size,

FCC and HCP both have the highest packing ratio of 0.74.
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Secondly, the abrasives are assumed to reside in the interstitial spaces in the
carbonyl iron matrix. In addition, it is taken that the abrasives are dispersed uniformly
within the interstitial spaces. Also, the presence of abrasives in the interstitial spaces is
assumed not to affect the FCC configuration of the carbonyl iron particles since they are
held strongly by magnetic forces. Figure 4.5 illustrates a unit cube of the particle

configuration in the finishing media.

O Interstitial spaces

Carbonyl iron
particles in FCC
configuration

Figure 4.5: Model of particle configuration in the finishing media. Carbonyl iron
particles are arranged in FCC configuration and abrasives are dispersed
uniformly in the interstitial spaces.

The presented model of the particle configuration in the finishing imposes certain
constraints on the particle properties in the finishing media. The following two sections

address these constraints.

4.5.3 Maximum allowable abrasive size

The first constraint imposed by the assumptions described in the previous part

pertains to the size of abrasives. The proposed model requires the FCC configuration of

122



the carbonyl iron particles to be intact. An abrasive particle that is too large will be
unable to fit into the interstitial space. To accommodate the large abrasive particle, some
carbonyl iron particles need to be displaced to create additional room for this large
particle. The FCC configuration of the carbonyl iron particles is thus compromised.
Therefore, there is a critical diameter that the abrasives must not exceed. Figure 4.6

illustrates the calculation of this critical diameter.

Abrasives @

Carbonyl iron particles ©

V2D,

C
]
Dabr, crit = (\/5 - I)DCI

Figure 4.6: Calculation of maximum allowable diameter for abrasives in the model.

To calculate the critical diameter, D, one face of the FCC unit cube is

abr, crit?

considered. The critical diameter for abrasives is given by:

D

abr, crit

- (vV2-1)Dq (4.10)
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where D, is the diameter of a carbonyl iron particle. Therefore, the abrasive size criterion

for the proposed model is given by:

D,, <(vV2-1)D, 4.11)

454 Maximum allowable volumetric ratio of abrasives to carbonyl iron particles

Another constraint imposed by the assumptions of the proposed approach pertains
to the volume of abrasives in the finishing media. The interstitial spaces in the carbonyl
iron matrix are finite and cannot accommodate an infinite amount of abrasives. At a
critical volume of abrasives, the interstitial spaces will be fully occupied. Increasing the
volume of abrasives beyond this critical volume will require the FCC configuration of the
carbonyl iron particles to be compromised to create additional room for the abrasives.

Calculation of the critical volume is non-trivial due to the complex geometry of
the interstitial spaces. In addition, the packing of abrasives in the interstitial spaces is
dependent on the abrasive size. Therefore, the critical volume is not a constant, but rather
a function of the abrasive size. In this thesis, the actual expression of the critical volume
is not derived. Instead, a method to calculate the upper bound of the critical abrasive
volume is proposed.

The critical abrasive volume is calculated in terms of volumetric ratio of abrasive
in the FCC unit cube. First, it is noted that the volumetric ratio of the carbonyl iron
particles in the FCC unit cube, v, is 0.740. Therefore, the volumetric ratio of interstitial

spaces in the FCC unit cube, v is 0.260. To calculate the volumetric ratio of the

interstitial »

abrasives in the FCC unit cube, v, ., the discontinuous interstitial spaces are considered as

a single combined body, and that the abrasives are closed packed in this combined body.
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By considering a combined body, the packing factor of 0.740 can thus be multiplied to
Vinersiial 10 Obtain a value of 0.192 for v,,. This is the upper bound of v, because the
abrasives in fact cannot occupy some of the interstitial spaces in the actual FCC
configuration due to geometrical constraints.

With abrasives in the FCC unit cube, v,,..ia 1S T€duced to 0.068, which is in fact
its lower bound. Table 4.1 shows the volumetric ratios of the three entities in the FCC

unit cube at the critical point.

Table 4.1:  Volumetric ratio of carbonyl iron particles, abrasives and interstitial spaces
in FCC unit cube at critical point, where interstitial spaces are fully occupied
by abrasives.

Ver 0.740
Var (Upper bound) 0.192
vinterslitial (lower bound) 0068

For the purpose for finishing media preparation, it is convenient to calculate the

ratio of v, to v¢,. The abrasive volume criterion for the proposed model is then given by:

Yar <0259 (4.12)

Var
As an example, consider a finishing media composed of carbonyl iron particles

with density of 7.87 g/cm’, and Al,O, abrasives with density of 4.1 g/cm’. Based on the
y g y g

criterion in Equation 4.12, it can be calculated that 100 g of carbonyl iron particles can
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accommodate at most 13.5 g of AL,O, abrasives. If the abrasives exceed this weight, the

proposed model is not valid.

4.5.5 Number of active carbonyl iron particles

Carbonyl iron
particles

----Cl plane

Figure 4.7: Interface of carbonyl iron particles and the workpiece surface. Abrasives are
not shown.

To calculate the number of active carbonyl iron particles, N, it is further
assumed that the densest (111)-plane of the carbonyl iron matrix is parallel to the
workpiece surface, as shown in Figure 4.7. A CI plane parallel to the workpiece surface,
with an offset equal to the radius of the carbonyl iron particle, is considered. On the CI

plane, a unit triangle as shown in Figure 4.8 is considered.
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Carbonyl iron particle

Unit triangle

Figure 4.8: Unit triangle on the CI plane.

Area of unit triangle is given by:

Dy’ (4.13)

3
Almit_T

Area occupied by carbonyl iron particles is given by:

Aq =g Del (4.14)
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Therefore, the ratio of area in the unit triangle occupied by carbonyl iron particles, a, is

given by:

aq = 1109069 (4.15)

Aunit - 2\/5

Then, N, can be calculated by considering the ratio a, of the full contact area between

finishing media and workpiece, A and dividing it by the projected area of one

contact?

carbonyl iron particle. This is expressed as:

_ (contact area) x (areal ratio of carbonyl iron particles)

= 4.16
“ (projected area of 1 carbonyl iron particle) (4.16)
A X
NCI — C(l)mact fCI (417)
17D
Ny=—2a .1 (4.18)

contact - P
V3 D,

Equation 4.18 is the proposed expression for number of active carbonyl iron

particles, N, to be used in the proposed model for the new MFAF process.

4.5.6 Number of active abrasives

To calculate the number of active abrasives, N,,,, an abrasive plane parallel to the
workpiece surface, with an offset equal to the radius of the abrasives, is considered. In
accordance to the abrasive size criterion in Equation 4.11, the abrasive plane will be
closer to the workpiece surface than the CI plane. Figure 4.9 illustrates the abrasive plane

and the CI plane in the same schematic diagram.
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Abrasive particle @
Carbonyl iron particle ©
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Figure 4.9: Interface of carbonyl iron particles, abrasives, and the workpiece surface.

Consider the abrasive plane across the full area of contact between the finishing
media and the workpiece surface. Area already occupied by carbonyl iron particles on the
abrasive plane, A

CI, abr plane 1S glVen by

ACI,abrplane = NCI ’ ﬂ:az (419)

To obtain the area on the abrasive plane that is available for abrasives, the area

calculated above is subtracted from the full area of contact, A This available area

contact*®
however cannot be fully filled by abrasives because the existing carbonyl iron particles
impose geometrical constraints, and the abrasives themselves will leave behind interstitial

spaces. An upper bound of this available area can be calculated by applying the
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maximum possible areal ratio, which is mﬂ or 0.9069, as given in Equation 4.15.

The area available for abrasives on the abrasive plane is therefore given by:

1

Aavailable, abr plane = m - (Acontuct - NCI ’ ﬂaz ) (420)

) ) ) ) 1 .
Using the geometrical relationship «*=—D, (2D. —D and substituting the
g g p g4 abr 1 abr g

geometrical expression for number of active carbonyl iron particles, N, the expression

above becomes:

1 1 D, . 2D.—D
A, aila al an =—7‘[A - 1_ T - abr . CIL abr 4'21
available, abr plane 9 \/§ contact ( 9 \/§ DCI DCI ] ( )

To obtain the maximum number of active abrasives, N, ..., the expression above is
simply divided by the projected area of one abrasive particle. The resulting expression is

given below:

N — Aava.ilable,abr plane (4 22)
wrm - (projected area of 1 abrasive particle) '

Nabr max i ’ Acomact | 1= ! o Dabr ’ 2DCI — Dabr ’ ! 2 (423)
’ \/5 2\/5 DCI DCI D

abr

The number of abrasives given by the expression above coincides with the maximum
value given by the abrasive volume criterion in Equation 4.12. When the abrasive volume
is below this maximum value, the following proportionality between number of active

abrasives and abrasive volume is considered:
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abr — abr (4 24)
v

N

abr, max abr, max

The linear relationship above is following the assumption that abrasives are dispersed
evenly in the carbonyl iron matrix. As a result, the expression for the number of active

abrasives, N, is given by:

Nabr — 1 Dabr . 2l)CI _ Dabr ] . Dl vabr

2 o4 |i-— g : (4.25)
\/g contact 9 \/5 DCI DCI 2 .

abr vabr, max

Equation 4.25 is the proposed expression for number of active abrasives, N,,,, to

be used in the proposed model for the new MFAF process.

4.6 FORCE PER PARTICLE

In MFAF processes where the finishing media consists of a mixture of magnetic
particles and non-magnetic abrasives suspended in a carrier fluid, calculating the force
per particle is a difficult and unique problem. The new MFAF process proposed in this
thesis is one such process.

Firstly, the forces acting on the magnetic particles and non-magnetic abrasives are
different, and they must therefore be considered separately. For the magnetic particles,
the magnetic force, the contact forces due to neighbouring particles, and the contact force
due to workpiece must be considered. For the non-magnetic particles, the magnetic force
is negligible, but the same contact forces must be considered. Secondly, more
sophisticated models may also consider the hydrodynamics forces due to the carrier fluid.

In existing approaches reported in the literature, none has considered the aforementioned
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contact forces arising from interactions between the particles in the finishing media. In

this thesis, a new approach that considers these interactions is thus proposed.

4.6.1 Ecxisting approaches

There is no definitive approach or method to calculate the forces on particles in
abrasive processes. Two methods that are most relevant to the new MFAF process are
highlighted in this section. First, the modeling of forces done by Luo and Dornfeld [6] for
the CMP process is considered. In their work, it is proposed that the calculations be based

on whether the polishing pad is soft or hard, as illustrated in Figure 4.10.

Hard polishing pad Soft polishing pad

Workpiece

POhShil’lg - o je—> e >
“ pad
’} PB/N + F=025Pnx
(a) (b)

Figure 4.10: Force per particle in the model proposed by Luo and Dornfeld [6] for the
CMP process, for (a) hard polishing pad and (b) soft polishing pad.

The mechanism in the new MFAF process is similar to the case of a soft polishing

pad, with the carbonyl iron particles being approximated as the pad. However, the
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approach by Luo and Dornfeld on its own is inadequate for the new MFAF process and
has to be modified to consider the interaction of particles in the finishing media and the
effect of magnetic forces onto the magnetic particles.

