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Abstract

This paper presents a novel magnetic field-assisted mass polishing (MAMP)
technology for high-efficiency finishing of a number of freeform components
simultaneously. The MAMP makes use of a rotational magnetic field applied outside
an annular chamber which drives the magnetic abrasives to impinge on and remove
material from the workpiece mounted inside the chamber. The influence of the magnetic
field on the material removal characteristics is analysed by the finite element method.
The factors affecting surface generation were studied through polishing experiments.

Experimental results show that MAMP is effective for polishing of a number of
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freeform surfaces with nanometric surface finish.

Keywords: magnetic abrasive; magnetic field assisted; mass polishing; finishing;

freeform surfaces; ultra-precision machining.

1. Introduction

Freeform surfaces have been widely used in various industrial applications, such as
imaging, illumination, aerospace, biomedical engineering, green energy, etc. (Fang et
al., 2013) And polishing is usually used as a finishing process to remove defects and
tool marks from cutting and grinding processes (Fang et al., 2019). Nevertheless, the
polishing process usually takes most of the time during the manufacturing process of
precision freeform surfaces, which imposes a lot of challenges for meeting the
increasing market demand. Hence, several kinds of mass finishing processes were
developed to implement mass finishing of freeform surfaces, such as vibratory finishing,
spindle finishing, centrifugal disc finishing, centrifugal barrel finishing and rotary
barrel finishing as reported by Hashimoto and Johnson (2015). Hashimoto et al. (1996)
conducted the vibratory finishing experiments on cylindrical specimens made of
carburized steels, and the surface roughness ( Ra ) was improved from 0.28 pm to 0.06
um. Davidson (2007) proposed a novel polishing process using dry abrasive and
polishing media, which allows refined surface edge effects and avoids wet-waste
discharge. Uhlmann and Eulitz (2018) found that the wear mechanism of conventional

grinding tools can also be observed on the media in vibratory finishing. Li et al. (2018)
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developed a new type of polyurethane media for the mass polishing of high
performance parts with deep grooves and narrow slit, and 83.87% surface roughness
improvement was obtained. However, those mass finishing methods can hardly achieve
high surface form accuracy and nanometric surface finish.

The magnetic field-assisted polishing method has been used for polishing various
kinds of surfaces for decades due to its high adaptability to the curved surfaces
(Hashimoto et al., 2016), and various kinds of magnetic field assisted polishing method
have been developed as reported by Komanduri et al. (1997) and Jain et al. (2009).
Shinmura et al. (1990) conducted research on the finishing of roller surface based on
magnetic field assisted finishing for the first time, and the initial surface roughness of
0.45 um was largely reduced to 0.04 um. Yamaguchi et al. (2000) further developed
this technology and used a rotational magnetic field for the finishing of internal surfaces,
even flexible capillaries that have inner diameter smaller than 1 mm (Yamaguchi et al.,
2011). Yamaguchi et al. (2015) also proposed to use the hybrid loose and fixed abrasive
tool for the capillary finishing, which solved the problem of the tool abrasive insertion.
Chang et al. (2002) conducted magnetic field assisted polishing of roller surface, and
the polished surface roughness was smaller than 0.1 pm. Except for the polishing of
roller surfaces, Kordonski and Jacobs (1996) proposed the magnetorheological
finishing (MRF) method for the superfinishing of optical freeform surfaces, which is
capable of obtaining sub-nanometer surface roughness. And the material removal in
MREF is highly deterministic and stable without tool wear. (Zhang et al., 2019) Jha and

