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Abstract

Aspheric elements have become essential optical surfaces for modifying optical systems
due to their abilities to enhance the imaging quality. However, the tool marks and sub-
damage were remained inevitably by the pre-manufacture techniques, such as the single
point diamond turning (SDPT) and the high precision grinding. In order to improve the
surface quality, the polishing process was demanded to eliminate these defects. The
magnetic field-assisted polishing method was prominent for this purpose. A magnetic
compound fluid (MCF) was developed by compositing a magnetic field (MF) and a
magnetorheological (MR) fluid. MCFs exhibited higher magnetic pressure and apparent
viscosity than MFs and a better dispersity of nonmagnetic particles than MR fluids under a
magnetic field while maintaining a fluid-like behavior. The MCF slurry contains usually
carbonyl-iron-particles (CIPs), water-based MF with nm-sized magnetite particles,
abrasive particles, and a-cellulose. However, MCF slurry has not been used to polish
aspheric surfaces, due to the complex material removal profile induced by the conventional
polishing methods. By the inspiration of conventional MCF polishing tools, i.c., the
mountain-shaped MCF tool and MCF wheel, a novel doughnut-shaped MCF tool was
proposed for polishing aspheric surfaces. Under a rotary magnetic field which was
generated by the revolution of the eccentrically located ring-shaped magnet, the magnetic
lines of force constantly revolved around the MCF carrier, leading the clusters formed by

CIPs to alert their orientations to stir abrasive particles. The renewing working area
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prolonged the life of the MCF tool to a limited extent. In this study, polishing with the novel
MCEF polishing tool under the rotary magnetic field was extensively studied from the
investigation on feasibility polishing, the fundamental properties of the MCF tool
(including the formation process, the optimal geometry of the MCF tool, and behavior of
CIPs and APs), the evolution and equivalent control law of surface roughness (including
the indentation model for a single abrasive particle, polishing forces, and prediction model
for surface roughness), and the investigation experimentally on the effect of parameters on
removal of material/tool marks and surface quality. According to the results, the aspheric
surface was polished successfully.

The fundamental properties of rheological behaviors of MCF slurry were studied, which
demonstrated that the shear stress and viscosity were affected significantly by CIPs
concentration and magnetic field strength. Thus, the polishing principle with the novel
polishing tool was given out according to the properties of the MCF slurry, and the
experimental setup was constructed. The results of the feasibility polishing experiments
showed that the top tip of the MCF tool was located at a distance D to the revolution center
of the MCF tool and performed better ability on removing material. The D could be
obtained by using D = (di + do)/4, i.e., the middle portion of the working area.
Simultaneously, the location and gesture control laws for polishing were given out. Because
the workpiece was polished to the nano-precision scale in the experiments, it was certain
that this method was potential to polished materials.

The variation process of external MCF slurry, terminal shape and the formation time

were investigated for obtaining the perfect MCF tool under various process parameters,
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namely magnet eccentricity re, supplied MCF slurry amount V, MCF slurry carrier
rotational speed n., and magnet revolution speed n,. The internal structure of the MCF
tool was observed, based on which the behavior of CIPs and APs were thereby
confirmed through theoretical analysis and polishing experiments. The model of
material removal was proposed. The results showed that a perfect MCF tool could be
obtained when the eccentricity re, the rotation speed of the MCF carrier nc, the revolution
speed of the magnet nm, and the amount of MCF slurry supplied V were proper. The CIPs
were gathered to form the ferric clusters along the magnetic flux lines. The Aps, at a
given working gap, can squeeze the work-surface. The squeezing action was much
more intense when larger APs and the MCF slurry with a higher magnetization were
employed. The material removal model suggested that the material was removed due
to the APs and the relative motion between the work-surface and APs.

The investigation on polishing aspheric surfaces was conducted experimentally. The
representative material removal profile on the generatrix, the process of removing tool
marks, and typical surface roughness were investigated. The effects of parameters,
including working gap 4, the revolution speed of MCF carrier ne, amount of MCF slurry
supplied, CIPs concentration and APs size on polishing performance were conducted. With
the optimized conditions, the aspheric surface was polished successfully. As a result, a V-
shaped generatrix was obtained on the polished conic surface. A similar surface roughness
at the circumference and different surface roughness on the generatrix were found. The tool
marks composited of periodic peaks and valleys with relatively low frequencies were
diminished gradually with the polishing time. A smaller working gap was proper for



Abstract

polishing. The 1 mm of working gap 4 was selected in the experiments. Higher revolution
speed of MCF carrier nc and the larger amount of MCF slurry were applied, and then a
larger material removal rate, larger polishing area, and better surface roughness were
achieved. Better performance on the material/tool marks removal rate when a higher CIPs
concentration was applied. However, the best surface quality was attained with the CIPs
concentration of 45 wt.% in this study, rather than 55 or 35 wt.%. Larger APs were
beneficial for obtaining higher material/tool marks removal rates. However, a better surface
quality was achieved when the APs of 1 pm in diameter were preferred rather than 0.5 or 2
um. The aspheric surface was polished successfully without the tool marks on the surface.
Furthermore, the shape of the workpiece was kept in a favorable extent.

According to the above results, the magnetic field-assisted polishing using the novel

MCEF tool is a promising technique for the nano-precision finishing of aspheric surfaces.
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Chapter I Introduction

1.1 Aspheric surfaces

The aspheric surfaces can replace the conventional spherical surfaces in the optical
systems, due to their prominent performances in eliminating spherical aberration and also
reducing other optical aberrations such as astigmatism. A single aspheric element can not
only improve the imaging quality and save energies for a complex multi-optical system,
but make the device much smaller and lighter, and sometimes cheaper [1]. For examples,
aspheric elements are often used in the design of multi-element wide-angle and fast normal
lenses to reduce aberrations; they are also employed in catadioptric systems and combined
with other reflective elements, such as the aspherical Schmidt corrector plate in the Schmidt
cameras, the Schmidt—Cassegrain telescopes, and ultra-high-power laser devices; Small
molded aspheric elements can be applied to collimate diode lasers. The typical applications

of the aspheric elements are shown in Fig. 1.1.

(a) Lenses (b) Reflection systems (c) Cameras (d) Telescopes

Fig. 1.1. Application of the aspheric elements.
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(a) Spherical imaging quality (b) Aspheric imaging quality
Fig. 1.2. Spherical/aspheric elements imaging quality.

The comparation of imaging quality between spherical/aspheric elements is shown in
Fig. 1.2. It is obvious that the lights focus on a point when the aspheric element is used,
rather than many points when the spherical element is used. Therefore, the resultant image
is clearer with the aspheric element. This is because the slope at the aspheric surface is
different along the generatrix, which is prone to focus the lights to a small area. The
variations of the slopes are so important that a specific function is designed technically for

convenient controlling the variation rules:

Fa

Xa

Fig. 1.3. Design of aspheric elements.
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where Za is the depth of the curve, 7. is the distance from the center, ¢ is curvature (¢ =

+ At + Al + A (1)

1/Radius), K is the conic constant, Ax is higher-order terms. Giving the values of these
parameters into the prescribed equation, the generatrix of the aspheric surface can be

determined, and therefore, the desired slope can be obtained [3-4].
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Those optical instruments require materials with properties of low-weight, high-
strength and stiffness, appropriate thermal conductivity, good manufacturability and low-
cost. The conventional materials for aspheric optical elements can be roughly divided into
metals (e.g. aluminum and aluminum alloy, copper), optical plastics (e.g. TPX, SAN),
optical crystals (e.g. alkaline earth fluorides, laser crystals), IR materials (e.g. metallic
germanium, silicon, gallium arsenide) and Glasses. However, the increasing demanding on
performance, tolerances, and capabilities have immensely prompted researchers to exploit
new materials like CFC, SiC, CSiC and other specific materials. These materials are not
only unaffordable but also unavailable or unreliable for all applications. Aluminum and
aluminum alloys are eligible because of their heritage and the extensive knowledge of their
properties, reliable and predictable behaviors, thus they are always essential for complex
and accurate optical systems.

Optical processing technologies have been developed for around hundreds of years.
Generating cutting methods are regarded as the earliest aspherical machining technologies
[5]. Because these methods are extremely dependent on the experience of workers, the form
accuracy and surface quality are hard to be ensured. Therefore, these methods are great
blindness so that they always waste plenty of time and cost larger, and are not satisfied for
meeting the high precision demanding in the modern optical industry. Ultra-precision single
point diamond turning (SPDT) technology is proposed as one of the efficient methods for
machining optical parts, which is dependent on the reliability of the machines and the high
quality of the single-crystal diamond cutting tools [6]. It is suitable for processing infrared

crystal materials and non-ferrous metal materials. Ultra-precision grinding mainly aims at



Chapter I Introduction

machining hard and brittle materials in their plastic domains [7-8]. Recognizing that the
two technologies can process a wide range of aspheric surfaces and reduce the machining
allowance efficiently with satisfying precision, they are essential pre-processing methods
in the manufacture of aspheric surfaces. However, tool marks and sub-surface damage are
unavoidable when materials are machined using the two methods, limiting the application
of the two methods for high precision optical systems. To meet the strict requirements of
aspheric elements, a polishing processing is applied to remove the defects induced by the
pre-processing and enhance the surface quality.

To develop the proper polishing technology and improve the quality of the optical
aspheric surfaces, especially to reduce the tool marks and sub-damage, W. J. Rupp and
other stuffs first proposed a novel method for polishing aspheric surfaces based on
computer-controlled optical surfacing (CCOS), which can process the surface using a small
grinding head with the preset processing path, resident time, and polishing pressure. The
introduction of the CNC machining technology greatly promotes the development of the
aspheric surface processing technology. For example, a mirror with a diameter of 500 mm
was successfully polished to a RMS of 0.04 um and Ra of 5 nm in three months with the
CCOS equipment provided by the American corporation Itek [9]. However, the material
removal in CCOS is uneven in general because of the wear of the rigid polishing tool and
the low percentage of the contact area. The problem was solved by transforming rigid
polishing to flexible polishing. One of the proposed flexible polishing methods is bonnet
polishing, by which an axisymmetric aspheric element made of molten silicon was polished

by Walker. The results showed that the PV was reduced from 2 to 0.19 pum and a Ra of 1.8
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nm was obtained after 120 min of polishing [10]. Another typical method is fluid jet
polishing (FJP). Beaucamp et al. [11] proposed the FJP process for electroless nickel-plated
die polishing, which decreased the PV from 387 to 47 nm and removed the turning marks.
Although aspheric surfaces can be polished to a mirror surface, the disadvantages of these
methods are still evident. Bonnet polishing was developed to offset the defects of CCOS,
but an exact load device was still needed to control the polishing pressure. In FJP, the wear
of the nozzle is inevitable due to the friction between the fluid and nozzle, leading to an
unstable material removal rate. To solve these problems, a magnetic field-assisted polishing
method was presented to smooth the aspheric surface. In this method, a magnetic fluid (MF)
or magnetorheological fluid (MRF) slurry could form a controllable flexible polishing tool
under a supplied magnetic field [12]. For instance, Tani et al. developed a polishing method
by blending SiC particles into a MF to achieve a smaller surface roughness Rmax than 0.04
pm on acrylic resin [13]. However, the polishing methods based on MFs are difficult to
apply for polishing aspheric surfaces because of the low efficiency and controllability of
the material removal rate due to its low magnetic pressure and apparent viscosity. Therefore,
magnetorheological fluids (MRFs) have been proposed to polish aspheric surfaces by
mixing micro-sized carbon iron particles into the base fluid. Jacobs improved an aspheric
element composed of SLAMSS5 appreciably using a MRF slurry, and the final form error
was reduced from 3.7 to 0.2 um [14]. Hence, the magnetic field-assisted polishing
processes are regarded as the proper polishing method for the reduction of tool marks and
sub-damage. The magnetic field-assisted polishing processes will be introduced in detailed

in the following.
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1.2 Review of the magnetic field-assisted polishing processes

Magnetic field-assisted polishing is a promising surface finishing technique, in which a
magnetic fluid (MF), magnetorheological fluid (MRF), or magnetic compound fluid (MCF)
slurry is employed to form the flexible polishing tool. Once a magnetic field is applied,
flexible chain-shaped magnetic clusters are instantly formed within the polishing tool along
the magnetic lines of force, the non-magnetic particles are enforced to move to the surface
of the polishing tool, and the dimensions and orientations of these ferric clusters can be
changed according to the shape of the work-surface. The magnetic field-assisted polishing
is first proposed by the Russian researchers, they set up an apparatus to polish the workpiece
with the MF slurry, the surface was polished successfully but the efficiency was not
satisfied. In order to improve the polishing ability, the MRF slurry and MRF-based slurry
are invented. A diamond-turned polymethylmethacrylate (PMMA) part was polished
successfully to a root mean squared (RMS) surface roughness 0.5 nm using
magnetorheological finishing (MRF) [15]. A ball end process using MRF slurry was
proposed for finishing three-dimensional surfaces [16]. A mirror freeform surface of a
prosthetic knee joint implant constructed with a titanium alloy was obtained by a
magnetorheological fluid-based finishing (MRFF) process [17]. The surface quality of an
aspheric element composed of SLAMSS was improved appreciably using a MRF slurry,
and the form error was reduced from 3.7 to 0.2 um [18]. These studies demonstrated that
polishing with MRF has the potential for polishing a variety of surfaces due to its flexibility,
controllability, and efficient control over the abrading forces acting on the workpiece.