Secondly, the work done by Sidpara and Jain [10] in modeling the forces for their
MFAF process is considered. In their work, it is proposed that the force on an abrasive be
the sum of the ‘magnetic levitation force’, F,, the gravitational force, F,, and the

centrifugal force, F;. In the original article, the equation is given by:

F,

n_abr

=(F, orF, )+ F,+F, (4.26)

mg

Of the three force components, the magnetic force is typically greater than the
gravitational force and the centrifugal force. Also, the force vector is in the direction
towards the magnet, acting away from the workpiece. There are insufficient details or
explanation given as to how the resultant force, which acts away from the workpiece, is
attributed to material removal. As such, this approach is deemed inadequate for modeling

the forces for the new MFAF process.

4.6.2 Proposed approach

In the previous section, it has been argued that existing approaches are inadequate
for modeling the forces in the new MFAF process. In this thesis, a new framework that
considers the interaction of particles in the finishing media is proposed to obtain
expressions for the forces acting on both the magnetic carbonyl iron particles and the

non-magnetic abrasives.
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It is proposed that force per particle be modeled as proportional to the product of
two terms. The first term is the particle properties term, which encapsulates the properties
of the particle itself. The second term is the neighbouring particles term, which takes into

account the contact forces attributed to the neighbouring particles. This can be written as:

F o< (particle properties term ) X (neighbouring particles term) 4.27)

Based on this general expression, the force per particle expression is developed

for both the carbonyl iron particles and the abrasives in the following sections.

4.6.3 Force per carbonyl iron particle

It is proposed that the particle properties term is BD_,*, where B is the magnetic
flux density at the centre of the carbonyl iron particle and D, is the diameter of the
carbonyl iron particle. The term is proposed as such because magnetic force is
dominant, and magnetic force is a function of the volume of the body as well as the

magnetic flux density. Equation 4.27 therefore becomes:

F,, < BD,,’ x(neighbouring particles term) (4.28)

Obtaining an expression for the neighbouring particles term is more complex. In
the finishing media, the number of configurations in which the carbonyl iron particles and
abrasives can be arranged is effectively infinite. Therefore, it is proposed that the
expression be derived based on the average of the bulk, and in accordance to several

idealized assumptions. Firstly, the neighbouring particles term is to be expressed as the
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sum of two components — one for the neighbouring carbonyl iron particles, and another
for the neighbouring abrasives. Secondly, these two components are assigned different
weightage. It is proposed that this weightage is based on the ratio of the total projected
area of the particle type to the total projected area of all the active particles. Projected
area is chosen as the basis of the weightage because the magnitude of contact force
exerted by a particle is dependent on its projected area. Thirdly, each of the two
components is also assigned a constant of proportionality to represent the magnitude of
the contact force that the neighbouring particles can exert on the particle. These constants
are denoted as k.  and k, ,, for the neighbouring carbonyl iron particles and
neighbouring abrasives respectively. Lastly, for neighbouring carbonyl iron particles, an
additional BD,,’ term is included to account for the influence of the magnetic flux density
on the contact forces that they can exert.

Based on the above, the neighbouring particles term for a carbonyl iron particle is

given by:
Term for neighbouring Term for neighbouring
carbonyl iron particles abrasives
AN AN
4 A 4 A
N Do’ N, Dy’
kF, 1 'BDCI3 ) gl = 7 T kF, abr a;r - 2 (4.29)
Nep Doy + Ny, - Dy, Nep Doy + Ny, - Dy,
N J
Y

Ratio of projected
area, based on
active particles

where N, and N, are the numbers of active carbonyl iron particles and active abrasives

respectively, D¢, and D,,, are the diameters of the carbonyl iron particles and abrasives
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respectively, and k, o (unit: N T>m®) and &, ., (unit: N T"' m™) are the constants of

abr
proportionality to represent the magnitude of the contact force that the neighbouring
particles can exert on the particle.

It is expected that the neighbouring carbonyl iron particles provide significantly
greater contact forces, as they are strongly held by the magnetic force. As a result, k; ¢ is
expected to be significantly greater than k; ., potentially by several orders of magnitude.

Substituting Expression 4.29 into Equation 4.28, the complete expression for F, is given

by:

N, -Dg’ N, -D.°
Fe :BDCI3'(kF,CI'BDCI3' (2:I - ;> t kF,abr' alzjr - 2]
NCI'DCI +Nabr'Dabr NCI‘DCI +Nabr'Dabr

(4.30)

Equation 4.30 is the proposed expression for force per carbonyl iron particle, F,,

to be used in the proposed model for the new MFAF process.

4.64 Force per abrasive particle

The force per abrasive particle is modeled in a similar way to the modeling of
force per carbonyl iron particle. Therefore, it is also the product of the particle properties
term and the neighbouring particles term.

For the particle properties term, it is proposed that the expression is simply D,,,’.
The term is proposed as such because abrasives are not affected by magnetic field, and
the force that it exerts on the workpiece is therefore a function of its projected area. For

the neighbouring particles term, the same assumptions made for carbonyl iron particles
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are applied to abrasives. As the composition of neighbouring particles is not a function of
the particle itself, there is no change to the expression shown in Expression 4.29.

The complete expression for F, is therefore given by:
Nei DCI2 N,

2

+k . dbr.Dabr
Ngy Dy’ +N,,-D,> " Ny-Dy+N,, D,
CI CI abr abr CI CI abr abr

Fy, = Dabr2 '(kF,CI ) BDCI3 )

431)

Equation 4.31 is the proposed expression for force per abrasive particle, F,,,, to be

used in the proposed model for the new MFAF process.

4.7 SUMMARY

The components for the material removal model have all been derived in the
previous sections. In this section, the assumptions and scope of the model are reiterated,
and the derived components (N, N, F¢, Fy,,) are then assembled together to form the

al

complete material removal model.

4.7.1 Assumptions and scope of model

Firstly, it was assumed that all carbonyl iron particles are spherical in shape and
have the same diameter. The same was assumed for abrasives. Secondly, the carbonyl
iron particles in the finishing media were assumed to be in a face-centred cubic (FCC)
configuration, which is the configuration with the highest atomic packing factor at 0.74.

Abrasives were assumed to reside in the interstitial spaces in the carbonyl iron matrix and
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are uniformly dispersed. Lastly, it was assumed that the densest (111)-plane of the
carbonyl iron matrix is the plane in contact with the workpiece surface.

Based on the assumptions above, two criteria were required for the proposed
model to be valid. The first criterion was the abrasive size criterion, whereby the abrasive

may not exceed a critical value. The abrasive size criterion is given by:

D,, <(vV2-1)D, 4.11)

The second criterion required that the abrasive volume or concentration not to be too high
such that the interstitials are fully occupied and further addition of abrasives compromise

the carbonyl iron matrix. The abrasive volume criterion is given by:

Yar < 0.259 4.12)

Ver

4.7.2 General material removal expression

The material removal rate is the sum of two components:

F
MRRszI-NCI-(ZFg)-v + kabr-Nabr-(%j-v 4.9)

N J N J
Y Y

MRR component for MRR component
carbonyl iron particles for abrasives

where k- and k,, are dimensionless constants that encapsulate the efficacy of the

particles at material removal, N, and N, are the numbers of active carbonyl iron
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particles and active abrasives respectively, F, and F,, are the forces per particle for

carbonyl iron particles and abrasives respectively, E is the Young’s modulus of
workpiece, and v is the relative linear velocity between particles and the workpiece

surface.

4.7.3 Number of active particles

The number of active carbonyl iron particles, N, and the number of active

abrasives, N, are given by:

2 1
NCI = ﬁAcontacl ’ DCIZ (418)
2 1 D, 2D.—-D 1
e I e (4.25)
\/§ 2\/§ D Cl D Cl D abr vabr, max

where A_,.. 1 the area of contact between polishing media and workpiece surface, D,
and D, are the diameters of carbonyl iron particles and abrasives respectively, v, is the

volumetric ratio of abrasives in the finishing media, and v is the maximum allowable

abr, max

volumetric ratio of abrasive particles in the polishing media.

4.74 Force per particle

The force per particle for carbonyl iron particles, F,, and force per particle for

abrasives, F,,, is given by:
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2 2

Nt Dy + k . N " Dy
Ny-DS+N, -D.’ P N, -D. +N, -D,*
cl M + abr ~abr c Pa abr ~ abr

Fo = BDCI3 '(kF,CI 'BDCI3 ’

(4.30)

2 2

N - Dy + k . N = Dy
Ny-DS+N, -D,> e N D +N, -D,*
cl M + abr ~ abr cl M abr ~ abr

F,

abr

= Dabr2 '(kF,CI ) BDCI3 )

431)

where B is the magnetic field strength is the magnetic field strength at the centre of the
particle, D and D,, are the diameters of carbonyl iron particles and abrasives
respectively, N, and N,, are the numbers of active carbonyl iron particles and active
abrasives respectively, and k; ¢; (unit: N T? m®) and k; ,, (unit: N T"' m”) are the

constants of proportionality to represent the magnitude of the contact force that the

neighbouring particles can exert on the particle, respectively.
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Chapter 5

Extensions to material removal rate model

5.1 INTRODUCTION

In the previous chapter, a new material removal rate model was proposed for the
new MFAF process. The proposed model is only valid when the FCC configuration of
the carbonyl iron matrix in the finishing media is not compromised. To not compromise
the carbonyl iron matrix, two criteria must be fulfilled. The first is the abrasive size
criterion, whereby the abrasive size must not exceed a critical value as given by Equation
4.11. The second is the abrasive volume criterion, whereby the abrasive volume must not
exceed a critical value in relation to the volume of carbonyl iron particles, as given by
Equation 4.12.

These criteria are reasonable, and are typical conditions for the finishing media.
However, it is not inconceivable for either or both of the criteria to not be fulfilled. For
example, the finishing media may be composed of abrasives larger than the critical value
given by the first criterion, or is prepared with an abrasive concentration exceeding the
maximum allowable volume given by the second criterion. Under these conditions, the
model proposed in the previous chapter will be invalid.

In this chapter, the model developed in the previous chapter will be considered as
the base model, and this base model will be extended to take into consideration
conditions where either or both of the two criteria are not fulfilled. The first extension to
the base model considers conditions where the abrasive size criterion is not fulfilled. The
second extension considers conditions when the abrasive volume criterion is not fulfilled.

For each extension, the changes to the terms in the base model, if any, are presented.
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52 MODEL EXTENSION FOR ABRASIVE SIZE CRITERION

According to the abrasive size criterion, an abrasive particle is too large if it
exceeds V2 —1 times the diameter of a carbonyl iron particle. For illustration, in a
typical condition where the carbonyl iron particle size is 8 um in diameter, the criterion
specifies that the critical value for abrasive diameter is 3.3 um.

This critical value of the abrasive diameter is calculated based on the geometry of
the interstitial spaces in the carbonyl iron matrix. When abrasive diameter exceeds the
critical value, the carbonyl iron matrix is then necessarily compromised to create
additional room for the large abrasives.

In this section, an orderly and quantifiable change in the carbonyl iron matrix to
create additional room for the large abrasives is proposed. Based on this orderly change,

modified expressions for N, N,

al

o Fop and F,, are obtained.