Jain (2004) innovatively developed the magnetorheological abrasive flow finishing
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method, and the experimental results proved that it is an effective way for the finishing
of the internal surface. Furuya et al. (2008) proposed a contact-free surface finishing
method, which used the magnetic compound fluid to polish the metal structure surface.
Singh et al. (2011) designed a ball end magnetorheological finishing tool, which is
capable of finishing both ferromagnetic and nonmagnetic materials of 3D shapes.
Yamaguchi and Graziano (2014) tried to improve the surface roughness of the cobalt
chromium alloy bio-implants through utilizing the magnetic abrasive finishing method.
Kumar and Jain (2015) also explored a rotating type magnetorheological abrasive flow
finishing method for the polishing of femoral knee components. Guo et al. (2017)
investigated the effect of different magnetic abrasives to the polished surface
topography, and presented an innovative way for the polishing of double-layered tube
structure surface based on magnetic abrasive polishing method which combining the
rotation and vibration movement (Guo et al., 2019). Li et al. (2018) developed a semi-
solid polishing media for magnetic field assisted finishing to improve the usage
efficiency of the magnetic abrasive, and 96.67% surface roughness improvement was
obtained on 6061 aluminum alloy tube. Nevertheless, most of the current applications
of magnetic field-assisted polishing only polish one workpiece in one setup which
makes the polishing process time-consuming and high-cost.

This paper presents a novel polishing method named magnetic field-assisted mass
polishing (MAMP) which attempts the mass finishing of a number of freeform surfaces
in one setup with nanometric surface finish. The polishing performance of this novel

polishing technology has been demonstrated, and the effect of the key factors affecting
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material removal characteristics have also discussed.

2. Methodology
2.1 Principle of magnetic field-assisted mass polishing (MAMP)

The schematic diagram of the MAMP system is presented in Fig. 1. In this method,
an array of magnetic pole pairs is controlled to rotate along an annular chamber such
that the magnetic abrasives inside the chamber generate magnetic brushes under the
action of the magnetic field. The chamber is fixed and does not rotate during polishing
while the magnetic brushes inside the chamber are driven by the rotating magnetic pole
pairs. The abrasives inside the brush keep impinging the workpiece to remove material
from the surface. At least two pairs of magnetic poles should be assembled in this

system to maintain the balance of the rotating table while it is rotating, as shown in Fig.

Six samples were polished simultaneously for the case in Fig.1. The magnetic brush
is formed of bonded magnetic abrasives mixed with lubricant or loose (also named
‘unbonded’) magnetic abrasives mixed with carrier fluid. The bonded magnetic
abrasives are fabricated by bonding the magnetic particles with the polishing abrasives,
such as alumina, silicon carbide, diamond abrasive, etc. The loose magnetic abrasives
are the magnetic particles mixing with the polishing abrasives in the base fluid.
Movement of the magnetic force drives the polishing abrasives to impinge on the target
surface and remove material by the abrasive force of the bonded or loose magnetic

abrasives. The magnetic force /" is given by Eq. (1) (Shinmura et al., 1990):
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F, =V yH(0H /ox),F, =V yH (0H / dy) (1)
where V' signifies the volume of the magnetic particle, / signifies the magnetic field
strength at the point P, yis the susceptibility of the magnetic particle, 0H /Ox and
OH / 0y are the gradients of magnetic field strength in the x and y directions,
respectively. The magnetic force is found to be proportional to the magnetic field

strength and its gradient, magnetic particle susceptibility, and volume of magnetic

particle.
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Fig. 1. Operation principle of magnetic field-assisted mass polishing

2.2 Finite element analysis of the magnetic field distribution

To gain further understanding of the working principle of this MAMP process, the
magnetic field distribution under the polishing circumstances was modelled based on
the finite element method (FEM), and implemented in the ANSYS software package.
Fig. 2 shows the results of modelling and simulations of the magnetic flux density
distribution. Half of the model was built to simplify the simulation model as shown in

Fig. 2(b). Four N52 Neodymium permanent magnets were used in this FEM model,
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whose size was 25.4 mmx25.4 mm x 50.8 mm. Its residual magnetic flux density was
1.45 tesla (T), and the coercive field force was 973000 amperes per metre (A/m). The
material of the annular chamber was made of Polytetrafluoroethylene (PTFE) which is
non-magnetic conductive material. A half model was used to simplify the calculation
process. Fig. 2(c) show the simulated magnetic flux density B distribution in two
sectional views. The relationship between B and H is expressed by Eq. (2):
B:,uH:,uO(1+;()H 2)
where 4, is the free space permeability. It is important to note that the magnetic flux
density between the magnetic poles is much stronger than that for other zones inside

the chamber, which explains the generation of the magnetic brush.
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Fig. 2. FEM simulation of the magnetic field distribution