However, under a given magnetic field, the low particle dispersity in a MRF slurry leads to
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a difficulty in stabilizing their performances in surface finishing.

To overcome the disadvantages of MRF slurries, Shimada et al. [19] developed a
magnetic compound fluid (MCF) slurry, which can be obtained generally by blending
micro-sized carbonyl-iron-particles (CIPs), abrasive particles (APs), and a~cellulose into a
magnetic fluid (MF) containing nano-sized magnetite particles (MPs). Due to the
advantages of MFs, the dispersibility of the APs in the new slurry is better than in MRF
slurry, resulting in better polishing performance. Shimada consequently proposed a new
contact-free surface finishing method for polishing workpieces with micro 3D structures
using the MCEF slurry [20], and thereby, mirror surface finishing of a brass specimen with
rib-shaped grooves was performed successfully. According to the reports of Shimada,
Needle-like magnetic clusters were observed within MCF slurry [21], smaller clearance
improved the polishing results and shortened the polishing time, and magnetic field strength
determined the distributions of the abrasives [22]. In addition, shear force in the contact-
free finishing process was strengthened when a-cellulose was mixed into the MCF slurry
and the material removal depended on the shear stress along the rotation direction of the
polishing tool rather than the normal stress (nearly zero during polishing). Based on the
works of Shimada et al., Furuya et al. [23] and Wu et al. [24] experimentally investigated
the fundamental characteristics of contact-free MCF polishing at the flat surfaces
constructed by stainless steel and acrylic resin and optimized the polishing conditions. Jiao
et al. [25] employed a MCF wheel for ultra-fine finishing and investigated the performance
of the wheel by polishing the fused silica glass. To further enhance the performance of

Shimada’s method, Wu and Sato [26] investigated the fundamental performance in the flat
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and three-dimensional surface finishing of metal workpieces with a mount-shaped MCF
polishing tool. With the proposed method, Guo [27] and Wang [28] improved the surface
qualities of flat surfaces and micro-scaled V-grooves, respectively. Nano-scale precision
could be obtained at a series of materials and surfaces with different shapes, meaning that
MCEF slurry is prominent in polishing.

1.3 Magnetic compound fluid (MCF) polishing tools

According to the reports mentioned above, the MCF polishing tools can be divided into
two types, the detailed description of the polishing tools are as follows:

One of the conventional MCF polishing tools, which was proposed by Wu and Sato,
shaped like a mountain under the rotary magnetic field that was generated by revolting a
disk-shaped magnet with an eccentric distance. Guo systematically studied the properties
of the mountain-shaped polishing tool, including the formation process, tool appearance,
and internal structure. It is figured out that as a certain volume of MCF slurry is put onto
the inferior surface of the MCF carrier, chain-shaped magnetic clusters composed of nm-
sized magnetic particles and nm-sized CIPs are formed along the magnetic lines of force
immediately. Dimensions of the clusters depend on the compositions of MCF slurry and
the strength/applying method of the magnetic field. Within the MCF slurry, non-magnetic
abrasive particles are entrapped into the clusters or distributed between clusters, and most
of them are encouraged to be close to the top of the clusters due to gravity and magnetic
levitation force. In addition, a-cellulose fibers interwoven with the clusters to increase the
viscosity of MCF slurry. The other polishing tool is the MCF wheel, which was proposed

by Jiao [29]. With a ring-shaped magnet which is magnetized along the axis direction, the
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MCF wheel is formed by attaching the MCF slurry to the side face of the magnet when the
magnet is rotated. The material removal profile and internal structure of the MCF wheel
were studied by Jiao. It was figured out that the most material was removed near the two
boundaries rather than the middle portion. Clusters formed along the magnetic line of force,
abrasive particles attached to the clusters, and a-cellulose fibers linked clusters together.
This proposed MCF wheel could be used for polishing flat workpieces with a series of
materials including optical glasses, ceramics, and metals.

Although the two MCEF tools exhibited high polishing performances regardless of the
work-material, the conventional mountain-shaped MCF polishing tool and MCF wheel are
not suitable for polishing aspheric surfaces due to the complex material removal profile on
the work-surface. To simplify the material removal profile, Guo intended to invent a
doughnut-shaped polishing tool by rotating a disk-shaped magnet with an adjustable
eccentricity. However, strict conditions, such as a large eccentric ratio and a precise amount
of required of MCF slurry, were necessary to form the satisfactory polishing tool.

Although the magnetic field over the magnet surface reduces more rapidly as the distance
increases, comparing the ring-shaped magnet with the disk-shaped magnet, the gradient of
the magnetic field is larger than that of the disk-shaped magnet, as shown in Fig. 1.4, which
means that the polishing forces have no obvious difference. In order to invent an effective
method for polishing aspheric surfaces conveniently, a novel doughnut-shaped polishing
tool was proposed in this work by using the ring-shaped magnet. The specific description

of the novel polishing tool and its properties were going to be given out in the rest works.
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Fig. 1.4. Distribution of the magnetic field over the upper surface of the magnets.
1.4 Overview of the thesis

The objectives of this thesis research work are to clarify the properties of the novel MCF
polishing tool for polishing aspheric surfaces. The works concerned about the MCF tool
itself, including the fundamental investigations on the formation process, geometry, and
polishing ability, and so on. For the purpose, the detailed researches were divided into
several chapters as follows:

Chapter I first briefly introduced the aspheric surfaces, including the crucial roles in
optical fields, the material for the products and the manufacturing methods, to clarify the
objectives and meaning of this research. The magnetic field-assisted polishing processes
were reviewed from aspects of different polishing methods, polishing of workpieces with
different structures constructed by different materials, and their polishing effects. A series
of popular techniques were outlined for demonstrating the excellent performance of
magnetic field-assisted polishing processes on polishing. Then, the development of MCF
polishing tools was reviewed, including the characteristics of the mountain-shaped
polishing tool and MCF wheel.

Chapter II first depicted metrology and characterization in the whole experiments. Then
10
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the fundamental properties of rheological behaviors of MCF slurry were studied. After that,
the processing principle was thereby proposed and the experimental apparatus was
constructed. At last, the feasibility of polishing was conducted.

Chapter III first investigates the variation process of external MCF slurry, terminal shape
and the formation time under a rotary magnetic field with various process parameters,
namely magnet eccentricity re, supplied MCF slurry amount V, MCF slurry carrier
rotational speed 7., and magnet revolution speed #.. Then, the internal structure of the MCF
tool was observed, based on which the behavior of CIPs and APs were thereby confirmed
through theoretical analysis and polishing experiments. Finally, the model of material
removal was proposed.

Chapter IV reports the evolution and equivalent control law of surface roughness. The
kinematic analysis and indentation model were studied theoretically by explaining in detail
the normal force and tangential force induced by the MCF tool. Simultaneously, numerical
analysis for predicting the surface roughness under variable parameters was conducted.
After then, the prediction model on surface roughness was established and verified. Finally,
the relationship between parameters and surface roughness was established, thus, the
surface roughness can be predicted in advance by giving the proper parameters for roughly
pointing out the basic rules of the novel method.

Chapter V focuses on the experimental investigation on aspheric surface polishing for
researching the method in detail. The representative material removal profile on the
generatrix, the process of removing tool marks, and typical surface roughness were
investigated. The effects of parameters, including working gap 4, the revolution speed of

1



Chapter I Introduction

MCEF carrier ne, amount of MCF slurry supplied, CIPs concentration and APs size on
polishing performance were conducted. With the optimized conditions, the aspheric surface
was polished successfully.

Chapter VI represents the summaries of this work and gives suggestions for future work

on the novel polishing method.

12
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Chapter Il MCF Slurry and Polishing Principle

2.1 Metrology and characterization
2.1.1 MCF slurry kinematic analysis

As displayed in Fig. 2.1, a high-speed motion analysis microscope (VW6000 by Keyence
Co., Ltd.) was employed to observe the formation process and behaviors of the novel
doughnut-shaped MCF polishing tool under a rotary magnetic field generated by the

revolution of the ring-shaped magnet.

Fig. 2.1. Keyence VW6000 high-speed motion analysis microscope.
2.1.2 Surface profile
As shown in Fig. 2.2, a stylus-based profilometer (PGI Freeform by Taylor Hobson Inc.)

was used to measure the cross-sectional profiles (at least three profiles) of a work-surface.

Fig. 2.2. Taylor Hobson PGI Freeform profilometer.
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2.1.3 Surface quality characterization

As displayed in Fig. 2.3, scanning electron microscope (SEM, ERA-8900 by Elionix)
was used to observe the internal structure of the MCF polishing tool. Elemental
composition analyses were carried out using Energy Dispersive X-Ray Analysis (EDX,

Genesis APEX by EDX) to observe the distribution of elements, such as Fe and Al.

Fig. 2.3. EDAX ERA-8900, 3D-SEM & EDX.
As shown in Fig. 2.4, the surface roughness was measured (at least five locations) using
a non-contacting white-light interferometer which was equipped with a 10x, 50x Mirau
interference objectives and provided measurement areas ranging from 350 umx263 pm to

700 pmx526 pum (Newview 600, Zygo Corporation).

Fig. 2.4. Zygo New view 600 interferometer.
2.1.4 Force measurement

A force measurement system composed of a 3-component dynamometer (9256A1 by
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Kistler Co., Ltd.), a charge amplifier and an oscilloscope was used to record the polishing
forces. The sensitivities of the dynamometer, the charge amplifier, and the oscilloscope are
(=10 pC/N (Fx, Fy) and —13 pC/N (Fz)), (0.01-9990 pC/M.U.) (2 mV/div—10 V/div),
respectively.

2.1.5 Setups for mixing MCF slurry

Fig. 2.5. Ultrasonic mixer (Handy Sonic UR-20P, TOMY).

Based on the previous experiences, MCF slurry with a good dispersity of its components
is crucial for the polishing performance. In order to obtain the well-blended MCF slurry,
the following two devices are inevitable. The ultrasonic mixer with a 0.25 cm diameter
active surface area enables the simple and efficient ultrasonic treatment to the small volume
of MCF slurry. Agglomerated particles within the MCF slurry can be scattered easily under
the frequency which can reach 28 KHz maximumly. The ultrasonic transformer is
constructed by the Titanium alloy so that it is reliable during mixing the MCF slurry. The
iron particles, abrasive particles, and magnetic fluid were weighed by a high accuracy scale
first and then mixed using this mixer. The particles within the slurry were mixed until they

were well-blended.
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Fig. 2.6. Planetary Centrifugal Mixer (AR-100, THINKY).

Then, a planetary centrifugal mixer, as shown in Fig. 2.6, was used for further mixing
MCEF slurry. The planetary centrifugal mixer with the dimensions of the height 328 mm,
width 250 mm, diameter 250 mm was used to improve the quality of mixing the MCF slurry.
The compact and suitable-anywhere design has enabled itself to be selected at many
universities and research institutes where a large number of equipment, devices, and
facilities limit their space. This setup is suitable for initial consideration in research and
development where small amounts of materials are repeatedly tested. The mixer has the
Memory function for the simple pre-setting of mixing conditions.