5.2.1 Proposed approach

In the base model, all the carbonyl iron particles in the matrix are in contact with
each other. When the abrasive size exceeds the critical value, it is proposed that the
distance between carbonyl iron particles is increased in an orderly manner to
accommodate the larger abrasives. Figure 5.1 illustrates the change in the carbonyl iron
matrix when the abrasive size exceeds the critical value given by the abrasive size

criterion.
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Figure 5.1: Distance between carbonyl iron particles is increased in an orderly manner
when abrasive size exceeds critical value given by abrasive size criterion.

In Figure 5.1, OA is the distance between two carbonyl iron particles. When

abrasive size is below the critical value, OA is simply the diameter of carbonyl iron

particle. When abrasive size exceeds the critical value, OA can be calculated

geometrically by:

OA’ = OE* + EA?

2 2
OA2= DCI+Dabr + DCI+Dabr
2 2 2 2

OA = i(DCI +D,,)

NG
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As shown in Equation 5.3, the distance between two carbonyl iron particles is
now also a function of the abrasive size. The change in OA is then visualized for the unit

triangle on the CI plane, as shown in Figure 5.2.

Carbonyl iron particle

Unit triangle

Figure 5.2: Unit triangle when abrasive size exceeds the critical value. Abrasives are not
shown.

For the unit triangle, the edge length is OA, which is given by Equation 5.3. Therefore,

area of unit triangle AOAF is given by:

NE

A = ?(DCI +D,, )2 54
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Also, the area occupied by carbonyl iron particles is given by:

T
A :gDCIZ (5.5

Therefore, ratio of area in the unit triangle that is occupied by carbonyl iron particles, a,,

is given by:
Ao = A 5.6)
Aunit
2
1 D,
4, =—4—na|————| , where D 2«/5—1D . 5.7
CI \/§ (DCI + Dabr) abr ( ) CI ( )

Based on this modified expression for a,, the numbers of active carbonyl iron

particles and active abrasives are calculated in the next section.

5.2.2 Number of active particles

The methodology in deriving the expressions for number of active carbonyl iron
particles, N, and number of active abrasives, N,,,, is the same as that used for the base

model. Firstly, the expression of N can similarly be obtained by considering the

following:
contact area ) X (areal ratio of carbonyl iron particles
- . (58)
“ (projected area of 1 carbonyl iron particle) '
NCI = Acontacl XzaCI (5 9)
%JTD CI
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Substituting the expression for a¢, obtained in Equation 5.7, the expression for N, in the

first extension is given by:

4 1
Ny=—r&<A, .. -———=, where D, >(v2-1)D,. 5.10
CI \/g contact ( DCI n Dabr )2 where abr ( ) CI ( )

Secondly, for the number of active abrasives, N,,, the abrasive plane across the
full area of contact between the finishing media and the workpiece surface is considered.

The area already occupied by carbonyl iron particles is given by:

ACI,abrplane = NCI ’ ﬂ‘-az (51 1)

Therefore, the area available for abrasives on the abrasive plane, after applying the

1
maximum ratio of —=mn or 0.9069, is given by:
WE g y

1

A .
available, abr plane 2 \/5

(Aspnaes = Ney -7 (5.12)

contact

. . . . 1 -
Using the geometrical relationship a® = ZDabr(2DCI—Dabr) and substituting the

expression for N, given in Equation 5.10, the equation above becomes:

Aavailable abr plane = L T Acontact ) 1 - 1 T 2Dabr ) 2DCI ~ Dabr (5 13)
’ 2\/5 2\/5 DCI+Dabr DCI+Dabr
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With the available area for abrasives known, the maximum number of active abrasives,

N, max» €an be calculated in a similar method as done for the base model. Ny, ., 1s given
by:
R . Aavailable,abr plane : : ( 51 4)
’ (projected area of 1 abrasive particle)
Nabr, max = i ’ Acontact ) 1 - 1 T 2Dﬁbr ) 2DCI — Dabr ’ L2 (515)
\/g 2\/5 DCI + Dabr DCI Dabr

Unlike the base model, the proportionality in Equation 4.24 cannot be used for this
extension. When v, < v, . there are gaps between some CI particles, which results in
floating CI particles if an expanded FCC configuration is considered. This is unrealistic is

not justifiable. Therefore, the following expression is only valid when v, = v, For

abr,max *
the case where v, > V... m.» an alternate extension of the model is applicable (discussed in
Section 5.3 later). No satisfactory model can be proposed currently for the case of v, <

1%

abr,max *

Nabr = i ' Acontact ’ 1 - 1 T 2Dabr ’ 2DCI — Dabf ’ 1 2 (516)
\/5 2\/5 DCI+Dabr DCI+Dabr D

abr

Equations 5.10 and 5.16 are the proposed expressions for the number of active
carbonyl iron particles, N, and the number of active abrasives, N, to be used in the first
proposed extension to the base model when the abrasive size exceeds the critical value

given by the abrasive size criterion.
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5.2.3 Force per particle

For the base model, the expressions for the force per carbonyl iron particle, F,,
and force per abrasive particle, F,,,, were obtained by considering the product of two
terms, namely the particle properties term and the neighbouring particles term. In the
steps to derive the expressions, the bulk properties of the finishing media were used in a
ratio form. As such, the actual arrangement of the particles in the finishing media does
not directly affect the expressions.

Therefore, it is proposed that both the F, and F, for the first extension follow the

same expressions used in the base model. They are reproduced below for reference:

2 2

Ng - Dy + k . N " Dy
N D 2 N D 2 F, abr N D 2 N D 2
a Do Ny - Dy, a Do Ny - Dy,

Foy = BDCI3 '(kF,CI ) BDCI3 )

(4.30)

2 2
NCI.DCI +k . Nabr'Dabr
N D 2 N D 2 F, abr N D 2 N D 2
a Do+ Ny - Dy, a Do + Ny Dy,

F,, = Dabrz '(kF, c’ BDCI3 )

431)

Equations 5.17 and 5.18 are the proposed expressions for force per carbonyl iron
particle, F;, and force per abrasive particle, F,,, to be used in the first proposed
extension to the base model when the abrasive size exceeds the critical value given by the
abrasive size criterion. Although the expressions are unchanged from the base model,
note that both equations are functions of N, and N,,,, which have been modified in this
first proposed extension. Therefore, both the values of F, and F,,, in this extension are

affected indirectly.
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53 MODEL EXTENSION FOR ABRASIVE VOLUME CRITERION

According to the abrasive volume criterion, the abrasive volume must not exceed
a critical value whereby all the interstitial spaces are fully occupied by abrasives. The
critical value, as a ratio to the volume of carbonyl iron particles, is given by Equation
4.12 in the previous chapter. This critical value can be interpreted as the saturation point
for the abrasives in the finishing media. In a practical example, a finishing media
composed of 100 g of carbonyl iron particles can accommodate a maximum of 13.5 g of
AL O, abrasives.

When the abrasive volume exceeds this critical value, the FCC configuration of
the carbonyl iron matrix is compromised to create additional room for the abrasives. The
base model will then be rendered invalid. However, there is no physical limitation for
preparing finishing media with abrasive volume exceeding this critical value. Therefore,
a second extension to the base model is proposed in this section to consider conditions
where the abrasive volume exceeds the critical value.

Similar to the first extension, an orderly and quantifiable change in the carbonyl
iron matrix to create additional room for the abrasives is proposed. Based on this orderly

change, expressions for N, N, Fq, and F,,,, where necessary, are modified.

al

5.3.1 Proposed approach

Similar to the first extension to the base model, an orderly change in the carbonyl
iron matrix is considered when abrasive volume exceeds the critical value. Specifically,
the distance between carbonyl iron particles is increased to accommodate additional
abrasives in the finishing media. To calculate how much the distance between carbonyl
iron particles is increased, it is proposed that the abrasives in the finishing media are

consolidated and redistributed evenly in the interstitial spaces as larger abrasives with an
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equivalent diameter, D Figure 5.3 illustrates the general steps in the proposed

abr, eqv*

approach.

Increase
abrasive
concentration

Consider equivalent
abrasive size

Figure 5.3: When abrasive volume exceeds critical value, an orderly arrangement of
larger abrasives with equivalent abrasive size is considered.

The equivalent abrasive size, D is given by the relationship below:

abr, eqv?
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2 2
nDabr, eqv ﬂ:Dabr, max m

= b 5.17
4 4 m ( )

abr, max

Substituting Equation 4.10 for D, ... into Equation 5.17, the equivalent abrasive size

becomes:

I
2

Dy =(v2-1)Dg [m—"j (5.18)

m

abr, max

and m, are the mass of abrasives and maximum allowable mass of

abr, max

where m,

abr

abrasives, and D is the critical abrasive size as given by the first criterion. Two

abr» max
points need to be highlighted. Firstly, projected area of abrasives is chosen as the basis of
the ratio because the calculation of number of active abrasives is done on a two-

dimensional abrasive plane. Secondly, the mass ratio of m,, and m is chosen for

abr, max
convenience, and can be replaced by a volumetric ratio without affecting the result.
With the equivalent abrasive size, the second extension has effectively been

reduced to the case of large abrasives, which is similar to the first extension. The ensuing

calculations will therefore be modified from the work done for the first extension.

5.3.2 Number of active particles

As equivalent abrasive diameter is typically larger than the critical value given by
the abrasive size criterion, the same steps used for the first extension are applicable here.

The expression of number of active carbonyl iron particles, N, is therefore given by:
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4 . 1
\/g contact (DCI +D

(5.19)

abr, eqv )

where Equation 5.10 is adopted with the abrasive size term, D,,, replaced by the

equivalent abrasive diameter, D

abr,eqv*
To calculate the number of active abrasives, the area available for abrasives on the

abrasive plane is considered. It is given by:

1

Aavailable,abr plane = 2\/5 T (Acomact

~Ng-na’) (5.20)

1
Equation 5.19 and the geometrical relationship a’ = ZDabr(ZDCI - Dabr) are substituted

into Equation 5.20. Note that the geometrical relationship is based on the original

abrasive size and not the equivalent abrasive size. A,

available, abr plane

is then given by:

Aavailable abr plane = L‘n ) 1 - 1 T 2Dabr : 2DCI _ Dabr (5 21)
’ 23 233" Dy +D D +D

abr, eqv abr, eqv

Then, with similar steps as seen in the first extension, the number of active abrasives,

N,

al

o> 1S glven by:

1 2Dabr
1- I
23" Dy +D

abr, eqv

N, = (5.22)

2
ﬁ ) Acontact ’

_2DCI_Dabr L
Dy, +D D

abr, eqv abr

Note that term v,,/v,y ma» Which is required when v, < v is not necessary

abr,max

because for this extension, v, > v is always true. Equations 5.19 and 5.22 are the

abr,max
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proposed expressions for the number of active carbonyl iron particles, N, and the
number of active abrasives, N, ., to be used in the proposed extension to the base model
when the abrasive volume exceeds the critical value given by the abrasive volume

criterion.

5.3.3 Force per particle

Expressions for force per carbonyl iron particle, F,, and force per abrasive, F,,,,
are similarly unchanged. The expressions derived for the base model remains valid.

However, their values are indirectly affected by modifications made to N and N,,,.