3. Experimental procedures
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As shown in Fig. 3, the prototype of the MAMP system was built to evaluate the
feasibility of this method. Four N52 Neodymium permanent magnets (size: 25.4
mmx25.4 mm x 50.8 mm, made by CMS Magnetics Inc., USA) were mounted on a
rotary table driven by a servo motor. The annular chamber was mounted above the
magnets. According to the mechanical design in this study, six workpieces can be
polished simultaneously. Moreover, the number of the workpiece can be further
increased through changing the design of the fixture. The workpiece material was 304
stainless steel, while the target surface was a cylindrical surface with radius of curvature
of 15 mm. The workpiece was mounted with the target surface facing the external wall
of the chamber. Fig. 4 shows that two kinds of bonded magnetic abrasives were used in
this study. The size of the large bonded magnetic abrasive was about 500~1000 pum,
made of iron particles (i.e. 100-200 pm, 80 wt.%) and alumina abrasive (i.e. ~2 um in
average, 20 wt.%). The size of the smaller one is about 200-300 pm, made of iron
particle (i.e. ~20 um, 80 wt.%) and alumina abrasive (i.e. ~2 pm in average, 20 wt.%).
Another loose magnetic abrasive is composed of a carbonyl iron particle (CIP) (i.e. ~3
um in average, 76.7 wt.%), and polishing slurry (i.e. 150 nm alumina mixed with carrier
fluid, 23.3 wt.%, hastilite polynano alumina, Universal Photonics Inc.). Other
experimental conditions are summarized in Table 1. And three times of repetitions were
conducted under each different conditions.

Since this experimental prototype is the first version of the MAMP device, the first
priority in this stage is to find out the effect of each key parameters. Hence, single factor

analysis was used to design the experiments as shown in Table 1. The surface roughness
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of the workpiece was evaluated adopting the arithmetic mean height of the surface (Sa)
using a Zygo Nexview optical interferometer. The material removal was evaluated in
terms of the workpiece weight difference before and after polishing, measured by an
electrical balance with 0.001 gram (1 mg) of resolution. The surface roughness and
surface form profile and was measured by a Form Talysurf PGI1240. The surface micro
topography of the workpiece before and after polishing was examined by a Hitachi

Electron Microscope TM3000.
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Fig. 3. Prototype of magnetic-field assisted mass polishing system
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Fig. 4. SEM photograph of the fabricated bonded magnetic abrasives (Measured on

Hitachi Electron Microscope TM3000)

Table 1 Experimental conditions

Conditions Value

Polishing time (min) 5-30

Rotational speed (rpm) 100-2000

Gap between magnet and chamber® Imm, Smm, 9mm
Weight of bonded magnetic abrasive (g) 50

Lubricant 5 ml silicon oil
Workpiece material 304 stainless steel
Weight of loose magnetic abrasive fluid (g) 110

Surface initial roughness (nm) 200-1200

®The gap has been shown in Fig. 2(a).

4. Results and discussion
4.1 performance analysis of the polished surfaces

Fig. 5 shows the cylindrical surface of the workpiece before polishing, and a mirror
surface was successfully obtained after rough polishing following by fine polishing.
The surface roughness before polishing was 455.4 nm. Large bonded magnetic
abrasives were used in rough polishing. The rotational speed of the MAMP system was