After treated by these steps, the satisfying MCF slurry could be attained.

2.2 MCEF slurry
2.2.1 Preparation of MCF slurry

As exhibited in Fig. 2.7, components of MCF slurry used in this work are as follows:
carbonyl-iron-particle (CIP, mean particle size 5 pm, BASF made), alumina (Al203)
abrasive particles (mean size 1 pm, alpha, AP-D, deagglomerated aluminas, Struers Inc.),
water-based magnetic fluid (MF, MSGW11 by Ferrite Corporation) containing nano-sized
Fe304 and a-cellulose (Reagent, Nacalai Tesuque Inc.). The oil-based magnetic fluid MF

will not be employed in this work because the water-based MF is more clean and friendly
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to the environment than oil-based MF.

() (d)
Fig. 2.7. SEM images of (a) the conventional CIP, (b) water-based MF, (c) Al203 abrasive

particle, (d) a-cellulose.

2.2 Polishing principle
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Fig. 2.8. Illustration of processing principle. Schematic drawings of (a) the proposed method,

(b) the polishing area, and (c) the position of the workpiece relative to the polishing tool.

Figure 2.8(a) shows a schematic drawing of the aspheric surface polishing process with
a doughnut-shaped MCF polishing tool (hereafter called the MCF tool for simplicity). For
the simple formation of a MCF tool, a ring-shaped permanent magnet is employed, located
below a disc-shaped non-magnetic MCF carrier with a small clearance. Once the magnet
revolves around the axis of the MCF carrier at a revolution speed nm, with an adjustable
eccentricity re a rotary magnetic field is generated. If a specified amount of MCF slurry V
is supplied onto the upper surface of the MCF carrier, the MCF tool will form under the
rotary magnetic field. When the workpiece contacts a portion of the MCF tool, which is
hereafter called the working area, the working area of the MCF tool transforms its
appearance based on the shape of the work surface. Due to the rotation of the MCF tool,
the working area is constantly renewed in one revolution, and thus, the working life of the
MCEF tool can be prolonged to a limited extent. As shown in Fig. 2.8(b), an annular
polishing area with an inner radius Rii and outer radius Rio is obtained after polishing using

the MCF tool. Furthermore, once the different parts of the workpiece are polished
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sequentially by the MCF tool, the whole surface of the workpiece will eventually be
polished by these overlapping annular polishing areas.

A detailed description of the polishing process is given in Fig. 2.8(c). A coordinate
system XOZ is established, in which the origin is fixed at the center of the upper surface of
the MCF carrier, the Z-axis overlaps with the rotation axis, and the X-axis is parallel to the
upper surface of the MCF carrier. Considering the axially symmetric character of the MCF
tool and aspheric workpiece, the relative position between the MCF tool and workpiece is
discussed only in the cross-section in the XZ plane. The dimensions of the MCF tool,
including the radius of the inner ring di and the outer ring do, the height H, and the cross-
section profile, depend on the V and re. The cross-section profile of the MCF tool is similar
to a semi-ellipse, the top tip of which is located a distance of D from the rotation axis of
the MCF carrier. Point P is intended to be polished with a proper gesture by the portion of
the MCF tool where performs best on material removal capacity.

2.3 Experimental apparatus

6-DOF manipulator

A
&
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Fig. 2.9. Experimental setup: (a) schematic of the constructed rig, (b) the structures of the

Work-piece

MCEF unit, and (c) the work-unit.

To realize the processing principle in practice, an experimental setup was constructed
based on a commercial 6-DOF manipulator, as shown in Fig. 2.9(a). A MCF unit (Fig.
2(b)) composed of a magnet holder, a ring-shaped permanent magnet (ND35, 30-mm
outer diameter, 9-mm inner diameter, 20-mm thickness, 0.5 Tesla), and the MCF carrier
(thin aluminum disc) were mounted onto a work-bench. The magnet was attached to
the upper end of the magnet holder. The MCF carrier was rotationally driven by a motor
via a belt/pulley mechanism, and the revolution motion of a magnet was obtained by
directly rotating its holder with another motor. A work-unit (Fig. 2.9(c)) was fixed onto
the end tip of the 6-DOF manipulator to hold and rotate the workpiece. The control
system of the 6-DOF manipulator was adequate for realizing the motions mentioned
above.

The dimensions of the ring-shaped magnet, i.e., the 30 mm outer diameter, the 9 mm
inner diameter and the 20 mm thickness, were determined in order to obtain a doughnut-
shaped MCF tool with appropriate dimensions which is suitable for the precision and
effective polishing of a convex aspheric work surface used in this work that will be

detailed in the rest of Chapters.
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2.4.1 Location and gesture control of aspheric surfaces

As revealed in above report, the portion of the MCF tool locating around the top tip
performs best in terms of material removal capacity, most likely for the following reason:
the magnetic flux lines, which are vertical to the surface of the MCF carrier, rotate around
the axis of the MCF carrier with radius D due to the rotary magnetic field, causing the
abrasive particles to experience a higher total normal magnetic field strength in one
revolution of the rotary magnetic field, which results in a higher total normal force acting
on the abrasive particles to enhance the material removal rate [2-3]. According to these
analyses, point P is intended to be polished by the top tip of the MCF tool. Meanwhile, its
normal line should be parallel to the above-mentioned magnetic flux lines in this work, i.e.,
it is vertical to the upper surface of the MCF carrier. In practice, the two demands can be
realized simultaneously by locating the top tip point o of the workpiece at the corresponding
position with the given tilt angle of the workpiece. The detailed procedure was as follows:

As shown in Fig. 2.8(c), the coordinate system xoz is located in the cross-section of the
workpiece, in which the origin is the point o and its z-axis coincides with the rotational axis
of the workpiece. Subsequently, the tilt angle & should be set at arctan(zo’ = f(Xo)), where
Zo = f(Xo) is an expression of the aspheric surface in the xoz-plane, to ensure the verticality
of the normal line of point P to the upper surface of the MCF carrier. If the point P (Xo, Zo
= f(Xo)) is chosen, the tilt angle & can be subsequently obtained using the relationship 6 =
arctan(f’(xo)). In addition, the distance of point P to the MCF carrier is the working gap h.

The position of the point o (Xo, Zo) can be related to the point P (X, Z) in XZ-plane using
the following equations, where the angle ¢ is the projection angle of oP in XZ-plane:
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Xo=X—0Pcosg, (2-5)
Zo=Z7 + oPsing. (2-6)
As mentioned above, the target position P (X, Z) in XZ-plane is P (D, h). To solve for

(Xo, Zo), the parameters and the following equations are substituted into Egs. (2-5)—(2-6):

SN oy e @-1)

¢ = 0 - arctan(f(x,)/x,), (2-8)

yielding the following:
Xo=D - \[x, + fix, ) cos(f-arctan(f{x,)/x,)), (2-9)
Zo=h+ \[x5 + flx, )’sin(f-arctan(f{x,)/x,))- (2-10)

It is in addition figured out from Fig. 2.8(c) that the MCF tool should be prepared with
the appropriate dimensions according to the shape and size of the work surface; if the inner
and outer diameters of the doughnut-shaped MCF tool are too small relative to the work
surface size, when the target point P is polished with the right portion of the MCF tool, the
other different point on the same work surface might be unwillingly polished with the left
portion of the MCF tool, resulting in the deteriorated form accuracy of work surface; by
contrast, if the MCF tool size is too big, the working area of the MCF tool would be too
wide, leading to the difficulty in controlling the form accuracy and enhancing the polishing
efficiency. Therefore, the dimensions of the MCF tool should be determined appropriately
and thus as long as the polishing conditions including the motion path of the MCF tool on
the work surface have been set optimally, the whole work surface could be finished

precisely and effectively. The details will be further described in the next chapter.
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Chapter III' The Novel Doughnut-shaped MCF Tool

3.1 Introduction

As mentioned in the above chapters, MCF slurry performed excellent properties that it
produced a larger magnetic pressure and a higher apparent viscosity compared with MF,
and had greater stability of particle dispersion than that of MR fluid under the same
magnetic field. Moreover, it was a smart slurry that could be governed easily by the
magnetic field and shear rate. Hence, a series of applications were recommended such as
abrasive slurry used for precision surface finishing, smart damper for absorbing quake,
rubber-based smart sensors and so on.

MCEF slurry commonly behaved as a Newtonian fluid without the magnetic field. In
contrast, once the MCF slurry was exposed to a magnetic field, it was stiffened rapidly and
exerted characteristics of the viscoplastic fluid because the internal structure of the MCF
slurry was changed in which plenty of chain-shaped ferric clusters were formed by the
applied magnetic field [1]. Wu found that the behavior of the MCF slurry under a magnetic
field and the performance in polishing surfaces were affected significantly not only by
process parameters but also by the motion of the applied magnetic field [2]. It was reported
that when a static magnetic field, which the magnetic flux density and the spatial
distribution of the magnetic line of force were constant, resulted that the geometrical shape
of the formed polishing tool and the size/distribution of the magnetic clusters generated

within the MCF slurry were kept as they were. In these cases, APs within the MCF tool
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were dispersed unevenly owing to the uneven distribution of magnetic clusters [3].
Therefore, these behaviors were unfavorable for their process performance. In order to
overcome these behaviors and improve the process performance of the formed MCF tool,
a rotary magnetic field where the magnetic flux density was kept constant but its spatial
distribution was always fluctuated was applied by locating the magnet with a distance to
its revolution axis. Consequently, the mount-shaped MCF tool was invented in which a
certain geometrical shape was formed by itself and APs dispersity was greatly improved
due to the even distribution of the magnetic clusters. Guo investigated the formation
process of this kind of MCF tool within a period of the magnet revolution and used the
MCEF tool for surface finishing [4]. The formed clusters changed their orientations during
the revolution of the magnet. Simultaneously, the outstanding improvement in finishing
variable surfaces was confirmed by Guo and Wang after polishing a series of workpieces
construed by different materials. Furthermore, Jiao reported that CIPs within the MCF tool
were observed to form the ferric clusters along the magnetic flux lines, and as discovered
by Wang, APs were attached or entrapped into the clusters due to the magnetic levitation
force acting on the APs [5].

The doughnut-shaped MCF tool was proposed by the inspiration of the methods
proposed by Wu and Jiao. A ring-shaped magnet and the eccentric distance were employed
to generate the variable magnetic field for forming the novel MCF tool. Although the
feasibility of polishing was confirmed experimentally, the formation process of the MCF
tool and the behaviors of CIPs and APs were still important to completely understand its
characteristics when used in finishing surfaces. In this chapter, the self-shape formation
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process of the novel MCF tool under a rotary magnetic field generated by a ring-shaped
magnet is first clarified to see how the parameters affected the time required for forming
the MCF slurry to its final appearance and the final geometry, followed by the investigation
on the observation of the internal structure of MCF tool for clarifying the behaviors of the
CIPs and APs. At last, based on the results, a material removal model was proposed.
3.2 Experimental details

To systematically study the characteristic of the novel method and its ability on material
removal, experiments were carried out in two steps. In the first step, to achieve the proper
doughnut-shaped MCF tool, the formation process of the MCF tool was observed under
different process parameters (7, nc, nm, V). After then, the distribution of the magnetic field
within the MCF tool was analyzed and the internal structure of the MCF tool was also
observed for confirming the behaviors of CIPs and APs.

Table 1

Experimental conditions in the experiments

Parameters Value

Working gap 4 (mm) 1,1.5,2,2.5,3,3.5
Volume of MCF supplied V' (ml) 1,1.5,2,2.5

Eccentricity re (mm) 0,2,4,6,8

MCEF carrier revolution speed nc (rpm) 0, 100, 200, 300, 400, 500
Magnet revolution speed nm (rpm) 200, 500, 800, 1100, 1400

Table 1 shows the conditions used in the experiments and the MCF 2 slurry was used in

these experiments. In addition, as the magnetic field applied to the MCF slurry is generated
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by the ring-shaped permanent magnet and hence its strength was kept constant during
polishing.
3.3 Preparation of workpieces

For designers, they are going to design the most optimized optical system with
properties of lower weight, higher strength, and stiffness, appropriate thermal conductivity
if the composited material is needed, perfect manufacturability and cheap. Hence, they will
not only design the structures for the system but also consider the materials for aspheric
optical elements to achieve the most perfect performance once the designed products are in
the application. Conventional materials such as metals, optical plastics, and crystals, IR
materials were used widely for the optical system in industry and commerce [6]. Further,
CFC, SiC, CSiC, and other specific materials, were invented continually to meet the
variable applications, due to the increasing variety of the products and demanding on the
high quality. Among those material mentioned above, aluminum and aluminum alloys are
considered to be an appropriate material to meet these demands [7] because of their
prominent physical properties, stable chemical properties, and low production costs. Thus,
the aluminum alloy 6061 was adopted in this work.