54 SUMMARY

In this chapter, two extensions have been proposed for the base model derived in
the previous chapter. The first extension is applicable when the abrasive size exceeds the
critical value given by the abrasive size criterion. The second extension is applicable
when the abrasive volume exceeds the critical value given by the abrasive volume
criterion. With the two extensions, the material removal rate model covers a more diverse
range of conditions for the new MFAF process.

In the event where both the criteria are not fulfilled, an equivalent abrasive size,
which was used in the second extension, may be similarly considered to reduce the
condition to the case abrasive volume exceeding the critical value.

All the key equations for the base model and the two extensions are given below.
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5.4.1 Material removal rate expression

The general material removal rate expression, which is applicable to the base

model and both the extensions, is given by:

F, 3F,
MRR:kCI-NCI(:;g)-v + kabr-Nabr-(S—;rj-v 4.9)

N J N J
Y Y

MRR component for MRR component
carbonyl iron particles for abrasives

5.4.2 Number of active particles

For the base model:

2 1
NCI = ﬁAcontacl ’ DCIZ (418)
Nop = A | 1=y Do 2P D | L Vo (425)
\/§ 2\/g DCI DCI Dabr vabr, max

For first extension, where abrasive size exceeds the critical value given by the abrasive

size criterion:
N.=—f4A - (5.10)

2 A . 1 - 2D, ,2DCI_Dabr ) 1 (5.14)
J3 e 23 D.+D, D.+D, ) D?
CI abr CI abr

abr

Nabr =
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For second extension, where abrasive volume exceeds critical value given by the abrasive

volume criterion:

4 1
N = —Acon act (519)
“ \/§ - (DCI + Dabr, eqv)
Nabr = i ) Acontact ’ 1 - 1 T 2Dabr ) 2DCI — Dabr ) LQ (5 22)
\/g 2\/§ DCI + Dabr, eqv DCI + Dabr, eqv Dabr

The equivalent abrasive diameter, D, ., 1S given by:

[

Dabr,eqv=(ﬁ—1)Da-( e J (5.18)

5.4.3 Force per particle

For the base model and both extensions:

N, -D.’ N,.-D,’
Fo, = BDCI3 '(kF,CI ) BDCI3 ) (2:I - 7 T kF, abr N--D '23 Nb D2 J
NCI ’ DCI + Nabr 'Dabr a Do Ny - Dy,

(4.30)

N Def’ N, D’
Fipo =Dy | kpi BDgy - Y =+ K ENNYE 2
N.-D.2+N,_ D N.DZ’+N.D
CI CI abr abr CI CI abr abr

431)
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Chapter 6

Experimental verification of material removal rate model

6.1 INTRODUCTION

In the previous chapters, a base removal rate model and two extensions were
proposed for the new MFAF process. The proposed model and extensions established a
relationship between the removal rate and process parameters such as the abrasive size,
abrasive concentration, carbonyl iron particle size, and magnetic flux density at the
polishing zone. However, the model and extensions are theoretical, and are based on
several assumptions of ideal conditions. Therefore, there is a need to verify the model and
extensions against experimental data.

In this chapter, experiments are designed to verify both the base model and the
two extensions. Specifically, experiments are conducted by varying the abrasive size,
abrasive concentration, carbonyl iron particle size and magnetic field strength to quantify
their effects on the removal rate. Firstly, a partial set of the data points obtained is used to
calculate the four constants in the model. Using the calculated constants, theoretical
curves are generated from the base model and extensions. The remaining data points are
then compared against the theoretical curves to validate the base model and extensions.

In addition, the base model and extensions are studied and analysed to understand
the theoretical relationships between removal rate and the process parameters. Based on
these theoretical relationships, a description for the material removal mechanism of the

new MFAF process is constructed.

157



6.2 SETUP OF EXPERIMENT

6.2.1 Workpiece

The workpiece for the experiments were stainless steel (SUS316) blocks. SUS316
is austenitic and therefore non-magnetic. Workpieces of size 25 mm x 25 mm x 10 mm
were cut to size from a stock square bar using the wire EDM process. Both the 25 mm x
25 mm faces were used for polishing during the experiments, while the 25 mm x 10 mm
faces were used for clamping.

The surface produced by wire EDM was covered in an oxide layer. This oxide
layer was removed by sandpapering, which was done manually on a sample grinder and
polisher (Struers, TegraPol-25) with sandpapers of mesh size 320 rotating at 100
revolutions per minute. The resulting surface was planar with a surface texture of 0.2 Ra
pm. Figure 6.1 is the photograph of a workpiece after wire EDM, and another workpiece

after sandpapering.

Figure 6.1: SUS316 workpieces after wire EDM (left) and after sandpapering to remove
oxide layer (right).
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6.2.2 Finishing media

The finishing media used consists of three components: magnetic carbonyl iron
particles, non-magnetic abrasives, and carrier fluid. For carbonyl iron particles,
commercially available products with different grades from BASF were used. They were
CM grade (7.0 um — 9.5 um mean diameter), CS grade (6.0 um — 7.0 um mean diameter),
and CC grade (3.8 um — 5.3 pum mean diameter). For abrasives, commercially available
alumina abrasives from Kemet and Universal Photonics were used, with mean diameter
ranging from 0.6 um to 15 pm. For carrier fluid, distilled water was used. No stabilizer or
surfactant was added due to the short experiment runs (less than 10 minutes for each dose
of finishing media).

To mix the finishing media, the required mass of each component was calculated
and weighed. The components were then mixed and stirred manually until the finishing
media was visually homogeneous. Since no stabilizer or surfactant was used, the
finishing media was not stored for a long duration and was only prepared immediately
before use. In addition, the finishing media was changed after every experimental run to
eliminate variations arising from media conditions.

After the finishing media was supplied to the polishing tool, 5 ml of distilled
water was manually supplied from a wash bottle every five minutes. This was to

replenish the water scattered due to centrifugal forces while polishing.

6.2.3 Machine setup

The machine setup consists of the polishing unit prototype mounted on a desktop
CNC milling machine (CNC Masters, CNC Baron). The position and feed rate of the
polishing unit in the x-, y- and z-axis, and the spindle revolution speed are all numerically

controlled. The prototype was designed in-house and custom-built. The setup was the
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same as shown in an earlier chapter in Figure 3.15. A schematic diagram of the setup is

shown in Figure 6.2.

Gear
I |
| |
) | |
Primary i i Secondary
shaft | | shaft
| |
Magnet
Finishing
media

Jig for workpiece

Figure 6.2: Schematic diagram of the polishing unit with a double-tool configuration.

The polishing unit consists of two parallel shafts made of aluminum alloy (6000
series), with a ring-shaped neodymium permanent magnet (grade N35, 30 mm outer
diameter, 18 mm inner diameter, 12 mm thick, polarized along axis of symmetry)
attached to the end of each shaft. The two magnets were arranged in opposite polarity,
such that there is an attractive magnetic force between them. The axes of the two shafts

were positioned 31 mm apart, meaning an air gap of 1 mm existed between the two
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magnets. The spindle motor of the CNC machine drove one of the shafts, while the other

was driven by a gear mechanism. As a result, the two shafts rotate in opposite directions.
The workpiece was clamped by a jig made of aluminum alloy (6000 series). Note

that both the polishing unit and jig were made of aluminum alloy, and therefore they do

not interfere with the magnetic field of the neodymium magnets.

6.2.4 Material removal rate measurement

To measure the removal rate, the workpiece surface was polished only at a
selected area, instead of the whole surface. The height difference between the polished
area and unpolished area is the material removal depth. Further, it was considered that the
removal rate is linearly related to polishing time. Therefore, the removal rate can be
calculated from the removal depth by dividing it with the polishing time. In this chapter,
removal rate and removal depth are used interchangeably. The methodology and

complete technical details of removal rate measurement are available in Appendix B.

6.2.5 Experimental conditions

Two sets of experiments were designed. The first set of experiments was designed
to examine the effect of an increasing abrasive size on the removal rate. Abrasives used
in the finishing media were varied between 0.6 um and 15 pum. Also, experiments were
conducted for two different amount of supply of abrasives, at 1.0 g and 2.7 g. The
supplied amount of 2.7 g corresponds to the critical abrasive-to-carbonyl-iron volumetric
ratio according to the abrasive volume criterion given earlier in Equation 4.12, while the
supplied amount of 1.0 g was arbitrarily chosen for further comparisons. Table 6.1 shows

the experimental conditions for this first set of experiments.
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Table 6.1:  Experimental conditions for first set of experiments, where abrasive size
varies between 0.6 um and 15 pm.

Machine

CNC Baron Milling Machine

Workpiece

Stainless steel
Dimension: 25 mm x 25 mm x 10 mm
See Section 6.2.1 for details

Polishing unit
Magnet-to-magnet gap, wy,,
Magnet-to-workpiece gap, z

Spindle revolutions

1 mm
1 mm

300 /min

Finishing media

Carbonyl iron particles

Abrasives

Carrier fluid

BASF, CM grade
Supplied mass: 20 g
Mean particle size: 7.0 um — 9.5 um

Alumina (Universal Photonics)
Supplied mass: 1.0 g,2.7 g
Mean particle size: 0.6 uym

Alumina (Kemet)
Supplied mass: 1.0 g,2.7 g
Mean particle size: 3 ym — 15 ym

Distilled water
Supplied mass: 8 g
Replenish 5 g every 5 minutes

Polishing method

Dwell #1
Duration: 15 s
For polishing force measurement

Dwell #2
Duration: 5 minutes
For material removal depth measurement
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The second set of experiments was designed to examine the effect of a varying
abrasive concentration on the removal rate. Abrasive concentration was varied by
preparing finishing media with different abrasive-to-carbonyl-iron volumetric ratio, v,,, /
ver- This was achieved by varying the abrasive mass between 0 g to 8 g. In effect, the
ratio of v, / vo; was between 0 and 0.768. Note that the abrasive saturation as given by
the abrasive volume criterion in Equation 4.12 occurs when v, / v, is 0.259. In addition,
two different sizes of alumina abrasives (0.6 um and 15 pm) were used for the
experiments for further comparisons. Table 6.2 shows the experimental conditions for

this second set of experiments.

Table 6.2:  Experimental conditions for second set of experiments.

Machine CNC Baron Milling Machine

Workpiece Stainless steel
Dimension: 25 mm x 25 mm x 10 mm
See Section 6.2.1 for details

Polishing unit

Magnet-to-magnet gap, wy,, I mm
Magnet-to-workpiece gap, z I mm
Spindle revolutions 300 /min

Finishing media

Carbonyl iron particles BASF, CM grade
Supplied mass: 20 g
Mean particle size: 7.0 uym — 9.5 um

163



Abrasive particles

Carrier fluid

Alumina (Universal Photonics)
Supplied mass: 2.7 g
Mean particle size: 0.6 uym

Alumina (Kemet)
Supplied mass: 2.7 g
Mean particle size: 15 pm

Distilled water
Supplied mass: 8 g
Replenish 5 g every 5 minutes

Polishing method

Dwell #1
Duration: 15 s
For polishing force measurement

Dwell #2
Duration: 5 minutes
For material removal depth measurement
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6.3 EXPERIMENTAL RESULTS AND DISCUSSIONS

6.3.1 Abrasive size — Experimental results
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Figure 6.3: Experimental results of material removal depth against abrasive size.