1500 rpm, and the gap distance between the magnet and the chamber was 1 mm. After
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30 minutes of rough polishing, the surface roughness was decreased to Sa49.8 nm.
The loose magnetic abrasive was used for fine polishing, and Sa 13.8 nm was obtained
after 20 minutes of polishing. The convergence rate of the surface roughness reaches
96.97% after the MAMP process, and the surface integrity of the polished surface was
quite good as shown in Fig. 5, which indicates the feasibility of this novel process.
Moreover, the surface profile before and after polishing were also compared through
measuring the center generatrix of the cylindrical surface. Three surface profiles of the
initial surface, after rough polishing and fine polishing have all been presented in Fig.
6. Moreover, three of them were also compared as shown in Fig. 6, which indicates
good form accuracy of the workpiece can be maintained by the MAMP process when

the cylindrical surfaces are polished.
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Fig. 6. Analysis of the surface form before and after MAMP

4.2. Effect of the polishing time

Effect of the polishing time to the material removal was studied on three different
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workpieces with different initial surface roughness including 1137.1 nm (1# workpiece),
411.8 nm (2# workpiece), and 247.2 nm (3# workpiece). Large bonded magnetic

abrasives were used in this group of experiments. The results are shown in Fig. 7.
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Fig. 7. Material removal and surface roughness changing with the polishing time.
Significant reduction of the surface roughness was found in the first 10 minutes, and
almost converged to the lowest surface roughness after 15 minutes of polishing. The
surface roughness converged to almost the same value for the three samples, since they
were polished using the same magnetic abrasives and under the same polishing
conditions. Moreover, the material removal increased basically proportionally to the
polishing time irrespective of the workpiece initial surface roughness, indicating that

the MAMP process is controllable by the polishing time.

4.3. Effect of magnetic abrasives

Three different kinds of magnetic abrasives were used in this study, including large
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and small bonded magnetic abrasives, as well as loose magnetic abrasive. The results
of the material removal and surface roughness changing with the polishing time is
shown in Fig. 8. It was found that the material removal using large bonded magnetic
abrasive was the largest, while that for the loose magnetic abrasive was the smallest
and even smaller than the small bonded magnetic abrasive. This is induced by that the
magnetic force of the large bonded magnetic abrasive is much larger, depending on the
large volume of the magnetic particles according to Eq. (1). With the large material
removal, the surface roughness could be reduced within a short period of time
comparing to the other kinds of abrasives. Hence, the large bonded magnetic abrasives
are suitable to be used for rough polishing to achieve large material removal, while the
loose magnetic abrasives are suitable to be used for fine polishing to achieve nanometric

surface finish.
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Fig. 8. Material removal and surface roughness changing with the polishing time using

different kinds of magnetic abrasives
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4.4. Effect of rotational speed of the magnetic brush

The rotational speed of the magnetic brush is controlled by the rotational speed of
the rotary table of the MAMP system which is a key process parameter of the MAMP
process. In this experiment, five cylindrical surfaces with almost the same initial surface
roughness were polished under different rotational speeds. The gap distance between
the magnet and the chamber was 1 mm. Fig. 9 shows the results of the effect of

rotational speed on material removal and surface roughness.
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Fig. 9. Material removal and surface roughness varied with the rotational speed.

The surface roughness was found to decrease with increasing rotational speed until
the rotational speed of 1500 rpm. However, when the rotational speed was increased to
2000 rpm, the surface roughness increased. The reason is that the centrifugal force
increases with the increasing rotational speed, which leads to an increase of the
frictional force exerted on each abrasive, and the magnetic force can hardly overcome
the frictional force so as to maintain smooth rotation. This leads to the magnetic brush

out of synchronization, which results in irregular jumbling of the magnetic abrasives
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which are aggressively impinged on the workpiece surface thereby affecting the surface
improvement. (Yamaguchi and Shinmura, 2000) The sound generated during polishing
varies when the rotational speed is increased to 2000 rpm while being different with
that at a lower speed. As a result, higher magnetic force should be exerted to maintain
smooth rotation of the magnetic abrasives under a high rotational speed. This
phenomenon is similar to that mentioned in the inner surface magnetic abrasive
finishing process, as reported by Yamaguchi and Shinmura (2000). It was also found
that the increasing rotational speed can cause the increase of the material removal. This
is due to the fact that a higher rotational speed leads to a higher impinging velocity of
the abrasive, which attributes to a larger material removal. However, the rate of material
removal decreased with increasing rotational speed to 2000 rpm, which may be caused

by the jumbling phenomenon of the magnetic abrasive.