The appearance of the conic workpiece is displayed in Fig. 3.1 with approximately a 90-
nm initial surface roughness Ra. The distances of the fringes of the polishing area to the
top tip of the conic workpiece are I, and li along the generatrix, the corresponding radii are

Rio and Rii, respectively, and the basic angle « is 20<
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Fig. 3.1. Appearance of workpieces.

3.4 Formation process

The approach used to observe the formation process of the MCF tool is illustrated in Fig.
3.2. Initially (t = 0 s), a given amount of MCF slurry was ejected toward the center of the
upper surface of the MCF carrier through the nozzle of an injector without rotational motion
of the MCF carrier and the magnet holder. Once the whole MCF slurry was attracted
steadily by the magnetic force generated by the magnet, the magnet holder was rotated
around its own axis to generate the rotary magnetic field, and the MCF carrier began to
rotate synchronously, causing the structure and geometry of the MCF slurry to vary with
time from the initial state to form a stable MCF tool. Additionally, the total time required
to form the stable MCF tool was regarded as the formation time T. The variation process
of the appearance of the MCF tool was captured by observing its side-view and top-view
sequentially using high-speed cameras (VW6000 by Keyence Co., Ltd.), as shown in the

right portion of Fig. 3.2. The same procedure was repeated for different process parameters.
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Fig. 3.2. lllustration of MCF tool appearance observation.
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Fig. 3.4. (a) Optical external images of MCF tools formed with different eccentricities

and (b) the geometry model of the polishing tool.

Figure 3.3 shows the variation of the appearance of a typical MCF tool with time with V
= 1.5ml and r =4 mm. A remarkable slit was observed in the initial state (t = 0 s) at the
end of ejection. Once the magnet holder and MCF carrier began to rotate at nm = 500 rpm
and nc = 300 rpm, respectively, the slit was gradually eliminated, causing the external shape
of the MCF tool to vary rapidly. Eventually, the terminal doughnut-shaped MCF tool with
an inner diameter of di and an outer diameter of do was obtained in T = 0.2 s. Moreover, the
terminal shape of the MCF tool was clean-cut and distinguishable at different eccentricity
values, as shown in Fig. 3.4(a). Therefore, it is essential to optimize the process parameters

to form the proper MCF tool.
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A quantitative investigation on the terminal dimension of the MCF tool and
corresponding formation time T under different parameters were conducted. Based on the
results in Fig. 3.4(a), the terminal shape of the MCF tool is simplified in the right portion
of Fig. 3.4(b). The outer and inner rings of the MCF tool can be respectively regarded as a
regular circle and an ellipse with long and short diameters a and b, respectively. The cu is
the distance of the outer ring center to the axis of the MCF carrier, and the cz is the distance
between the centers of the outer and inner rings. Once the conditionsofa =~ b = di, ¢
~ 0,and c2 = 0 are satisfied, a MCF tool with a complete terminal shape was achieved.
In this case, the deviation of the working area can be avoided as much as possible during
polishing with the MCF tool rotating, achieving a stable material removal rate. The detailed

results are shown in Figs. 3.5-3.7.
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Fig. 3.5. Effects of r on (a) a and b, (b) c1 and ¢z, and (c) T, do, and H.

The effects of the eccentricity r on the terminal dimension and formation time T of the
MCEF tool are summarized in Fig. 3.5. The differences between a and b at different
eccentricities are shown in Fig. 3.5(a). The value of a increased with increasing r, but the
rate of increase decreased once r reached 6 mm. However, the value of b increased first
and subsequently declined when r was beyond 4 mm. The smallest difference between a
and b was found at r =4 mm. As shown in Fig. 3.5(b), c1 maintained small values near 0.1
mm and subsequently sharply increased when r was beyond 4 mm. However, c2 decreased
when r = 4 mm compared with that when r = 2 mm, and subsequently ascended as r
increased. It must be emphasized that although the MCF slurry gathered to form a real
concentric doughnut-shaped MCF tool (a =b =9.00 mm and ¢1 = c2 =0 mm) whenr =0
mm, a MCF tool with a jagged appearance was eventually formed. However, for the
terminal shape of the MCF tool, a well-formed doughnut-shaped MCF tool was eventually
obtained at r =4 mm, as shown in Fig. 3.4(a).

The effects of the eccentricity r on the formation time T, outer ring diameter do, and

height H of the MCF tool are shown in Fig. 3.5(c). The most notable feature of these curves
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is the change of T with increasing r. When r = 0 mm, the terminal shape of the MCF tool
was maintained at the initial state due to the concentric rotation of the magnetic field. Thus,
the counting of the formation time was meaningless. The eccentricity r = 0 mm was thereby
excluded from consideration. When r increased from 2 to 4 mm, T declined sharply.
However, the decline rate decreased when r was larger than 4 mm. Moreover, do increased
to a maximum (37 mm) at r =4 mm and subsequently decreased gradually. Meanwhile, the
opposite variation tendency occurred for the height H because a constant volume of MCF

slurry was supplied. Consequently, in the remaining experiments, the eccentricity r was set

to 4 mm.
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The effect of the amount of MCF slurry supplied V on the geometry and formation time
T of the MCF tool is displayed in Fig. 3.6. As displayed in Fig. 3.6(a), a and b decreased
with the increasing V, but the difference between a and b became smaller as V increased.
As displayed in Fig. 3.6(b), the values of c1 were constant and were close to 0 mm,
regardless of the variation of V. c2 decreased to a minimum first and subsequently increased
with increasing V. Moreover, the smallest difference was observed between c1 and ¢z when
1.5 ml of V was supplied. As shown in Fig. 3.6(c), T decreased, whereas the width and
height increased with increasing V. T decreased by almost 64% when V increased from 1
to 1.5 ml, after which the decreasing tendency reduced gradually as V increased. A greater
value of V led to smaller slit formation in the initial state, which directly benefited the
shortening of T. Thus, a relatively perfect MCF tool could be obtained when 1.5 ml of MCF

slurry was supplied.
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Fig. 3.7. Effects of (a) nc and (b) nm on T, do, and H.

The effects of the rotation speed of MCF carrier nc on the formation time T, the outer
ring diameter do, and the height H of the MCF tool are shown in Fig. 3.7(a). T decreased

sharply as nc increased. However, no significant difference from the dimension of the
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formed MCF tool was found, even though nc increased. The relative motion between the
MCEF slurry and magnet was intensified when nc and nm were applied together, which is
beneficial for improving the stirring of the MCF slurry using a rotary magnetic field,
resulting in the rapid elimination of the slit. However, the MCF slurry began to spill out
due to the high centrifugal force when nc exceeded 300 rpm. This phenomenon was adverse
to maintaining a high polishing efficiency of the MCF tool because the proportion of
components contained in the MCF tool changed significantly. Thus, nc was set at 300 rpm
for the remaining experiments. Fig. 3.7(b) shows the effects of the revolution speed of the
magnet nm on the formation time T, the outer ring do, and the height H of the MCF tool. As
nm increased, do and H were nearly constant, but the formation time decreased sharply.
When it exceeded 500 rpm, the ability to shorten the formation time decreased. However,
the variation in nm also had no impact on the geometry of the MCF tool. Therefore, 500
rpm was adopted for the following experiments.

In conclusion, a perfect MCF tool could be obtained when the eccentricity r, the
rotation speed of the MCF carrier nc, the revolution speed of the magnet nm, and the
amount of MCF slurry supplied V were 4 mm, 300 rpm, 500 rpm, and 1.5 ml,
respectively, resulting in a MCF tool with dimensions of a = 14.50 mm, b = 12.10 mm,
€1=0.12mm, c2=0.71 mm, do = 37 mm, and H = 5.00 mm in the current work. Thereby,

this MCF tool was used in the following experiments.
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3.5 Internal structure of MCF tool

3.5.1 Preparation of MCF tool sample
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1. Move up work-piece
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>

Fig. 3.8. Sample preparation of the MCF tool.

To investigate the behaviors of CIPs and APs, a sample MCF tool used in the conic
surface polishing was prepared using the procedure illustrated in Fig. 3.8. First, a stable
MCF tool was formed using the optimal parameters. The rotational motions of the MCF
carrier and the magnet holder were subsequently stopped. The rotating workpiece (nw
= 700 rpm) was located above the MCF carrier without touching the MCF tool. After
adjusting the tilt angle 6, it was moved to the target position (D, h) followed by
polishing for 30 s. Thereafter, all the motors were shut down, the workpiece was moved
up to detach it from the MCF tool, and it was naturally dried for 36 h. Finally, the

sample was removed for observation.
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 Tilgangle &
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Fig. 3.9. Schematic for locating workpiece.

The values of (D, h), the tilt angle, and the location of point o (Xo, Zo) in the
preparation of a MCF tool sample were determined as follows. As shown in Fig. 3.9,
the value of D could be obtained using the formula D = (di + do)/4 = 12.58 mm, where
di was determined by the average value of a and b, namely di = (14.5+12.1)/2 = 13.3
mm. The tilt angle was set to arctan (zo’ = f"(Xo0)) = 20 where zo = f(Xo) = (tana)xo, due
to the choice of the point P (xo = 8.00, zo = 3.00) in xz-plane. Furthermore, the working
gap of h = 1.00 mm was set. Moreover, point 0 (Xo = 4.07, Zo=1.00) in XZ-plane can
be determined using Egs. (2-9) and (2-10).

3.5.2 Magnetic field

MCEF tool MCF carrier

- Q(?‘Oa o, :0)

(a) (b)

41



Chapter III The novel doughnut-shaped MCF tool

Fig. 3.10. Model for the analysis of the magnetic field: (a) the dimensions of the magnet
and (b) relative positions of the magnet and MCF tool.

To comprehensively understand the effect of the MCF slurry on polishing characteristics,
the behavior of ferric clusters and APs within the MCF slurry during polishing should be
examined. In conventional MCF polishing, ferric clusters gather in line along the magnetic
line of force and stir the APs under the rotary magnetic field. APs are forced onto the work-
surface in the working area due to the magnetic field. However, it is yet unclear if similar
phenomena occur in the novel method. Thus, the distribution density of the magnetic flux
B was analyzed firstly. As shown in Fig. 3.10(a), a ring-shaped magnet with an inner radius
Ri1 (4.5 mm), an outer radius Rz (15 mm) and a thickness T (20 mm) has been magnetized
evenly in its z-axis direction, and thus, the magnetic poles only exit at the upper/lower
surfaces of the magnet (S+ and S-) because of the magnetic field [8]. A cartesian xyz
coordinate was established at the center of the lower surface of the magnet, according to
which a cylindrical coordinate was defined, where the location of an arbitrary point can be
expressed as (7o, o, zo). Based on the rules of magnetic symmetry and the magnetic scalar
potential, the magnetic field intensity H and the corresponding components Hr,, Hy,, and
H, in the cylindrical coordinate should be only considered in the x—z plane (po = 0, Hy, =
0). Once values of 7o and zoare given to the following equations, the magnetic field intensity

H can be resolved, followed by obtaining the magnetic flux density B acting on point Q (ro,

00, 70).
=M Ul - — To7*¥ -
o 00 20) = 3l e O~ o o G-
M y y
H, (15,0 ., 7)) = — ds — — = ds=0 3-2
(po( 0 (po O) A ff5+ \/(ro—x)2+y2+(zo—T)23 ffs_ (To—x)2+y2+2023 ( )
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Ho o 9 20) = 32 [y, T ds = [y s ds (3-3)
M = By /uo (3-4)
B = uoH (3-5)

B(ro, @, 20) = JB%, (ror 940 20) + B2, (Tor 901 20) + B2 (o, P, 20) (3-6)

where M and Bre are the magnetization and remanence of the magnet, respectively, and o
is the permeability in a vacuum. Substituting Egs. (3-4) and (4-5) into Egs. (3-1)-( 3-3), the
components of the magnetic flux density B can be obtained, then the resultant magnetic
flux density B (ro, ¢o, Zo) at point Q (ro, po, zo) can be obtained by using Eq. (3-6).