Figure 6.3 shows the data points obtained from the first set of experiment where
the abrasive size varies. No error bar is shown as the error range is very small. Firstly, it
is found that the material removal depth decreases when the abrasive size is increased
from 0.6 um to 15 um. This is true for both ratios of v,,, / v (0.096 and 0.259), although
higher removal rate is observed for when v, / v 1s 0.259. This is expected, as a higher
abrasive concentration translates to an increased number of active abrasives for material

removal from the workpiece surface.
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Note that caution was exercised by repeating this set of experiments several times
to confirm the observed trend between the material removal depth and the abrasive size.
There are two reasons why caution was warranted. Firstly, reported studies in the
literature have not shown a universally agreed upon trend between removal rate and
abrasive size. In fact, conflicting trends are sometimes reported even for the same
process. An example is seen for the chemical-mechanical polishing (CMP) process,
where Jeng and Huang [1] reported that the removal rate decreases with an increasing
abrasive size, while Lee et al. [2] reported the opposite, where removal rate increases
with an increasing abrasive size.

Secondly, caution was necessary because the new MFAF process is novel, and
therefore cannot be compared ceteris paribus with other reported studies in the literature.
Shinmura et al. [3] for example have reported for the magnetic abrasive finishing (MAF)
process that an increasing particle size contributes to an increasing removal rate, which
contradicts the experimental results reported above. However, the MAF process is
substantially different to the new MFAF process even though both are magnetic field-
assisted processes.

Thus, the repeatability of the results gives confidence to the observed trend

between removal rate and abrasive size reported above.

6.3.2 Abrasive size — Theoretical model

In this section, theoretical curves were calculated and generated for the two sets of
data points using the proposed model and extensions. To that end, suitable values for the
four constants in the proposed model must be chosen. The four constants are the MRR

factors k¢, and k,,, and the force factors k, ¢ and k; .. The values of these constants were
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selected iteratively by trial and error, based on the proposed guideline that k. <k,

(since abrasives remove material at a substantially higher rate than carbonyl iron
particles) and k, .. <k, o (since neighbouring carbonyl iron particles provide much
greater supporting contact force than neighbouring abrasives). The value of k, o, was
arbitrarily chosen as 1. In addition, the values of k., and k; , were scaled accordingly so
that the absolute values of the removal rate given by the proposed model was comparable
to the removal rate obtained experimentally. Table 6.3 shows the values that were

selected for the constants.

Table 6.3: Values of constants for theoretical model.

Values Unit
MRR factors
key 1.5 x 10* Dimensionless
k.. 1.5 % 10° Dimensionless
Force factors
ke o 1 N T?m®
ke 1% 10° NT'm?

The values of these constants were universal for all experimental conditions
reported in this chapter. However, these values may not be applicable in a different set-up
if there are changes in the polishing unit dimensional parameters (such as the magnet-to-

magnet gap, w,,,, or the magnet-to-workpiece gap, z) or the material type of abrasives. In

gap?
addition, some of these constants were related to each other in a multiplicative nature.

Specifically, there are four multiplicative pairs in the proposed model: (1) k¢, — kg ¢, (2)
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ke — ki apes (3) Kupe — ki1, and (4) k. — ki o, For each of these pairs, multiplying one
member by k and dividing the other member by k resulted in no change on the removal
rate given by the model. Hence, the relative values between the constants are of greater
importance than their absolute values. Figure 6.4 illustrates the four multiplicative pairs

between the constants for greater clarity.

MRR factors Force
factors

kCI X

7y F, CI
Approximately 2 Approximately 8
orders of magnitude orders of magnitude
greater greater
\ 4
F, abr
kabr

Figure 6.4: Multiplicative relationships (black lines) and relative relationships (red
arrows) between the four constants in the proposed model and extensions.
Using the values of constants given in Table 6.3, theoretical curves were
generated to fit the two sets of experimental data reported earlier. Figure 6.5 is a
reproduction of the experimental data from Figure 6.3, with the theoretical curves now

included.
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Base model Extension
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Figure 6.5: Experimental results and theoretical curves of material removal depth
against abrasive size.
Both the theoretical curves appear as continuous curves in Figure 6.5, but each are
in fact composed of the base model and the extension for abrasive size criterion given in

Equation 4.11, which is reproduced below for reference.

D,, <(vV2-1)D, 4.11)

Substituting D, = 8.25 um, the critical value of abrasive size, D was

abr, crit?
calculated to be 3.4 um. This was the critical value for the abrasive size according to the
proposed model and is demarcated in Figure 6.5 by the blue vertical line. In the zone to

the left of the blue vertical line (when abrasive size is between 0.5 um and 3.4 um), the
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proposed base model is valid and is applied. In the zone to right of the blue vertical line
(when abrasive size is between 3.4 um and 15 um), the abrasive size criterion is not
obeyed. Hence, the extension for abrasive size criterion proposed in Section 5.2 was used
instead. By design, both the base model and extension are equal to each other at the
transition point of 3.4 pm.

Both the theoretical curves were a good fit to the experimental data. Therefore,
for the range of parameters tested, the proposed base model and the extension for
abrasive size criterion were validated for the new MFAF process. Applying the base
model and extension for conditions not within the tested range of parameters may result
in deviation with experimental data, as material removal mechanism may be substantially

different for extreme cases, such as when the abrasive size is very small or very large.

6.3.3 Abrasive size — further discussion

In this section, the proposed model was further studied to establish a deeper
understanding of the resulting theoretical trend between removal rate and the abrasive
size. Specifically, the effects of an increasing abrasive size on the number of active
carbonyl iron particles, number of active abrasives, force per carbonyl iron particle, force
per abrasive particle, and ultimately the removal rate were analysed theoretically.

Firstly, the number of active carbonyl iron particles, N, and the number of active
abrasives, N,,,, were considered. In the following discussion, it is further considered that
the abrasive concentration was at saturation level, which corresponded to a value of 0.259
for v, / vo;- When the abrasive size does not exceed the critical value, N, is unchanged
by an increasing abrasive size, since the carbonyl iron matrix is assumed to be in the ideal

FCC configuration and is unperturbed. The value of N, is therefore constant, which can
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be seen in the zone to the left of the blue vertical line in Figure 6.6(a), where the base

model is applied.
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Figure 6.6: (a) Number of active carbonyl iron particles (black) and (b) number of
active abrasives (red) against abrasive size, according to theoretical model.

On the other hand, N, decreases with an increasing abrasive size because the

fixed interstitial spaces within the carbonyl iron matrix can only accommodate a smaller

171



number of the larger abrasives. In Figure 6.6(b), this can be seen in the zone to the left of
the blue vertical line.

As the abrasive size increases beyond D,

abr, crit?

the carbonyl iron matrix is
compromised to create additional space for the larger abrasives. In the proposed
extension, additional space is created by considering an orderly increase in the distance
between carbonyl iron particles in the matrix. As a result, the density of carbonyl iron
particles per unit volume decreases, which means that N, also decreases. This is seen in
the zone to the right of the blue vertical line in Figure 6.6(a), where the proposed
extension for abrasive size criterion is applied. Despite the additional space created by the
reduced density of carbonyl iron particles, N, continues to drop as the additional spaces
required for larger abrasives dominates the additional space created. This is seen in the
zone to the right of the blue vertical line in Figure 6.6(b).

Next, the force per carbonyl iron particle, F,, and force per abrasive particle, F,,,,
was considered. Force per particle is dependent on the property of the particle itself, as
well as the composition and properties of the neighbouring particles. Note that the values
of force given in the following discussion are relative values instead of the true force per
particle, as they were calculated based on arbitrarily valued constants. Hence, the
absolute values carry no physical meaning, although the trends given by the model are
still valid.

As abrasive size increases to D,

abr, crit>

F¢, increases slightly because the presence
of larger abrasives as neighbours provides greater contact forces. F, also increases, with
the main factor being the increase in the size of the abrasive particle itself, since force per
abrasive particle is also related to its own projected area. These can be seen in the zone to
the left of the blue vertical line in Figures 6.7(a) and (b) respectively, where the base

model is applied.
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Base model Extension
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Figure 6.7: (a) Force per carbonyl iron particle (black) and (b) force per abrasive
particle (red) against abrasive size, according to theoretical model.

When abrasive size increases beyond D, ., the value of F declines, as seen in
the zone to the right of the blue vertical line in Figure 6.7(a), where the extension for
abrasive size criterion is applied. This is reasonable because earlier analysis established
that the N, increases while the N decreases. As a result, carbonyl iron particles

constitute a lower proportion of the neighbouring particles, resulting in reduced
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supporting contact forces. Ultimately, this translates into a decrease in F,. The same
change in the composition of neighbouring particles also happens for abrasives, although
the reduced supporting contact forces are mitigated by an increasing abrasive size. From
the theoretical curve in Figure 6.7(b), it can be seen that the increase in abrasive size is
the dominant factor, resulting in an overall increase of F, . The effect of decreasing
supporting contact forces is manifested in the declining gradient of the theoretical curve.
In summary, an increasing abrasive size caused an increase in F,,, which was
favourable for increasing the removal rate, but also caused a significant decrease in N,,,,
which was unfavourable for increasing removal rate. Between these two competing

factors, the drop in N,

al

» dominated the increase in F, ultimately resulting in a decreasing
removal rate when the abrasive size was increased. This has been shown earlier in Figure
6.5. For the carbonyl iron particles, both the F and N, decreased with an increasing
abrasive size and the removal rate attributed to carbonyl iron particles was therefore
comprehensively lower. However, the removal rate attributed to carbonyl iron particles
was dwarfed by the removal rate attributed to abrasives. Therefore, the reduction in the
removal rate component for carbonyl iron particles did not significantly change the

overall removal rate.
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6.3.4 Abrasive concentration — Experimental results
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Figure 6.8: Experimental results of material removal depth against abrasive-to-
carbonyl-iron volumetric ratio.

Figure 6.8 shows the data points from the second set of experiments, where the
abrasive concentration in the finishing media was varied. The abrasive concentration was

quantified by the abrasive-to-carbonyl-iron volumetric ratio, v,, / vq. Initially, the

abr
removal depth increased with an increasing v, / v. This initial trend was almost linear.
When the ratio of v, / v, approached 0.3, an increase in the abrasive concentration no
longer increased the material removal depth. On the contrary, the trend reversed and the
removal depth decreased with any further increase of abrasive concentration, up to a

value of 0.8 for v, / v, which was the upper limit of the abrasive concentration in the

experiments. This is true for both the abrasive sizes tested in the experiments.
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The linear relationship between removal depth and abrasive concentration at low
abrasive concentration was consistent with observations reported in other studies, such as
Jeng and Huang [1], Jin and Zhang [4] (using experimental results from Forsberg) and
Lee et al. [2]. The drop in removal depth past a certain value was less commonly reported
in the literature, although Sidpara and Jain [5] had reported a similar trend for their
MFAF process. In addition, many of the aforementioned studies reported that the removal
rate increased with a downward concavity. Therefore, it is conceivable that the removal
depth may decrease with an increasing abrasive concentration when the abrasive

concentration is sufficiently high.