4.5. Effect of the magnetic flux density

In the MAMP system, the magnetic flux density inside the chamber is controlled by
changing the gap distance between the magnet and the chamber wall. Three groups of
polishing experiments were conducted under different gap distances so as to analyze
the influence of the magnetic flux density on surface generation. The large bonded
magnetic abrasive was used and the rotational speed was 1500 rpm. Fig. 10 shows the
variation of the material removal and surface roughness. It was found that the material
removal decreased with increasing gap distance. The surface roughness decreased in a

shorter period of time when the gap distance decreased. The reason is that a decrease
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of gap distance increases the magnetic flux density in the chamber. A higher magnetic

flux density leads to a larger magnetic force based on Eq. (1) and Eq. (2).
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Fig. 10. Material removal and surface roughness changing with different magnetic flux
density under various gap distances

To explain the effect of the gap distance on the magnetic flux density, a FEM
simulation experiment was conducted under different gap distances. Figure 11 shows
the simulation results of the magnetic flux density distribution of three different cases
with different gap distances. The measurement of the magnetic flux density was also
conducted inside the chamber using a hall sensor with a 1x10 T resolution. The
magnetic flux densities in the centre of the chamber along the radial direction were
extracted and compared as shown in Fig. 12. Even though there exists differences
between the simulation and measured results induced by the modelling assumptions,
etc., the simulated magnetic flux density agrees reasonably well with the measured data

in terms of the variation trend. This validates the FEM model. It is noted that the
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magnetic flux density inside the chamber increases with reducing gap distance, which

explains the relationship between the material removal and the magnetic flux density.
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Fig. 11. Simulation results of the magnetic flux density distribution with three different

gap distances
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Fig. 12. Magnetic flux density analysis inside the chamber varies with the gap distance.
(Imm-Ex signifies the experimental results of 1mm gap distance, 1mm-Sim signifies

the simulation results of Imm gap distance.)

4.6. Application to freeform surface polishing

To demonstrate the applicability of the MAMP method and system for mass polishing
of freeform surface components, a series of polishing experiments was conducted on a
freeform surface composed of an aspheric surface at the central area and flat surfaces
at four corners of the surface (see Fig. 13). This is a mould insert surface of a radar
transmitting lens. The surface function of the central aspheric surface has also been
shown in Fig. 13. The initial surface roughness of the workpiece was 261 nm. Rough

polishing was conducted by using the large bonded magnetic abrasives for 30 minutes
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using a rotational speed of 1500 rpm and lmm gap distance, according to the
performance analysis above. Fine polishing was conducted for 20 minutes using the
loose magnetic abrasive. The surfaces before and after polishing are shown in Fig. 13.
The surface roughness of the workpiece after fine polishing was found to be Sa 15.0
nm. This demonstrates the feasibility of the MAMP process for mass finishing of

freeform surfaces with nanometric surface roughness.
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Fig. 13. Freeform surface before and after MAMP.
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5. Conclusions

A novel magnetic field-assisted mass polishing (MAMP) method was presented in
this paper, and hence a MAMP system which were purposely developed for high-
efficiency polishing of a number of freeform components with nanometric surface
finish. The feasibility of the MAMP process has been validated through a series of
polishing experiments. The effects of the key factors affecting the material removal and
surface roughness were also studied. The key factors include polishing time, properties
of the magnetic abrasives, gap distance and rotational speed of the magnetic brush. The
results demonstrate the technical feasibility and controllability of this novel MAMP

process for mass finishing of freeform components with nanometric surface roughness.
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And both bonded magnetic abrasive and loose magnetic abrasive could be used in the
MAMP process for rough and fine polishing, respectively. Further research will be
carried out for the mass polishing of freeform surfaces made of other materials (e.g.
optical glass, silicon carbide, etc.) and different magnetic abrasives.
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