The relative position between the MCF tool and the magnet is illustrated in Fig. 3.10(b).
The x.yuzy cartesian coordinate was constructed and fixed in the ground. The x,-y plane
was located in x-y plane and z, was overlapped to the revolution axis of the magnet.
Thereby, point Q is represented by Q’ in the x.yuz« coordinate system, R is the distance
from Q’ to the center of the MCF tool, and 0 is the rotation angle of the magnet when the

magnet revolves around the z,-axis. Thus, ro can be determined by R, with r, =

JR? + 12 — 2R, cos 0,,,. The magnetic field at point O’ can be also obtained by selecting the

values of R, Om, and z,,, where z,, is the same as zo.
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Fig. 3.11. Distribution of B at the point (R, 0, 22) when 6m =0<

The upper surface of the magnet was very close to the lower face of the MCF carrier,
and the small clearance between the magnet and MCF carrier could be ignored compared
to the working gap 4. The thickness ¢ of the MCF carrier was 1 mm, and thus, the
relationship between working gap / and the distance of point Q’ to the lower surface of the
magnet (S-) zy can be represented by zy=¢+ h + T.

Fig. 3.11 displays the magnetic flux density at different point Q’ along xy-axis at z, = 22
mm, i.e., fm = 0° and 2 = 1 mm. When the radius of the MCF tool R ranged from the inner
ring (Ri = 6.6 mm) to the outer ring (Ro = 18.5 mm), Om = 0° and # = 1 mm, i.e., o ranged
from 2.6 to 14.5 mm, an arbitrary point locating at the line OB (Fig. 3.9) can be presented
by point Q’. To confirm the analytical results, the actual magnetic flux density at the
corresponding position was measured by a high precision teslameter (5070G/Teslameter),
and the results are plotted in the same figure. The theoretical values were similar to the
measured ones, and the magnetic flux density B was the greatest near the outer ring of the
MCEF tool and the smallest near the inner ring of the MCF tool. The maximum B: was found

at R =11 mm and R = 13 mm, which were very close to the middle of the working area of
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the MCF tool (R = 12.58 mm). However, the B, began to increase with the increase in R
when R ranged from 8 to 18 mm, whereas the opposite tendency was found when 4.5 mm
<R <8 mm and 19 mm < R < 24 mm. The analytical method was valid and could be used
in the following analysis.
3.5.3 Behavior of ferric clusters

Jiao, et al. confirmed that the ferric clusters formed along the magnetic lines of force
during the surface finishing using the MCF wheel [9]. To determine if this behavior also
occurred in the current work with the novel MCF tool, a vector graph of the magnetic field
in the x,-zy plane was constructed based on the results in Fig. 3.11. The vector graph is
shown in Fig. 3.12, where the arrows depict the orientations of the magnetic lines of force.
The orientation of magnetic lines of force gradually became perpendicular to the surface of
the MCF carrier from the inner ring of the MCF tool to near the middle portion of the
working area. The magnetic line of force had an angle of 88.8° relative to the surface of the
magnet when R reached 11 mm, and even remained nearly vertical with an angle of 75.4°
when R reached 13 mm (middle portion of the working area), after which it tended to be
parallel to the surface of the MCF carrier until R increased to Ro. Given that the ferric
clusters are formed along the magnetic lines of force, the orientation of the ferric clusters

would be similar to that of the magnetic lines of force.

WL Wi/

'ﬁR 6.6 mm : =11 mm —185mm$

Fig. 3.12. Analysis of the magnetic lines of force.
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Fig. 3.11. Optical images of the MCF tool with the MCF2 slurry: (a) side view of the B-B

cross-section and (b) top view of the whole MCF tool.

Working area

MCF carrier
Fig. 3.12. SEM image of the B-B cross-section at O’B’.
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Fig. 3.13. Typical orientation of the ferric clusters: (a) inner side, (b) middle portion, and
(c) outer side. Typical distribution of (d) a-cellulose, () Aps, (f) Al element, and (g) Fe

element.
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To verify the above-predicted orientation of ferric clusters, a sample of MCF tool with
the MCF 2 slurry was prepared using the procedure reported previously. The prepared MCF
tool sample is shown in Fig. 3.11, in which the abundant ferric clusters can be observed
directly. The portion of the MCF tool being used is highlighted with the red dashed line.
The ferric clusters within the working area were further studied using the scanning electron
microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX).

Fig. 3.12 shows the SEM image of the B-B cross-section at O’B’. A number of spikes,
as composed of ferric clusters, were observed and their orientations were different at
different positions corresponding to those of the magnetic lines of force. The internal
structures of the tool at different positions were further observed by enlarging the SEM
images at the positions located in (a) the top surface close to the inner ring, (b) the top
surface around the middle area, (c) the top surface close to the outer ring, and (d) the inward
area between (b) and (c).

Starting from location (a), the clusters gradually changed their orientations clockwise,
and the clusters at the location (b) were almost vertical to the upper surface of the MCF
carrier. Then, the clusters continued to change the orientations clockwise from being
vertical to being in parallel with the upper surface of the MCF carrier. Comparing these
results with that in Fig. 3.10, it was indicated that the ferric clusters were formed along the
magnetic lines of force within the MCF tool, which was as predicted theoretically.
Additionally, a-celluloses were interleaved between the clusters, which increased the shear
resistance of the MCF tool, as shown in Fig. 3.13(d). Fig. 3.13(e) is a typical SEM image

that was obtained by enlarging a portion of Fig. 3.13(c), showing that the APs appeared
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around the clusters. These APs at the designated working gap can be categorized into two
types. Some Aps, as located originally in the relatively large working gap, were compressed
by the work-surface to the designated working gap, while others were the originally resided
ones in the designated working gap.

The EDX mapping results in Figs. 3.13(f) and (g) show the distribution of Al and Fe
elements on the B-B cross-section at O’B’, implying that the alumina (Al.O3) APs were
evenly distributed inside the MCF tool, and simultaneously attached to the ferric clusters,
which were mainly composed of CIPs. Thus, the clusters can stir the APs effectively as a

result of the conical pendulum motions under the rotary magnetic field.

\.
Point P
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Fig. 3.14. Orientations of clusters at point P with the magnet revolution.

In fact, as the magnet revolved around the axis of MCF carrier, B and the orientation of
the magnetic line of force at point O’ (12.58, 0, 22), i.e., point P, varied continually. This
can result in constant variations of the strength and the orientation of ferric clusters. Fig.
3.14 shows the MCF tool with the MCF 2 slurry at different moments during one revolution
of the magnet (6m € [0°, 360°]). The conical pendulum motions of the clusters can be
obtained from different positions of clusters i.e., m = 0°, 90°, 180°, and 360°, at point P for
different moments, indicating that the magnet revolution can alter the orientation of ferric
clusters, which contributed to the stir of the particles within the MCF tool.

3.5.4 Behavior of abrasive particles

® ©
Fig. 3.15. (a) SEM image of area A. (b) Al and (c) Fe elemental distributions on the top

surface of the MCF tool.

In order to observe the distribution of the APs at the upper surface of the MCF sample,
the area A at the center of the working area including the portion acting on the point P was

selected for observation typically by using an SEM with an EDX mapping function. The
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SEM image of area A and EDX mapping results for the distribution of Al and Fe elements
in area A are shown in Figs. 3.15(a), (b), and (c), respectively. As shown in the SEM image,
many ferric clusters primarily composed of CIPs stood out on the upper surface of the MCF
tool, and the EDX mapping results showed that either Al or Fe were distributed well in the
entire area A, indicating that the Aps were distributed on the upper surface of the MCF tool.
A comparison of the distributions of Al and Fe revealed that the distribution of abrasive
particles was also related to the distribution of CIPs on the upper surface of the MCF tool.
As revealed in our previous research [10], the APs within the MCF slurry can always be
surrounded by a magnetic medium, mainly under the influence of the magnetic levitation
force and gravity. Thus, the APs can squeeze the work-surface at the working gap. However,
the direction of the magnetic levitation force was opposite to that of gravity in the current
method. Hence, the analysis of the behavior of APs is crucial to the validation of the
proposed material removal model. Fig. 3.16 illustrates the forces acting on APs around
point P in the B, direction, where Fap- is the magnetic levitation force in the z, direction
and G is the gravitational force. Therefore, the resultant force F' is expressed by F' = Fap-z -

G. F> 0 means that the work-surface is squeezed by the AP at the current position.

Work surface
\“l \\\I I”\ .i‘.’ . ] )
L e 10d® i@ i Abrasive particle
(@130 . WG !
IR i
i A { /G | Magnetic lines of force
IR TT P

MCF carrier

Fig. 3.16. Analysis of the forces acting on APs.

The magnetic levitation force on an AP, Fap., can be determined by the magnetic field
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strength and magnetic properties of the MCF slurry as follows [11]:

Fap-z = —HoVapMVH = —Vy,MycpVB, (3-7)

where Vg is the volume of the nonmagnetic body, Mwmcr is the magnetization of the MCF
slurry, and VB is the gradient of the magnetic field. According to the reports by Wang and
Guo [12-14], the single AP can be considered spherical. Therefore, the volume of a single
AP can be calculated by Vap = 4nr:p/3, where rgp is the radius of the AP. Since the variation
of magnetization Mwmcr depends on the applied magnetic field, the fitted M-B equations
(Egs. (3-8)-(3-10)) were obtained by using the polynomial fitting method with MATLAB.
The experimental results displayed in Fig. 2.11 were used as the input data to be fitted. The
results showed that all the determination coefficients (R-squared) were above 0.99,
suggesting that the fitted results were accurate and reliable. When 6m = 0< the magnetic
flux densities B; at points (R, 0, z, = 21.5, 22, 22.5, 23, 23.5, and 24 mm) were
simultaneously calculated as shown in Fig. 3.17, in which the gradient command of
MATLAB can be directly applied to calculate the VB.. It was evident that B; increased with

the decrease of z,, when R was from 9 to 19 mm.

Mycr=-91.526B + 423.98B2 — 733.84B2 + 567.815, + 0.8949 (R-squared = 0.994)  (3-8)
Mycr=-78.428B} + 364.08B3 — 631.85B2 + 490.27B, + 0.8855 (R-squared = 0.994)  (3-9)

Mycrs=-66.167B +307.37B% —533.89B2 + 414.46B, + 0.6458 (R-squared = 0.9998) (3-10)
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Fig. 3.18. Typical distribution of the resultant F at point (R, 0, zm) when 6m =0<

The typical distribution of the resultant F' along the xy-axis (6m = 0°), for various z,, i.e.,

working gap 4, is shown in Fig. 3.18. When 4 =1 mm, the resultant F" increased with the

increase of R from the inner ring of the MCF tool (Ri) to where R = 16.5 mm, then the

resultant ' decreased until R reached Ro. It was also found that /> 0 for 8.5 mm < R < R,,

indicating that all the APs at these positions can potentially touch the work-surface.

However, it can be observed that some points on the work-surface were not squeezed by

APs when the magnet was at the initial location, regardless of the given working gap. To

find out if a point (R, 0, z.) has suffered the squeezing of the APs during the entire polishing
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process, the following analysis was carried out.