6.3.5 Abrasive concentration — Theoretical model

Theoretical curves were generated for the two sets of data points using the
proposed model and extension. The four constants in the proposed model inherit the
values previously calculated in Section 6.3.2 as there was no dimensional change in the
polishing unit and experimental setup. The universality of the four constants across two
sets of experiments was in fact a required condition for the proposed model to be valid.
Figure 6.9 shows the experimental data from Figure 6.8 with the theoretical curves also

included.
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Base model Extension
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Figure 6.9: Experimental results and theoretical curves of material removal depth
against abrasive-to-carbonyl-iron volumetric ratio.

The theoretical curves generated by the base model fit the data points reasonably
for both the abrasive sizes of 0.6 um and 15 um. For the theoretical curves generated by
the proposed extension for abrasive volume criterion as given by Equation 4.12, the
deviation was more substantial. For both theoretical curves, there was a discontinuity

when v,

al

o / Vor 18 0.259. This value corresponds to the transition between the base model
and the proposed extension, and is demarcated by a blue vertical line in Figure 6.9. The
reversal in the trend of removal depth occured near the theoretical turning points for both

sets of experimental data.
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Note that the actual turning point for the removal rate may not coincide exactly
with the theoretical value of 0.259 for v, / v, as the proposed model was based on

several assumptions of ideal conditions for the configuration of particles.

6.3.6 Abrasive concentration — further discussion

In this section, the proposed model was further analysed to establish a deeper
understanding of the resulting theoretical trend between removal rate and the abrasive
concentration. Specifically, the effects of an increasing abrasive concentration on the
number of active carbonyl iron particles, number of active abrasives, force per carbonyl
iron particle, force per abrasive particle, and ultimately the removal rate were analysed.

Firstly, the number of active carbonyl iron particles, N, and the number of active
abrasives, N, ., were considered. For the base model, N, is a constant because the
carbonyl iron matrix is unchanged even when the abrasive concentration was increased.
This is shown in the zone to the left of the blue vertical line in Figure 6.10(a) where the
base model is applied. N, on the other hand increases as it should with an increasing
abrasive concentration. The increase of N, is almost linear because abrasives are
assumed to be uniformly dispersed in the carbonyl iron matrix. This can be seen in the
zone to the left of the blue vertical line in Figure 6.10(b).

In the zone to the right of the blue vertical line in Figure 6.10(a), N, decreases
with an increasing abrasive concentration, as the distance between carbonyl iron particles
is increased to create additional space for additional abrasives. Therefore, the density of
carbonyl iron particles per unit volume is reduced and consequently less carbonyl iron
particles are in contact with the workpiece surface. Likewise, more abrasives are now in

contact with the workpiece surface, resulting in an increase of N, albeit at a much
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slower rate compared to the base model. This is shown in the zone to the right of the

vertical blue line in Figure 6.10(b).
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Figure 6.10: (a) Number of active carbonyl iron particles (black) and (b) number of
active abrasives (red) against abrasive-to-carbonyl-iron volumetric ratio,
according to theoretical model.
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Figure 6.11:  Force per carbonyl iron particle (solid line) and force per abrasive particle
(dashed line), according to theoretical model.
Lastly, the force per carbonyl iron particle, F, and the force per abrasive particle,
F,.. was considered. As shown in Figures 6.11(a) and (b), the base model suggests that
both F and F,, drop when abrasive concentration is increased. This is due to an
increased proportion of neighbouring particles that are abrasives, which consequently

decreases the supporting contact forces. Beyond the saturation point, two conflicting
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events occur. On one hand, the decrease in N, further increases the proportion of
neighbouring particles that are abrasives. On the other hand, the increase in N, greatly
decelerates, which slows the change in the composition of the neighbouring particles.
Combining both events, both F, and F,,, ultimately decrease with an increasing abrasive
concentration, albeit at a slower rate compared to the base model. These can be seen in
the zone to the right of the blue vertical line in Figures 6.11(a) and (b). Finally, the
absolute values of F, and F,,, carry no physical meaning as they are calculated based on
constants with arbitrarily chosen values.

Ultimately, the trend in the removal rate was a combination of the trends for N,
N, Fo and F,.. The following discussion focused on N, and F, , since the material
removal component attributed to abrasives dominated the component attributed to
carbonyl iron particles. Prior to the saturation of abrasive concentration, the increase of

N,

al

» trumps the effect of a decreasing F ., resulting in an overall almost-linear increase in
the removal rate. While N, continues to increase beyond the saturation point, the drop in

F,

a

» 18 more drastic, ultimately resulting in a decreasing removal rate when the abrasive
concentration was increased. This results in the trend seen in the experimental data,
where a turning point is seen.

Lastly, it is to be reiterated that the discontinuity in the theoretical curve when v,,
/ v¢r 1s 0.259 was only a theoretical turning point. Considering the assumptions of ideal
conditions with the particle configuration for the base model and both extensions, the
actual turning point was stochastic in nature. Therefore, the intention of the proposed
model was to suggest that the turning point occured near the theoretical value, instead of

exactly at the theoretical value.
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6.5 Comments on robustness of model

The nature of the model is such that the underlying concepts (such as particle
packing, indentation of particles, force per particle) are generally applicable for different
magnetic field-assisted processes that use polishing media of similar composition.
However, the final model includes four constants that are dependent on the setup. While
the agreement between theoretical and experimental data has been demonstrated on the
setup reported in the present work, no conclusion can be drawn for a different setup or a
similar but different process.

A recalculation of the constants is definitely required when there is a change in
the tooling geometry, workpiece material, types of CI and abrasive particles, and type of
carrier fluid. As for the robustness of the trends suggested by the model, no conclusion
may be drawn until actual trials are conducted. Assessing the robustness of the model
across different setups is an area that the candidate is keenly interested in, but not
explored in the present work due to the exorbitant amount of resources required to
undertake such a task.

Ultimately, magnetic field-assisted finishing process is a very complex system to
be modeled successfully due to the many mechanical, fluidic, and chemical interactions

of different components.

6.6  Comments on effect of workpiece material

Workpiece materials can affect the proposed model in two ways. Firstly, the
model requires that the abrasive particles deform the workpiece material plastically. It
has been established in literature [6] that plastic deformation for indentation of abrasive

particles on most metallic workpiece. Only very ductile materials such as polyurethane
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deform elastically. Therefore, very ductile workpiece will render the proposed model
invalid.

Secondly, the workpiece material may affect the proposed model if it reacts
chemically with the carrier fluid or the workpiece surface. There is a possibility that such
chemical reaction introduces adhesion between particles and workpiece surface and
thereby altering the mechanism of material removal. These interactions can be complex

to describe or model and is beyond the scope of the current project.

6.7  Summary

In this chapter, experiments were conducted to verify the proposed base model
and two extensions, which gave theoretical trends between removal rate and properties
related to finishing media such as the abrasive size and abrasive concentration.

For variation in abrasive size, the experimental results showed that the removal
rate was reduced when the abrasive size was increased, in line with the theoretical trend
given by the proposed base model and the extension for abrasive size criterion. For
variation in abrasive concentration, the experimental results showed that the removal rate
initially increased when the abrasive concentration was increased, but eventually reached
a maximum value before beginning to decrease with further increment in the abrasive
concentration. This trend was also in line with the theoretical trend given by the proposed
base model and the extension for abrasive volume criterion. In addition, the experimental
turning points for the removal rate were close to the theoretical value of abrasive
saturation as given by the model.

Finally, all the theoretical curves were generated using a universal set of values

for the four constants in the proposed model. With that, the base model and both the
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extensions have been successfully validated for abrasive size between 0.6 um and 15 pm,

and for abrasive-to-carbonyl-iron volumetric ratio between 0 and 0.8.
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Chapter 7

Summary

7.1 DEVELOPMENT OF NEW MFAF PROCESS

In this thesis, the developmental work of a new MFAF process has been
presented. Firstly, the principles of the process have been described and theoretically
understood. Secondly, the relationship between tool parameters and the process outcome
has been established theoretically using magnetostatic analysis. Lastly, the capabilities of
the process for surface texture reduction, achieving high removal rate and for surface

finishing of structured surfaces have been demonstrated.

7.1.1 Principles and advantages of new MFAF process

The novelty of the process is mainly attributed to two key features that contribute
to an increased material removal rate. The first key feature is the augmented magnetic
flux density in the polishing zone, which is a result of the double-magnet configuration of
the polishing tool. The double-magnet configuration is itself also a novel concept and has
been patented by the author. Magnetostatic analysis has established and confirmed the
benefits of the double-magnet configuration, with the magnetic flux density
approximately doubled compared to that calculated for a single-magnet configuration.
Measurements obtained using a magnetometer on physical setups showed the same
improvement in magnetic flux density.

The second key feature is the in sifu reformation of the finishing media during the

process, which has the effect of maintaining the shape of the finishing media while it is in
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contact with the workpiece. The benefits are two-pronged. Firstly, the change in tool
geometry due to tool wear, which is a key weakness for traditional polishing tools, was
eliminated. This is favourable for the process stability and also future applications in
process automation. Secondly, maintaining the shape of the finishing media allowed for
the exertion of a sustainable pressure on the workpiece surface. This is favourable for
achieving a high removal rate.

The mechanism responsible for the in situ reformation of the finishing media has
been analysed theoretically and described in this thesis. It was suggested that the in situ
reformation is attributed to two mechanisms. The first is the dynamic magnetic field
experienced by the finishing media, which exerts magnetic tension force on the carbonyl
iron particles and result in rearrangements of the magnetic particles. The second
mechanism is simply the physical interference of the finishing media on the two magnets,
thus creating contact forces that also result in rearrangements of the magnetic particles.

The principles have been established by measuring the normal force and shear
force during polishing. The polishing forces for the double-magnetic configuration were
significantly higher than that for the single-magnet configuration. In addition, the in situ
reformation of the finishing media has been confirmed by visual inspection of the contact

between the finishing media and workpiece.

7.1.2 Magnetostatic analysis of tool parameters

Having established the principles and advantages of the double-magnet
configuration, additional magnetostatic analyses have been conducted to understand the
relationship between selected tool parameters and the magnetic flux density in the

polishing zone. Specifically, the effect of magnet-to-magnet gap, w,,, magnet-to-

gap?
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workpiece gap, z, and the thickness of magnet, ¢,

magnet?

on the magnetic flux density were
analysed. There were several findings.
Firstly, reducing w,,, was found to increase the magnetic flux density, which is

favourable for high removal rate. However, a low w,,, also translates into a smaller

p
polishing area. It was therefore suggested that an optimal w,,, exists for maximum

volumetric removal rate. A value of 1 mm was arbitrarily selected for w,,, as

gap?
optimization is not in the scope of the thesis.

Secondly, reducing z was found to also increase the magnetic flux density.
However, the distribution of magnetic flux density becomes less uniform when z is
reduced. Values of z between 0.5 mm and 1.5 mm were found to be of good balance
between high magnetic flux density and distribution uniformity.

Lastly, magnetic flux density was found to increase with ¢ albeit at a

magnet

diminishing rate. Considering the availability of stock magnet, a value of 12 mm was

chosen for ¢

magnet

because it is able to achieve more than 80 % of the asymptotic magnetic
flux density. The suggested values of wy,,, z and 7., were used in the design and
fabrication of prototype of the polishing unit.