Since the magnet was revolving around the axis of the MCF carrier, i.e., Om varied
periodically, the resultant F' at the point (R, 0, z,) varied correspondingly. As a result, the
resultant /” can be expressed as F' = f{6m), where m is regarded as the independent variable.
Om can be determined by Om = @mfm = 2Tnmim/60, where wm=21nm/60 is the angular velocity
of the magnet, and m is the revolution time of the magnet. Hence, the resultant /' can be
then expressed as F' = F(¢m). Assuming that the APs can always appear at the work-surface
and referring to the calculation process (see Fig. 3.18) where the resultant F at point (R, 0,
22) at Om = 0°, i.e., tm = 0 min was calculated, the variations of the resultant /" at points (R,
0,22), where 8.5 mm < R < 16.5 mm with the magnet revolution time #m, were obtained for
one revolution of magnet, i.e., fm € [0°, 360°] or tm € [0, 0.12 s], as exhibited in Fig. 3.19.
As shown in Fig. 3.19, the resultant F' at some points can be greater than zero at some
moments and less than zero at other moments, suggesting that the corresponding points
suffered squeezing from APs at some moments and not at other moments. For different
points, the moments with squeezing and without squeezing from APs were different, which
was dependent on the relative location of the magnet. Furthermore, the resultant F at
different points (R, 0, 22) where 8.5 mm < R < 16.5 mm in an arbitrary moment fm, i.e.,
= F(tm), can be obtained by fitting the data in Fig. 3.19 and using Eqgs. (3-11)-(3-15) where
1/nm is the time for one complete magnet revolution. The determination coefficients (R-
squared) of the results were all beyond 0.99, indicating that the proposed model can provide
accurate and reliable results. The average resultant /' in one revolution of the magnet can
be given by Eq. (3-16).
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Fig. 3.19 The variations of the resultant F at points (R, 0, 22) during one revolution of the

magnet.

-8E-6t, + 1E-6t3, — 6E-8t2, +
F(t,) _ 1E-9¢,, - 6E-13 (R-squared = 0.9988) 0< ¢,, < 30/n,,
mIR=85 -8E-6t}, + 3E-6t3, — 3E-7t2, +
2E-8¢,, - 3E-10 (R-squared = 0.9988) 30/n,,< t,, < 60/n,,

(3-11)

-7E-6t%, + 7E-7t), — 2E-8¢2, +
2E-10¢,, + 1E-11 (R-squared = 0.9955) 0< ¢, < 30/n,
-7E-6t + 3E-6t3, — 4E-7t2, +
3E-8¢,, - 6E-10 (R-squared = 0.9955) 30/n,< t,, < 60/n,,

{ (3-12)
( 0.0006t3, — 8E-5t,}, + 3E-6t3, — 5E-8t2,
{(

F(tm)r=105 =

+ 3E-10¢,, + 1E-11 (R-squared =0.997) 0< ¢, <30/n,
—6E-4t>, + 3E-4t} — 6E-5t3, + 5E-6t2, — 2E-7t,,
+4E-09 (R-squared = 0.997) 30/n,,< t,, < 60/n,,

-9E-4t>, +1E-4t} — 7E-6t3, + 1E-7t2,
—5E-10£,,+1E-11 (R-squared = 0.9935) 0< ¢, < 30/n,,
9E-4t3, — 4E-4t} + 7E-5t3, — 6E-6t2,
t+3E-07 t;, — 5E-09 (R-squared = 0.9935) 30/n,,< ¢t,, < 60/n,,

7E-4t3, — 1E-4t} + 7E-6t3, — 2E-7t2,
+ 8E-10¢,, + 1E-11 (R-squared = 0.9928) 0< ¢,, < 30/n,,
F(tm)r=165 = 5 4 3 ) (3-15)
—7E-4t>, + 3E-4t} — 5E-5t3, + 4E-6t2, — 2E-7t,

+3E-09 (R-squared = 0.9928) 30/n,,< t,, < 60/n,,

F(tm)r=125 = (3-13)

F(tm)r=145 = (3-14)

_ fFCm)dtn (3-16)

Faverage - 60/Tlm
To assess the degree of the APs squeezing in one magnet revolution at points along the

radius of the MCF tool, the average resultant F, Faverage, Was calculated using Eq. (3-16). In

the calculation process, the resultant /" was set at 0 for negative values since there were no
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squeezing happened. In this way, Faverage at points (R, 0, z,) (8.5 mm <R < 16.5 mm, 21.5

mm < z,, < 24 mm) were obtained as displayed in Fig. 3.20.
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Fig. 3.20. Distribution of Faverage along the radius of the MCF tool at different zm.

1.6E-11
-#-MCF1 MCEF2 MCEF3

1.2E-11
z

& BE-12
oE

4E-12

O L L L
8.5 10.5 12.5 14.5 16.5
R (mm)

Fig. 3.21. Distribution of Faverage along the radius of the MCF tool at zw = 22 with

different MCF slurries.
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Fig. 3.22. Distribution of Faverage along the radius of the MCF tool at zm = 22 for APs with
different sizes.

As shown in Fig. 3.20, Faverage Was observed to be greater than zero, indicating that the
work-surface can always be squeezed by the APs as the magnet revolved, regardless of the
working gap. Moreover, Faverage increased first when R increased from the inner ring to R =
10 mm, after which Faverage began to decrease as R increased to the outer ring, regardless of
the working gap. Additionally, as mentioned above, the APs, as initially located in the large
working gap, were compressed to the smaller working gap, where the effect of the magnet
field was more evident, resulting in the increase in polishing forces. Therefore, the more
the MCF tool was compressed, the higher the material removal ability became.

As illustrated in Fig. 3.21, when MCF1-3 slurries were applied, Faverage increased with
the increase of the CIPs concentration, i.e., increased magnetization Mwcr. The variations
of Faverage With different sizes of the APs are displayed in Fig. 3.22. The results showed that
Faverage increased with the increase of APs sizes. Figs. 3.21 and 3.22 demonstrate that higher

material removal ability can be obtained when larger APs and higher CIPs concentration
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were used within the MCF tool.

Additionally, the shear stress of the MCF slurry was strongly related to the magnetic
field strength and the CIPs concentration. Therefore, the induced tangential forces of the
APs, which acted on work-material, increased when the APs were closer to the upper
surface of the magnet and when the MCF slurry was used with a higher concentration of
CIPs. In these situations, the material removal ability can be enhanced significantly.

3.6 Model of material removal
Based on the experimental results and theoretical analysis above, a reasonable material

removal model of the proposed method is proposed as shown in Fig. 3.23.

‘Work surface
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Magnetic lines of force

« Tool marks

. ® (Contact are angential F, (Velocity)

! 1 3 L 2 L2 - ‘RO
MCEF carrier

|
i
i
éarbon iron particle @ Abrasive particle MF ./ a-cellulose
Fig. 3.23. Model of material removal.

Ferric particles gather along the magnetic line of force to form chain-shaped clusters,
APs become entrapped or attached to the surfaces of the clusters, and the a-celluloses
intersperse in the clusters to improve the cluster toughness. Due to the compression of the
MCEF tool, some APs are forced to move downwards to the given working gap, and these
APs are affected strongly by the magnetic field and squeeze the work-surface under the

action of the magnetic levitation force and gravity. The resultant force F acting on an AP is
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always vertical to the surface of the MCF carrier. Thus, it overlaps the normal line of point
P, and the normal force acting on work-surface can be regarded as the resultant . Once the
relative motion between the MCF tool and the workpiece is given, the shear stress i.e., the
tangential force, is thereby generated. Under the combined function of the
normal/tangential forces and the velocity, the work-material is removed by the micro-
cutting action of the APs. Moreover, under the rotary magnetic field, the ferric clusters
change their orientations with the magnetic line of force, which contributes to the stirring
the abrasive particles and refreshing of their cutting edges to maintain the polishing
performance.

Summary

(1) The formation process of the MCF tool was affected by the eccentricity re, the rotation
speed of the MCF carrier nc, the revolution speed of the magnet nm, and the amount of
MCEF slurry supplied V. Apart from the revolution speed of the magnet nm, above
parameters also affect significantly the geometry of the MCF tool.

(2) A perfect MCF tool could be obtained when the eccentricity re, the rotation speed of
the MCF carrier nc, the revolution speed of the magnet nm, and the amount of MCF
slurry supplied V were 4 mm, 300 rpm, 500 rpm, and 1.5 ml, respectively, resulting in
a MCF tool with dimensions of a = 14.50 mm, b = 12.10 mm, ¢ = 0.12 mm, ¢c2 = 0.71
mm, do = 37 mm, and H = 5.00 mm.

(3) The CIPs were gathered to form the ferric clusters along the magnetic flux lines.

(4) The Aps, at a given working gap, can squeeze the work-surface. The squeezing action

was much more intense when larger APs and the MCF slurry with a higher
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magnetization were employed.
(5) The material removal model suggested that the material was removed due to the APs

and the relative motion between the work-surface and APs.
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Chapter IV Experimental Investigation on Polishing Aspheric

Surfaces

4.1 Introduction

As engineering applications, the MCF slurry was successfully applied to polish various
surfaces with different materials, including flat workpieces constructed by stainless steel,
polymers, optical glasses, ceramics, linear/circle-shaped V-groove made up of oxygen-free
copper and Ni-P plated STAVAX [1]. According to the reports of Wu, Guo, and Wang, the
polishing conditions was one of the key impacts on the polishing performance. For example,
Furuya et al. polished a metal work surface utilizing the MCF polishing technique and
optimized the experimental parameters [2]. Wu et. al. successfully polished a flat workpiece
made of CVD-SiC and a Nano-precision surface was obtained by optimal polishing
conditions, and a stainless-structured surface with deep rectangle grooves was also polished
by them when the proper polishing trace, the revolution speed of magnet and working gap
were given together. Guo et al. performed the polishing of a Ni-P plating layer [3] and
PMMA [4] with the mount-shaped MCF polishing tool using a zirconia-coated CIP-based
MCF slurry to the nanometer-level without causing scratches or the embedding of particles,
and the results showed that the tool marks were diminished totally and ZrO2-coated CIPs
based MCF slurry produced smoother work surface at a higher improvement rate than
ZrO2-coated CIPs based MR fluid slurry, and the MCF slurry with 70 wt.% CIPs

concentration and without APs and a-cellulose resulted in better surface roughness (Ra < 1
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nm). Considering high material removal rate, form accuracy, and surface quality by using
the mount-shaped MCF polishing tool, Wang et al. polished efficiently a miniature V-
groove using MCF slurry after optimizing the polishing conditions with revolution of MCF
carrier 10 rpm, MCF slurry supplied amount 1 ml, and oscillation parameter 30 Hz [5].
Furthermore, Wang et. al investigated the effect of parameters on polishing circle-shaped
V-groove and the results showed that the higher rotational speed of workpiece contributed
to better surface roughness and form accuracy [6]. In the report of Jiao [7], it was found
that the Nano-precision surface of the optical glass was obtained with a high material
removal rate when the higher rotation speed of the MCF wheel and smaller working gap
were employed. According to the reports, it was implied that the performance of the MCF
polishing tool was highly dependent on the polishing conditions, in the case of which, in
order to polish the aspheric surface, the investigation on the effect of parameters on
polishing results were crucial.

As summarized in previous chapters, the polishing feasibility using the MCF tool was
confirmed, the optimal MCF tool was obtained, and the material removal model was
clarified. However, the works on polishing aspheric surfaces were still not conducted. As
mentioned in the introduction, the polishing was mainly used for removing the tool marks
and improving the surface quality. Hence, the investigations on the effect of parameters on
polishing results in terms of material/tool marks removal, and surface quality were
experimentally studied in this chapter, followed by the polishing aspheric surface with the

optimized polishing conditions.
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4.2 Experimental details
4.2.1 Experimental conditions

To systematically study the characteristic of the novel method and its polishing ability
on aspheric surfaces, experiments were carried out in two steps. In the first step, the conic
surface, which was regarded as a special aspheric surface, was polished to reveal the
fundamental processing characteristics of the proposed method. The process parameters (h,
V, nc, CIP concentration, APs size) were subsequently optimized in terms of the material
removal rate MRR, the polishing area, and the surface roughness. Finally, the aspheric
surface was polished using the optimized MCF tool and the parameters to confirm the
performance of the novel method.

Table 1 Experimental conditions in the experiments

Parameters Value

Working gap 4 (mm) 1,1.5,2,2.5,3,3.5
Volume of MCF supplied V' (ml) 1,1.5,2,2.5
Eccentricity re (mm) 4

MCEF carrier revolution speed nc (rpm) 200, 300, 400

Table 2 Different MCF slurries

CIPs (wt.%)

dia\r;v::t:r _ (WI\:I.OFA)) APs (wt.%) a-cellulose (wt.%)
Spum
MCF 1 55 30
MCF 2 45 40 12 (1 um)
MCF 3 35 50 3
MCF 4 45 40 12 (0.5 um)
MCF 5 45 40 12 (2 um)
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Table 1 shows the conditions used in the experiments by considering the variations in
the working gap h, the volume of MCF slurry supplied V, and the revolution speed of MCF
carrier nc. Then, the MCF 1-5 slurries were supplied by changing the CIPs concentration

and APs size, as shown in Table. 2.

4.2.2 Preparation of workpieces
The conic workpiece used in chapter 3 was considered as the workpiece in the first step.
An aspheric element pre-turned by SDPT with design parameters k = -1 and ¢ = 0.1 (Fig.

3(b)) was prepared with approximately a 49-nm initial surface roughness Ra.
¢ 20 |

Aspheric sut

5
X
cx

1+J1 — (1 + k)2

2

z=fx) =

Fig. 4.1. Appearance of the aspheric surface.

4.3 Typical material removal
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Material removal at A-A in 60 min polishing
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Fig. 4.2. (a) The polished workpiece, (b) surface profile, and (c) the peak material

removal.
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A conic surface was polished using the optimized MCF tool obtained in chapter 3. The
geometric arrangement between the workpiece and the MCF tool was the same as that used
in chapter 3. An optical photograph of the polished workpiece is presented in Fig. 4.2(a),
demonstrating that the annular mirror surface was obtained successfully after polishing.
Additionally, the symmetrical V-shaped generatrix at the A-A surface profile is shown in
Fig. 4.2(b). The annular polished area (displayed in Figs. 4.2(a)) was obtained with lo =
14.5 mm and li = 2.5 mm (shown in Figs. 4.2(b)). The polishing area S can be calculated
by the equation S = Sirio - Siirii = TloR10 - 7liRii, where the radii, i.e., Rio and Rii, can be
calculated as follows: Rio = locosa, Rii = licosa. Therefore, about 580 mm? of the polishing
area was obtained in this experiment.

To systematically study the material removal, several points on the A-A profile with
different depths of material removed were selected, as shown in Fig. 4.2(b). The peak of
material removal, i.e., the maximal depth of the polishing area MRp, was found at point P3,
which was about 8.5 mm from point o along the generatrix. Thus, the material removal rate
(MRRp) was calculated by dividing the MRp by the polishing time, e.g., a 0.27 um/min
material removal rate was obtained at P3. The MRRps were determined at several other
points. P1 and P5, where the MRRs were about 0.05 um/min, were located 3 and 4.7 mm
from P3, respectively. P2 and P4, where the MRRps were about 0.13 um/min, were located
2.8 and 3.2 mm from P3, respectively. Moreover, as shown in Fig. 4.2(c), the material was
removed stably at P3 during the processing. Compared with previous methods [8-11], the

novel method used in this experiment is suitable for removing material controllably due to
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the steady material removal ability, which is convenient for planning a polishing path to

polish the whole aspheric surface.

4.4 Removal process of tool marks

Initial Tool marks IO.QS pm
Ra=933nm

60 min polishing
Ra=10.76 nm

A A AN AW A s AW At s o AN A

100 pm

Fig. 4.3. Removal of tool marks.

An enlarged cross-section profile of the annular polished area around point P is displayed
in Fig. 4.3 to compare the tool marks before and after polishing and confirm the ability of
this novel method to remove the cutting marks. As is evident in this figure, the initial
surface profile was composed of periodic peaks and valleys (maximum peak-to-value
distance (PV): 0.749 um) with a certain frequency, and the surface roughness Ra was
approximately 93 nm. After polishing for 60 min, the surface roughness decreased to Ra
10.76 nm, and the surface profile was mainly composed of periodic peaks and valleys (PV:
0.147 um) with a relatively high frequency, indicating that the removal of tool marks was
successfully realized. The removal rate of tool marks, MRR:, was obtained by dividing the
difference of the PV before and after polishing by the polishing time, e.g., an MRR: of 0.01

pm/min was obtained at point P.
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4.5 Typical surface roughness
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Fig. 4.4. (a) Surface roughness topographies at P3 after different polishing times and
(b) surface topographies in different positions along the circumference of the polishing
area after 60 min of polishing.
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Fig. 4.5. Variations in the surface roughness at P1-P5 during polishing.

The typical variations in surface topographies with the polishing time at P3 are
presented in Fig. 4.4(a). The tool marks with a maximum depth of 2.8 um on the initial
surface were progressively eliminated after polishing due to the gradual removal of
material. This led to a vast improvement in the surface quality at P3, with Ra values

ranging from 93.3 to 10.18 nm. To compare the surface roughnesses at different
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positions along the circumference of the polishing area, P6, P7, and P8 were selected
with a constant interval along the circle on which P3 was located, as shown in Fig.
4.2(a). After, the surface topographies at P6-P8 after 60 min of polishing were
investigated, as shown in Fig. 4.4(b). All the surfaces were smoothed without tool
marks. Furthermore, small deviations of the surface roughness at P3 and P6-P8 were
found because the stable capacity of the material removal allowed the tool marks to be
removed evenly and equally at the circumference. Hence, the investigation of surface
roughness at the circumference is not considered henceforth.

The variations in the surface roughness at P1-P5 were investigated, as shown in Fig.
4.5. Regardless of the selected points, the surface roughness decreased continually
during polishing. The surface roughness at P3 decreases rapidly in the first 20 min, after
which the decrease rate decreased gradually. Similar trends were observed at other
points. Analyzing the results, it was concluded that the best surface roughness was
obtained at P3. Small deviations of the surface roughness were found between P1 and
P5 and P2 and P4. However, the better surface roughness was observed at P2 and P4
than at P1 and P5. This was due to the higher MRR, which corresponded to fewer

remaining tool marks at the surface, resulting in a better surface roughness.
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4.6 Effect of process parameters

4.6.1 Effect of working gap h
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Fig. 4.6. Effect of working gap % on (a) MRRy, polishing area, (b) MRR: and (c) surface
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roughness.

The effects of the working gap 4 on the MRR;, polishing area, MRR: and surface
roughness are reviewed in Fig. 4.6. As shown in Fig. 4.6(a), the MRR), and polishing area
significantly decreased as 4 was adjusted from 1 to 2.5 mm and slightly decreased as %
increased from 2.5 to 3.5 mm. During this period, the polishing area was more affected than
the MRRy. As h increased, the MCF slurry within the working area became less compressed
and stiffer, eventually resulting in a decreased indented pressure of the particles on the work
surface and less working area, corresponding to a lower MRR, and smaller polishing area.

The effect of the working gap % on the removing tool marks is investigated, as shown in
Fig. 4.6(b). The removal efficiency of tool marks came up to 0.011 pm/min when the
working gap 4 reached to 1 mm. As the increase of the working gap /4, the removal
efficiency of tool marks sharply decreased, especially when the working gap % increased
from 1 mm to 2.5 mm, then the decreasing tendency slowed down.

As the typical results in Fig. 4.6(c), the effect of the working gap /4 on the surface
roughness at P3 is investigated. The surface roughness decreased with the increase in
polishing time. The same tendency for the surface roughness variation was found, although
h was varied. Once & exceeded 2 mm, a conspicuous deviation of the surface roughness
was observed by comparing it with other conditions. The best surface roughness was

achieved when 4 was 1 mm.
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4.6.2 Effect of n.
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The effects of the working gap h on the MRRp, polishing area, MRR: and surface
roughness are reviewed in Fig. 4.7. Fig. 4.7(a) shows that the MRR; increases first from
200 rpm to 300 rpm. It was concluded from Guo’s work that MRRp had a positive
relationship to the relative speed between MCF tool and workpiece, because higher speed
resulted in the increase of shear stress, i.e., tangential force. However, the MRR;, decreased
when nc increased from 300 to 400 rpm. When nc was raised to 400 rpm, the components
within the MCF slurry, especially the abrasive particles, were split out from the MCF tool,
due to the overlarge centrifuge force. Thus, the slight decrease in MRRp occurs. As to the
polishing area, it was a slight increase with the increase in nc due to the splitting out of MF
and other components. As shown in Fig. 4.7(b), the removal efficiency on tool marks
increases when nc increased from 200 rpm to 300 rpm, then it decreased at 400 rpm. The
reason should be that the viscosity and the shear stress were changed abruptly due to the
change of the compositions of the MCF tool.

The evident differences in the surface roughness are found with different nc, as shown in
Fig. 4.7(c). When nc was set at 200 rpm, the final surface roughness Ra was much worse
than that at 300 rpm and 400 rpm. However, worse surface roughness was found at 400
rpm compared with 300 rpm. This was because the amount of CIPs taking participate into
cutting material off was sharply increased after APs were split out from the MCF tool also
due to the overlarge centrifuge force. These results exerted that nc = 300 rpm was suitable

for this polishing method though overall consideration.
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4.6.3 Effect of volume of MCF slurry supplied
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Fig. 4.8 shows that the effect of the amount of MCF slurry supplied on MRRy, polishing
area, and MRR:. As shown in Fig 4.8(a), MRRp and polishing area increased almost linearly
with the increase in V. It was concluded from chapter 3 that a wider and higher MCF tool
was obtained with a larger V, demonstrating that longer clusters formed. Once longer
clusters were compressed to the same h, higher indented pressure and larger working area
were obtained, leading to a higher MRRp and larger polishing area. As displayed in Fig.
4.8(b), MRRt increased as the increase in the amount of MCF slurry supplied. When the
amount of MCF slurry increased, the number of CIPs within the MCF tool was enhanced,
resulting in an increase in the number of ferric clusters. Consequently, the ability on the

removal of material/tool marks was improved.

As to the variation of the surface roughness under different amounts of MCF slurry
supplied with polishing time, there were no evident differences in Fig 4.8(c) in the surface
roughness after 60 min of polishing when V was greater than 1 ml. This occurred because
the varied parameters led to a different MRRp, which resulted in a different surface
roughness at the work surface, as was concluded in the previous section. Based on an
overall consideration of the appearance of the MCF tool shown in chapter 3, and the

polishing results, 1.5 ml of the MCF slurry was suitable for polishing the aspheric surface.

4.6.4 Effect of CIPs concentrations
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Fig. 4.9. Effect of the CIPs concentration on the (a) MRRp and polishing area, (b) MRR;,

and (c) Surface roughness Ra.

Fig. 4.9 shows the effect of the CIPs concentration on MRRy and polishing area, MRRt
and surface roughness Ra obtained using different MCF slurries with different CIPs
concentrations. The MCF 1 slurry with the highest CIPs concentration enabled the
formed MCF tool to achieve the highest MRRp, polishing area, and MRR;, as shown in
Figs. 4.9(a) and (b). With a decrease in the CIPs concentration, the MRRy, polishing
area, and MRR: decreased. As for the work-surface roughness (Fig. 4.9(c)), the work-
surface could be polished using the MCF tools formed with different MCF slurries.

However, MCF 1 exhibited the greatest polishing efficiency in the first 40 min
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polishing, whereas the surface roughness Ra began to worsen after 40 min. In contrast,

other MCF slurries smoothed the surface gradually with increased polishing time.

Top view

MCF2
Fig. 4.10. Appearances of the MCF tools.

Optical images of MCF tools with different CIPs concentrations are shown in Fig. 4.10.
With the MCF 1 slurry, the MCF tool with the longest ferric clusters was obtained. With
the decrease in the CIPs concentration, the geometry of the MCF tools was reduced,
because of the decrease in the amount of CIPs within the MCF slurries, leading to a
decrease in the number and the lengths of the formed ferric clusters.

As the CIPs concentration decreased, the corresponding M gradually decreased under
the applied magnetic field. Consequently, the ferric clusters were prone to becoming
fractured during polishing, decreasing the shear stress, as summarized in chapter 2.
Furthermore, the magnetic properties of the slurry were weakened, which also weakened
the effect of the APs. Thus, the polishing forces were reduced, directly leading to a decrease
in the capacity to remove material/tool marks. Although the MCF 1 exhibited a prominent
polishing ability, its working life was limited due to the rapid evaporation of water during
polishing and the subsequent significant change of the viscosity, which were adverse to the
surface polishing. Based on the characteristics of the obtained MCF tools, different MCF

tools can be used in different processes. For example, MCF 1 can be selected for rough
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polishing because it exhibited the highest MRR, and MRR:, and MCF 2 can be used for fine
polishing. In the rest of this study, only MCF 2 slurry was used to examine the polishing
efficiency and final surface roughness.

4.6.5 Effect of APs sizes
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Fig. 4.11. Effect of the sizes of APs on (a) MRRp and MRRy, and (b) the surface
roughness Ra.