In addition to the three tool parameters above, the merit of including magnetic
caps to reduce flux leakage has also been assessed. It was found that the magnetic flux
density in the configuration with magnetic cap is 5 % higher, and that increasing the
thickness of the magnetic caps resulted in diminishingly higher magnetic flux density.
Since the advantage is marginal and predictable, magnetic caps were not included in the

first prototype.
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7.1.3 Capabilities of new MFAF process

Using the prototype of the polishing unit, the capabilities of the new MFAF
process were demonstrated. Firstly, the capability of the new MFAF process in achieving
mirror finish on workpiece surface was established. A 25 mm® area on a stainless steel
(SUS316) workpiece was polished from an initial surface texture 0.431 um Ra to 0.016
pm Ra in 30 minutes. A similar workpiece made of titanium alloy (Ti-6Al-4V) was
polished from an initial roughness of 0.480 um Ra to 0.073 um Ra.

Secondly, the ability of the new MFAF process to achieve high removal rate was
validated by comparing against results reported in the literature for other processes. The
results have been shown in Figure 3.19, where the removal rate of the new MFAF
process at 11.8 pum/min was among the highest. Caution however must be advised as the
reported values may not be optimized for removal rate and may vary substantially
depending on the process conditions and workpiece material.

Lastly, the feasibility of the new MFAF process for polishing of structured
surfaces has been assessed. Specifically, 2.5-D V-shaped channels with width of 0.2 mm
and depth of 0.1 mm were polished. The surface texture of the channels was reduced,
although micrographs suggested that the removal rate at the peaks and valleys of the
channels were different. In addition, the peak-to-valley height of the channels was
reduced from an initial value of 100 um to 14 pwm after polishing. Hence, the new MFAF
process in its current form is unable to achieve uniform removal rate for structured
surfaces. Despite its limitation, the new MFAF process has potential for finishing of
structured surfaces, as traditional polishing tools will completely destroy the structures on

the surface.
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7.2 MATERIAL REMOVAL RATE MODEL

A material removal rate model based on contact mechanics has been proposed for
the new MFAF process. This new model aims to better represent the relationship between
the removal rate and the media properties, given that the finishing media in the new
MFAF process is complex as it is composed of two types of particles with different
properties. In the proposed model, the removal rate is related to the number of active
carbonyl iron particles, N, number of active abrasives, N,,, force per carbonyl iron
particle, F;, and force per abrasive particle, F,,,. Expressions were then derived to relate
these terms to the media properties, which include the abrasive size, abrasive
concentration and carbonyl iron particle size. To obtain the aforementioned expressions,
it was assumed that the particles were spherical with uniform size distribution. It was
further assumed that the carbonyl iron matrix is a perfect FCC configuration. Also, the
derivations of expressions for F, and F,. were based on a new proposed framework that
considered the effects of contact forces attributed to neighbouring particles. This
approach is novel and has not been previously considered in other models. The complete
derivation and the final form of the proposed model have been shown in Chapter 4.

In Chapter 5, the proposed model is extended to two conditions when assumptions
made in the base model do not hold. The first condition was when the abrasive size
exceeds the critical size of interstitial spaces in the carbonyl iron matrix. An orderly
increase in the distance between carbonyl iron particles was considered and the
expressions derived for the base model were then modified accordingly. The second
condition was when the abrasive concentration exceeds the saturation level, which occurs
when all the interstitial spaces have been fully occupied. The approach considered was to

calculate an equivalent abrasive size, which allowed the problem to be reduced to that
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encountered for the first condition. The complete derivation and the final form of the two
proposed extensions have been shown in Chapter 5.

The proposed model and extensions were compared against experimental data for
verification. A partial set of the experimental data was used to calculate the four
constants in the proposed model. Using these constants, theoretical curves of removal rate
against abrasive size, and removal rate against abrasive concentration, were generated.
The theoretical curves were in good agreement with the trend exhibited by experimental
data.

For removal rate against abrasive size, the removal rate was found to decrease
with an increasing abrasive size. This is true for the range of abrasive size experimented
on, which was between 0.6 um and 15 pm. The mechanism contributing to the advantage
of small abrasives was studied by analyzing the number of active particles and force per
particles in the proposed model. It was found that larger abrasives had greater force per
particle, but the number of active abrasives is significantly decreased. The overall effect
was therefore an increasing removal rate when abrasive size is decreased.

For removal rate against abrasive concentration, it was found that the removal rate
initially increased when abrasive concentration is increased, but the trend eventually
reversed. This is true for the range of abrasive concentration experimented on, where the
abrasive-to-carbonyl-iron volumetric ratio was between 0 (no abrasive) and 0.8. The
turning point of removal rate occurred near the theoretical abrasive saturation level,
where the abrasive-to-carbonyl-iron volumetric ratio is 0.259. Similarly, the mechanism
contributing to the observed maximum point has been proposed and described in this
thesis.

In conclusion, the proposed model and two extensions have been successfully

validated by experimental data.
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Chapter 8

Future work

8.1 (GOALS OF SURFACE FINISHING DEVELOPMENT

Presently, there are two key areas of interest in the development of surface
finishing. The first pertains to development of new processes for increasingly challenging
requirements — freeform, structured surface, and internal channels. Internal channel
especially is a key area, driven by the rise of additive manufacturing, which allows
designers to now create many components with very complex internal surface. Additively
manufactured parts however have poor surface texture, which require post-processing.

A second area of interest relates to process automation, which is advantageous for
quality control and reduced reliance on skilled labor. A key component of process
automation is translating process monitoring into process control, and one way to achieve
that is by developing a process model to understand the relationship between process

variables and process outcome.

8.2 PROCESS DEVELOPMENT

A new MFAF process has been developed in this thesis. Novel process principles
leading a high removal rate have been established, and the capability of the process for
surface texture reduction has been demonstrated. The work presented may be expanded
upon in several different directions.

The first potential direction is the design improvement of the polishing unit. The

current prototype is based on neodymium magnets. The use of electromagnet may be
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more advantageous, as it allows the magnetic flux density to be configurable. The ability
to configure allows the effect of magnetic flux density on the polishing outcome to be
studied and better understood. In addition, the magnetic field may be switched off,
allowing the finishing media to be easily removed and replaced. However, the design of
the double-magnet configuration with an electromagnet provides technical challenges,
given that the magnetic poles are required to rotate in opposite directions. Such a design
is theoretical implementable but not trivial.

The second potential direction also pertains to the design of polishing unit. In the
current embodiment of the polishing unit, the bottom surface of the polishing tool is
planar. As a result, the polishing unit has difficulty assessing selected geometry of the
target surface, such as concave surfaces, due to geometrical interference. One potential
solution is to consider a tilted tool design, which has been outlined in the patent awarded
for the double-magnet configuration. In the tilted tool design, which is shown in Figure
8.1, the magnets are curved in shape and the axis are at angled from each other. With the
tilted design, the contact surface is now convex instead of planar, which consequently

eliminates interference for many different shapes of target geometry.
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Figure 8.1: Tilted polishing unit as described in patent awarded for the new MFAF
process.

In addition to the convex contact surface, another potential benefit of the tilted
polishing tool is the angle of attack of the finishing media. The angle of attack is the
angle between the velocity vector of the particle and the surface at the instant when the
particle impacts the workpiece surface. In the design described in the thesis, the velocity
vector is parallel to the surface, resulting in a zero angle of attack. However, in the tilted
design, a nonzero angle of attack exists. It is speculated that this angle of attack may be
advantageous for the material removal mechanism.

The design of such a tilted polishing unit presents significant technical challenges.
Firstly, the drive mechanism required to rotate the two magnets in opposite directions is
not trivial and will likely require proprietary mechanism. Secondly, the shape of the

magnets is complex, and may again require proprietary process to fabricate. The use of
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electromagnets bestows the benefits mentioned previously, but will further complicate
the design of the polishing unit.

A third potential extension of the work done in this thesis is to further explore the
composition of the finishing media used in the new MFAF process. In this thesis, the
finishing media comprises magnetic carbonyl iron particles and non-magnetic alumina
abrasives suspended in distilled water. The presented studies mainly considered the
effects of changing the abrasive size and abrasive concentration. Future work may wish
to consider other factors such as the type of abrasive, shape of abrasives, type of carrier
fluid, or type of magnetic particles. Other innovations, such as coating magnetic particles
with abrasives can also be considered. It will be of academic interests to establish the
relationships between these factors to the surface texture, material removal rate, and
media life. The ultimate goal is to understand the complex mechanism of how the
finishing media affects the process outcome in MFAF processes.

Lastly, the surface finishing of structured surfaces using the new MFAF process
may be further explored. In this thesis, it has been shown that the new MFAF process is a
promising method for 2.5D structured surfaces, although the current embodiment of the
process is unable to achieve uniform removal rate for the structures. The non-uniform
removal rate may be due to the use of rotation to actuate the abrasives. The use of other
modes of actuation, such as a linear vibration may be beneficial as it allows the velocity
vector to be better controlled. For 2.5D structures, aligning the velocity vector to the

direction parallel to the structures may improve the uniformity of removal rate.
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83 MATERIAL REMOVAL RATE MODEL

Material removal rate model is integral for process control. Presently, it is
possible to monitor process variables closely with various sensors, as well as to control
them by feedback loops. However, without a material removal rate model, they cannot be
translated into monitoring or controlling the process outcome.

In this thesis, a material removal rate model based on contact mechanics has been
proposed and verified experimentally. The motivation for the proposed model is to better
represent the relationship between removal rate and the properties of the finishing media,
which consists of two types of particle with different properties. In the work presented in
this thesis, the main focus is the effect of abrasive size and abrasive concentration. Many
aspects of the proposed model may be modified, improved and expanded upon.

Firstly, the model proposed a new framework to consider how the composition of
neighbouring particles affects the forces per particle for both carbonyl iron particles and
abrasives. The current expression of forces per particle proposed in the thesis is based on
the ratio of projected area of the two types of active particles. The resulting theoretical
trend agreed reasonably with experimental data, but newer models may also consider the
effect of neighbouring particles from different perspectives that may better represent the
interactions of the neighbouring particles.

Secondly, the model considered only the magnetic carbonyl iron particles and
non-magnetic abrasives, and opted to not consider the presence of carrier fluid in the
finishing media. How the presence of carrier fluid affects the model is complex, and
requires sophisticated treatment. Both fluid mechanics and chemistry may have to be
considered to arrive at a satisfactory representation of the removal mechanism.

Lastly, several other factors can be considered to obtain a better representation of

the removal mechanism in MFAF processes. These include considering a non-uniform
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distribution for the particles, or how a change in the target material affects the finishing
mechanism (may involve material science and chemistry). These factors are not currently
well understood in MFAF process and may introduce significant complexity to the
process model. Proposing a verifiable process model that considers these factors will be a

significant academic achievement, and a true hallmark of erudition.
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Appendix A

Magnetostatic analysis with ANSYS

A.l INTRODUCTION

In this thesis, magnetostatic analysis is used to visualize the magnetic flux lines of
the polishing tool, and also to calculate the magnetic flux density at points of interest,
which are typically points in the polishing zone. Magnetostatic analysis presented in this
thesis is conducted with the magnetostatic module in the ANSYS software package,

which is capable for two-dimensional model.