The effects of the sizes of the APs on MRRp, MRR:, and the surface roughness Ra are
shown in Fig. 4.11. As shown in Fig. 4.11(a), MRR, and MRR: gradually increased as the
size of APs increased, indicating that larger APs were beneficial for the removal of work-
material and tool marks. As for the surface quality, the surface roughness Ra could be
improved by using different APs, as shown in Fig. 4.11(b). Different variation tendencies
of Ra during polishing were found. When the sizes of APs were 2 um, within the first 40
min of polishing, the greatest polishing efficiency was obtained. However, in the following

20 min of polishing, the surface roughness Ra tended to deteriorate.
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Fig. 4.12. Surface topography in the initial state and after 40 min, 60 min of polishing

with the MCF 4, MCF 2, and MCF 5 slurries.

To illustrate the reason for the different variations of Ra, the variation of the work-surface
morphologies during polishing is shown in Fig. 4.12. The meteor-shaped tracks (localized
pits followed by long tails, as indicated in Fig. 4.12) induced by APs on the work-surface
were evident when the sizes of the APs were 2 um, which were not present when other APs
were used. When larger APs were used, although the number of the APs participating in
polishing was reduced per unit time, the influence of the magnetic field on every individual
abrasive particle in the working area was significantly strengthened, and thus, the
interference between the abrasive particle and work-surface was greater. Thus, the APs
squeezed the work-surface more tightly and could even be embedded in the work-surface.
In this way, the cutting depth induced by a single abrasive particle increased, hindering the
micro-cutting and rolling motions of the abrasive particle when an abrasive particle had a
velocity relative to the work-surface, creating meteor-shaped tracks on the work-surface.

Additionally, although more materials could be removed due to the greater cutting depth,
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the sub-surface damage including the micro-cracks and residual stress were induced
inevitably by the large abrasive particle, which was harmful to the surface quality. On the
contrary, small cutting depth and much more fluent cutting motion were obtained when
smaller APs were employed. Therefore, better surface quality could be obtained, but the
removal efficiency of the material/tool marks decreased. APs with 1 um of diameter were
used in this work.

4.7 Aspheric surface polishing

An aspheric workpiece pre-manufactured by SPDT was used to prove the capability of
the proposed method to polish aspheric surfaces. The tilt angle was ensured at 20<by the
choice of Point P (3.60, 0.52) in the xo0zo-plane on the work surface. Under the same
conditions with conic surface polishing, an experiment on polishing aspheric surfaces was
conducted for 60 min. During polishing, the MCF slurry was refreshed every 5 min to
prevent the polishing ability of the MCF tool from being deteriorated.

The typical 3D-micro optical images of the surface morphology at point P during
polishing are shown in Fig. 4.13. The tool marks, which were distributed regularly on the
initial surface, were removed gradually during polishing. At the end of polishing, the tool
marks almost disappeared. To reflect intuitively the variation in the surface roughness, the
typical C-C profiles on the corresponding surface morphologies (shown in Fig. 4.13) are
shown in Fig. 4.14. The surface was smoothed successfully, and Ra decreased from 49.81
to 10.77 nm after 60 min of polishing.

Furthermore, the A-A surface profiles before and after polishing were compared to

discuss the shape retention, as shown in Fig. 4.15. The active polishing area was limited
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between -8.30 and 8.30 mm. The shape retention was evaluated by the index Pearson
correlation coefficient (Pcc), which is employed widely to estimate the agreement of a
linear correlation with a series of samples. This procedure can be executed in MATLAB
using built-in functions. The Pcc reached 0.9981, meaning that this method exhibited a high

shape retention ability for polishing this kind of aspheric surface.
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Fig. 4.13. The typical 3D micro-optical image of the surface morphology initially, after

30 min of polishing, and after 60 min of polishing.
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Fig. 4.14. The typical surface roughness initially, after 30 min of polishing, and after 60

min of polishing.
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Fig. 4.15. Work surface profiles before and after polishing for 60 min.

As can be figured out also, in this work, only the convex work surface was dealt with
because the purpose of the present work was to confirm the feasibility of the proposed
method on polishing aspheric surfaces. However, under the similar consideration as
mentioned above, the doughnut-shaped MCF tool has the potentiality for polishing concave

work surfaces as long as the MCF tool is prepared with appropriate structure and dimension
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and the polishing conditions including the motion path of the MCF tool are determined

properly. The details will be discussed in future works.

Summary

(1) A V-shaped generatrix was obtained on the polished conic surface. A similar surface
roughness at the circumference and different surface roughness on the generatrix were
found. The tool marks composited of periodic peaks and valleys with relatively low
frequent were diminished gradually with the polishing time.

(2) A smaller working gap was proper for polishing. The 1 mm of working gap h was
selected in the experiments.

(3) The larger amount of MCF slurry was applied, and a larger material removal rate, larger
polishing area, and better surface roughness were achieved.

(4) Higher revolution speed of MCF carrier nc was beneficial for obtaining higher material
removal rate, larger polishing area, higher efficiency in removing tool marks and better
surface roughness.

(5) The CIPs concentration affected positively the magnetization M of the MCF slurry,
leading to better performance on the material/tool marks removal rate when a higher
CIPs concentration was applied. However, the best surface quality was attained with
the CIPs concentration of 45 wt.% in this study, rather than 55 or 35 wt.%.

(6) Larger APs were beneficial for obtaining higher material/tool marks removal rates.
However, a better surface quality was achieved when the APs of 1 pm in diameter were

preferred rather than 0.5 or 2 um.
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(7) The aspheric surface was polished successfully without the tool marks on the surface.

Furthermore, the shape of the workpiece was kept in a favorable extent.
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Chapter V Conclusions and Future Suggestions

Aspheric elements have become essential optical surfaces for modifying optical systems
due to their abilities to enhance the imaging quality. However, the tool marks and sub-
damage were remained inevitably by the pre-manufacture techniques, such as the single
point diamond turning (SDPT) and the high precision grinding. In order to improve the
surface quality, the polishing process was demanded to eliminate these defects. The
magnetic field-assisted polishing method was prominent for this purpose. A magnetic
compound fluid (MCF) was developed by compositing a magnetic field (MF) and a
magnetorheological (MR) fluid. The MCF contains not only um-sized iron particles but
also nm-sized magnetite particles, whereas there are no nm-sized magnetite particles within
the MR fluid. MCFs exhibited higher magnetic pressure and apparent viscosity than MFs
and a better dispersity of nonmagnetic particles than MR fluids under a magnetic field while
maintaining a fluid-like behavior. The MCF slurry contains usually carbonyl-iron-particles
(CIPs), water-based MF with nm-sized magnetite particles, abrasive particles, and a-
cellulose. By the inspiration of the conventional MCF polishing tool, i.e., mount-shaped
MCEF tool and MCF wheel, a novel doughnut-shaped MCF tool was proposed for polishing
aspheric surfaces. Under a rotary magnetic field generated by the revolution of the ring-
magnet, the magnetic flux density was constant but the magnetic lines of force constantly
revolved around the MCF carrier, leading the clusters formed by CIPs to alert their

orientations to stir abrasive particles. The renewing working area prolonged the life of the

88



Investigation on polishing aspheric surfaces by using a novel doughnut-shaped magnetic compound fluid (MCF) polishing tool

MCEF tool to a limited extent. In this study, polishing with the novel MCF polishing tool
under a rotary magnetic field was extensively studied from the investigation on feasibility
polishing, the fundamental properties of the MCF tool (including the formation process,
the optimal geometry of the MCF tool, and behavior of CIPs and APs), the analysis of the
material removal (including the material removal model, polishing forces), and the
investigation experimentally on the effect of parameters on removal of material/tool marks
and surface quality. According to the results, the aspheric surface was polished successfully.

After recognizing the rules of the rheological behaviors of MCF slurry and thereby
constructing the polishing setup, the investigation on feasibility polishing was conducted.
The shear stress of the MCF 2 slurry increased with the increase in shear rate and magnetic
field strength. Regardless of the magnetic field, when the shear rate increased from 0 to
100 1/s, shear stress enhanced sharply and then a little decreased before shear rate reached
300 1/s, at last, it kept almost a small increase rate with the increase of shear rate. The
maximum shear stress was almost 100 KPa when 0.8 T of magnetic flux density B and 1000
1/s of shear rate were applied. The viscosity of the MCF 2 slurry decreased with the increase
in shear rate and increased with the increase in magnetic flux density B. When shear rate
increased from 0 to 100 1/s, the viscosity decreased quickly, and then kept a small decrease
rate as the increase in shear rate. With high magnetic field strength, MCF slurry was hard
to change the character from a solid-like to a liquid, because the ferric clusters were much
stronger than that with low magnetic field strength. Thus, the shear stress and viscosity
were affected significantly by CIPs concentration and magnetic field strength. The top tip
of the MCF tool was located at a distance D to the revolution center of the MCF tool and
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performed better ability on removing material. The D could be obtained by using D = (di +
do)/4, i.e., the middle portion of the working area. The workpiece was polished to the nano-
precision scale. Thus, it was certain that this method was potential for polishing materials.

The formation process of the MCF tool was affected by the eccentricity re, the rotation
speed of the MCF carrier nc, the revolution speed of the magnet nm, and the amount of MCF
slurry supplied V. Apart from the revolution speed of the magnet nm, above parameters also
affect significantly the geometry of the MCF tool. A perfect MCF tool could be obtained
when the eccentricity 7., the rotation speed of the MCF carrier nc, the revolution speed of
the magnet nm, and the amount of MCF slurry supplied V' were 4 mm, 300 rpm, 500 rpm,
and 1.5 ml, respectively, resulting in a MCF tool with dimensions of ¢ = 14.50 mm, b =
12.10 mm, ¢1 = 0.12 mm, ¢2 = 0.71 mm, do = 37 mm, and H = 5.00 mm. The CIPs were
gathered to form the ferric clusters along the magnetic flux lines. The Aps, at a given
working gap, can squeeze the work-surface. The squeezing action was much more intense
when larger APs and the MCF slurry with a higher magnetization were employed. The
material removal model suggested that the material was removed due to the APs and the
relative motion between the work-surface and APs.

The material was removed by the normal force and tangential force. The normal force
was contributed mainly by the resultant force of the magnetic levitation force and the
gravitational force, whereas the tangential force was resulted by the shear force from APs
and the resistant force from the workpiece. Once the indented depth of the AP was proper,
and the shear force was greater than the resistant force of the material, the material was

thereby removed. Models for simulating the polishing forces (the indentation model of a

90



Investigation on polishing aspheric surfaces by using a novel doughnut-shaped magnetic compound fluid (MCF) polishing tool

single abrasive particle) and for predicting surface roughness were established according
to the principle of material removal.

A V-shaped generatrix was obtained on the polished conic surface. A similar surface
roughness at the circumference and different surface roughness on the generatrix were
found. The tool marks composited of periodic peaks and valleys with relatively low
frequent were diminished gradually with the polishing time. The surface roughness was no
different in the circumference, but the different results were found along the generatrix. A
smaller working gap was proper for polishing. The 1 mm of working gap /# was selected in
the experiments. The larger amount of MCF slurry was applied, and a larger material
removal rate, larger polishing area, and better surface roughness were achieved. Higher
revolution speed of MCF carrier ne was benefit for obtaining higher material removal rate,
larger polishing area, higher efficiency in removing tool marks and better surface roughness.
The CIPs concentration affected positively the magnetization M of the MCF slurry, leading
to better performance on the material/tool marks removal rate when a higher CIPs
concentration was applied. However, the best surface quality was attained with the CIPs
concentration of 45 wt.% in this study, rather than 55 or 35 wt.%. Larger APs were
beneficial for obtaining higher material/tool marks removal rates. However, a better surface
quality was achieved when the APs of 1 pm in diameter were preferred rather than 0.5 or 2
um. The aspheric surface was polished successfully without the tool marks on the surface.
Furthermore, the shape of the workpiece was kept to a favorable extent.

Future work should be done in order to clarify the work-life of the MCF tool, investigate
the effect of the polishing path on the whole surface polishing and simulate the material
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removal function. Based on the characteristic removal function, the doughnut-shaped MCF
tool has potential in finishing not only aspheric surfaces but also free-form surfaces by

designing a certain polishing path.
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