A.2 THEORY

Magnetostatic analysis is based on the finite element modeling of static magnetic
fields. Fundamentally, the magnetostatic equations are the Gauss’s law for magnetism

and Ampere’s law, given in their partial differential forms by Equation A.1 and A.2

respectively.
V:-B=0 (A.1)
V-H=] (A2)

where V denotes divergence, B is the magnetic flux density, J is the current density and
H is the magnetic field intensity.
For the analyses, permanent magnets may also be used. The magnetization of a

permanent magnet is given by:
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B = u,(M+H) (A3)

where y, is the permeability of free space and M is the magnetization field of the
permanent magnet. A complete treatment of magnetostatic equations is available

elsewhere [1].

A.3 PREPROCESSING

A3.1 Model generation

The polishing unit is three dimensional, but the magnetostatic analysis is limited
on a two-dimensional plane. Therefore, the plane containing the diameters of both the
magnets on the polishing tool is selected. Figure A.l is an image capture in the ANSYS

environment of the selected plane.

Figure A.1: An image capture in the ANSYS environment of the plane selected for
magnestostatic analysis.
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A.3.2 Element properties

The PLANES3 element is used in the magnetostatic analysis. It is a two-
dimensional magnetic solid that is defined by up to eight nodes and up to four degrees of
freedom per node. The PLANES3 element has non-linear magnetic capability for
modeling B-H curves or permanent magnet demagnetization curves and is therefore
suitable for the analysis required in this thesis. The full description of the element is
available online [2].

The selected options for the PLANES3 elements are as given in the screen capture

below.

Options for PLANES3, Element Type Ref. No. 1

Element degree(s) of freedom K1 IAZ Ll
Element conventional velocity K2 |No velo effects j
Element behavior K3 |Plane LI
Element coord system defined K4 IParaII to global Ll
Extra element output K5 INO extra output Ll
Magnetic force stored for K7 |Midside node ele Ll

Figure A.2: Selected element type options for PLANES3.

A.3.3 Material properties

For the magnetostatic analyses presented in this thesis, a total of five material

types were defined. They are the neodymium magnets (two material types for different
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polarity), SUS430 (magnetic), SUS316 (non-magnetic) and air. SUS316 and air are in
fact indistinguishable and are defined separately for the purpose of clarity only. Table

A.1 shows the material properties of the five materials.

Table A.1: Material properties for the five material types.

. Coercivity Relative
No. Material (A/m) B-H curve permeability
Neodymium permanent magnet 5
1 (Grade N35) 9.39 x 10 See Table A.2 -
Neodymium permanent magnet 5
2 (Grade N35) -9.39 x 10 See Table A.2 -
3 SUS430 (magnetic) - See Table A.3 -
4 SUS316 (non-magnetic) - - 1
5 Air - - 1

For neodymium permanent magnet, the required data input are the coercivity and
the B-H curve. The input for the B-H curve is in fact the demagnetization curve of the
magnet. Both can be obtained from accompanying data sheet typically supplied by the
magnet maker. Figure A.3 shows the B-H and demagnetization curves for Grade N35
neodymium permanent magnet from HKCM Engineering [3]. Note that the properties of

permanent magnets supplied by different vendors may vary slightly.
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B-H curve Demagnetization
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24 216 19.2 168 438 24

Figure A.3: B-H and demagnetization curves for Grade N35 neodymium permanent
magnet supplied by HKCM Engineering [3].
The coercivity is read from the x-intercept of the demagnetization curve. Note that

the required unit conversion from Oe to A/m is given by:

10e= @ A/m (A4)
4w

To input the demagnetization curve as a B-H curve, the demagnetization curve is
translated to the right into the first quadrant, with the x-intercept at the origin. Two points
that define the translated line are then input into ANSYS in a table form, as given below

(the origin may not be used because of a software bug):

201



Table A.2: Data input for B-H curve of Grade N35 neodymium permanent magnet.

H B
Point
Oe A/m* Gauss T*
1 5800 4.62 x 10° 5800 0.58
2 11800 9.39 x 10° 11800 1.18

*Required unit for data input

For SUS430, which is magnetic, the B-H curve is not typically included in the
data sheet but may be available upon request. The B-H curve used [4] for magnetostatic
analyses in this thesis is given below. The corresponding curve is illustrated in Figure
A 4. Note that the magnetic properties of SUS430 are dependent on material processing.

Therefore, materials supplied by different vendor may have varying magnetic properties.

Table A.3: Data input for B-H curve of Grade N35 neodymium permanent magnet [4].

H B
Point
Oe A/m* Gauss T*
1 0 0.00 0 0
2 1.71 136.08 850 0.085
3 2.50 198.94 2466 0.247
4 3.16 251.46 4763 0.476
5 3.68 292.85 7144 0.714
6 4.74 377.20 9356 0.936
7 6.18 491.79 11261 1.126
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8 10.26 816.46 12503 1.250

9 16.32 1298.70 13183 1.318
10 23.95 1905.88 13608 1.361
11 28.82 2293.42 13790 1.379
12 46.05 3664.54 14055 1.406
13 97.37 7748.46 15015 1.502
14 1579 12565.28 15714 1.571
15 227.63 18114.22 16150 1.615
16 300.00 23873.24 16412 1.641

*Required unit for data input
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Figure A.4: B-H curve for SUS430 by Carpenter [4]. Annealed (75.5 HRB), 788 °C H,
dried for 2 hours.
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A4  SOLVING AND POSTPROCESSING

The model generated is then meshed in a two-step process. First, the model is
meshed with quad elements of 1 mm edge length. The elements are mapped and are
therefore arranged orderly in a rectangular grid. Secondly, the meshed model is refined at
critical areas near the magnets and in the polishing zone. The element edge length is 0.1
mm in these refined areas.

After meshing, the model is then solved with the default frontal solver available in
the ANSYS software package. Default options and values are used, as shown in the
screen capture below. Additional boundary conditions are not necessary because the

default far-field conditions are suitable for the analyses required.

[MAGSOLV] Magnetostatics Options and Solution

Option Formulation option |M v|

NRAMP No. Ramp substeps - 3

- (Used only for nonlinear run, issue "-1" to ignore substeps)
CNVTOL CSG Convergence Tol. 0.001
NEQIT Max. equilibrium iter. 25

Figure A.5: Selected options for magnetostatics solver.

After the solutions have been obtained, post-processing is done to visualize the
magnetic flux lines and to read the magnetic flux density at selected nodes. These are

illustrated in Figure A.6 and Figure A.7.
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Figure A.6: Magnetic flux lines for (a) single-magnet configuration, and (b) double-
magnet configuration. Magnets are highlighted for clarity.
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Figure A.7: Contour plots of magnetic flux density for (a) single-magnet configuration,
and (b) double-magnet configuration. Magnets are highlighted for clarity.

A5 VALIDATION OF MAGNETOSTATIC ANALYSIS

The theory and fundamentals of magnetostatic analysis have been proven in the
literature and are well established. Therefore, the reliability of the results rests on the
correct use of the finite element method and the correct input of data. To validate the
procedure outlined in this Appendix, the calculated results from magnetostatic analysis
were compared against readings from a vector magnetometer (Hirst Magnetic
Instruments, Gaussmeter model GMO7). Note that the Hall probe on the vector

magnetometer can only measure the magnetic flux density component along one
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direction at any given time. Post-processing for the magnetostatic analysis was therefore
modified to give the magnetic flux density components, instead of the vector sum.

Validations were done for two different setups.

A5.1 Validation for single-magnet configuration

The first was a simple one-point validation for a single ring magnet. Specifically,
the magnetic flux density on the magnet surface calculated by magnetostatic analysis was
compared against a physical Grade N35 neodymium permanent magnet.

In the direction normal to the magnet surface, the value given by the
magnetostatic analysis was 0.47 T, while the value measured by the magnetometer was
0.48 T (average of 3 readings). Therefore, the value given by magnetostatic analysis was

validated.

A.5.2 Validation for double-magnet configuration

The second validation was a more elaborate process done for the double-magnet
configuration. The x and z components of the magnetic flux density were measured at
multiple points with the magnetometer (see Figure A.l for orientation of the axes).
Specifically, the measured points were between x = 0 mm and x = 1.9 mm, with a
uniform spacing of 0.1 mm between the points. The z-coordinates were 1 mm and 2 mm
for the z component, and 2 mm for the x component (z = 1 mm was not measured due to
geometrical constraint of the magnetometer). For positioning, the magnetometer was
mounted on a precision 2-axis positioning stage. Schematic diagrams of the setup are

given in Figure A 8.
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Figure A.8: Measurement of magnetic flux density components in the (a) x direction and
(b) z direction, using a vector magnetometer.

The measured values were then compared with values at the same points as given

by magnetostatic analysis. The plots comparing the measured values with the calculated

values are shown in Figure A 9.
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Figure A.9: Comparison between calculated and measured values of magnetic flux
density, for (a) x component, and (b) z component.

Values for the x component were in good agreement, while the measured values
for the z component were lower than the calculated values obtain from magnetostatic
analysis. The trend however was in good agreement. The lower values obtained by
measurement may be due to standard errors with the z-coordinate during the setup

attributed to the probe thickness.
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From the comparisons above, the magnetostatic analysis for the double-magnet

configuration has therefore also been validated.
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Appendix B

Measurement of material removal rate

In this thesis, the measured and reported values of material removal rate are the
peak material removal rate, which is defined as the greatest depth of the polished spot or
the polished area per unit time. The reported values are given in um/min. The volumetric
material removal rate is not used because peak removal rate allows comparison of the
polishing performance at one single point, which is advantageous in comparing the
magnetic flux density.

To measure the peak removal rate, the workpiece is selectively polished to create
polished area and keep unpolished area on the same surface. The difference in profile
heights of the two areas allows calculation of the material removal. To obtain the profile
heights, two-dimensional scans are made with a stylus profilometer (Taylor Hobson,
Form Talysurf 2, 10 nm vertical resolution). Reported values are averaged from three
measurements. Figure B.1 is a schematic diagram of the two-dimensional scans on a flat
workpiece after polishing and an example of the profile obtained. From the profile
obtained, the peak material removal is measured. Peak material is defined as the
maximum difference in the vertical direction between the before and after profiles when
they are superimposed on each other, and is measured visually. Dividing the peak
material removal by the polishing time results in the peak material removal rate. The
material removal rate is therefore assumed to be uniform over the duration of the
polishing time. This assumption is reasonable because of the short polishing time (5

minutes). Over this duration, the process is stable.
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Figure B.1: (a) Schematic diagram of the two-dimensional line scans on a flat
workpiece, and (b) an example of the profile obtained.

Note that the material removal profile is not symmetrical. This is due to standard
errors related to dimensional accuracy of the polishing unit prototype. Specifically, the
co-planarity of the bottom faces of the two magnets is important in achieving a
symmetrical material removal profile. In the current prototype, the bottom faces of the
two magnets are offset by approximately 100 pm, resulting in asymmetrical removal
profile. However, the errors are repeatable and therefore do not affect the trends observed

and reported.
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