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Abstract This study develops a new surface polishing ap-
proach by combining planetary motion (PM) with two-
dimensional vibration-assisted magnetic abrasive finishing
(PM-2DVAMAF). Planetary motion involves both rotation
and revolution, thus generating radial acceleration, which
strengthens the normal force exerted on the workpiece surface,
and in turn enhances the cutting power of the abrasives and
their polishing performance. Assisted by two-dimensional
vibration, PM results in uniform, intersecting, and closely
packed polishing paths, which contribute to better surface
quality within a shorter processing time. This study also uses
the Taguchi experimental design method to obtain the optimal
combination of PM-2DVAMAF parameters for surface rough-
ness improvement. The optimal combination obtained in-
cludes working gap, 1 mm; amplitude of vibration, 0.1 mm;
particle size of steel grit, 0.125 mm; weight of SiC, 3 g; weight
of steel particles, 0.5 g; weight of machining fluid, 5 g; fre-
quency of vibration along the X- and Y-directions, 16.67 Hz;
and rotational speed of magnet, 500 rpm. Experimental results
reveal that 12.5-min PM-2DVAMAF under optimal combina-
tion of parameters can reduce surface roughness of a stainless
steel SUS304 workpiece from 0.14 to 0.032 pwm, an improve-
ment rate of 77.1 %. PM-2DVAMAF can indeed improve
surface quality with a short machining time and less abrasives
required, both of which contribute to cost reduction and more
environmentally friendly machining method in industry.
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1 Introduction

With rapid advances in technology, electronics industries have
strived to produce multifunction portable devices which are
thin and compact, thus increasing the demand for components
even smaller in size but with greater precision. To meet these
requirements, the mold and process for fabricating such com-
ponents should not only have minimum dimensional, shape,
and positional tolerance but also small surface roughness.
However, miniature components pose challenges to tradition-
al polishing approaches, not to mention the extra difficulty
incurred by curved or uneven surface.

Magnetic abrasive finishing (MAF), which features self-
sharpening capability, self-adaptability, and self-controllabili-
ty, is an ideal polishing approach for flat, curved, or uneven
surface [1-4]. In addition, it can also perform deburring of
metallic recast layer. MAF involves unidirectional polishing
of surface, during which the gap between the workpiece and
the magnet is filled with ferromagnetic particles and the
grinding pressure is controlled by a magnetic field. Under
the magnetic field, the abrasives will gather to form a flexible
magnetic brush which does not require dressing. Thus, the
magnetic abrasives can move and slide along the profile of a
complex surface to perform polishing, making it superior to
conventional surface-finishing approaches.

Several studies had reported a close correlation between
polishing quality obtained by MAF under vibration assistance
and the mode of vibration [5—7]. Two-dimensional vibration-
assisted MAF (2D VAMAF), which involves simultaneous
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Fig. 1 a Schematic diagram and
b actual photograph of
PM-2DVAMAF platform
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vibration in both the X-axis and Y-axis, has been found to
overcome the drawback of deep scratches formed by MAF
with horizontal vibration on the X-axis or Y-axis alone. Not
only can 2D VAMAF enhance surface quality, it can also help
improve machining efficiency and reduce machining time
required. Experimental research has found an improvement
in surface roughness of 77 % achieved by 5-min 2D VAMAF
under optimal combination of parameters [8].

The literature contains plentiful studies on MAF with and
without vibration assistance and its applications. To name a
few, Mulik and Pandey [9, 10] integrated ultrasonic vibrations
with MAF (UAMAF) to process AISI 52100 steel surfaces
and obtained improved surface quality within a shorter pro-
cessing time. Yin and Shinmura [11] applied vertical
vibration-assisted MAF to deburring magnesium alloy and
achieved more efficient material removal compared with
deburring of brass and stainless steel. Wang and Hu [12]
performed inner surface finishing of tubing made of Lyl12
aluminum alloy, 316L stainless steel, and H62 brass by
MAF and successfully reduced surface roughness from 9.6
to 0.24 um. Jain et al. [13] studied the effect of working gap
and circumferential speed on the material removal rate (MRR)
and surface roughness. Their findings reveal that the larger the
working gap and the slower the circumferential speed, the
poorer the MRR is, and the faster the circumferential speed,
the better is the surface quality achieved. Hung et al. [14] used
MAF to process cylindrical tube of stainless steel SUS304 and
explored the processing characteristics and the prediction
system. They found that spindle speed, vibration frequency,
discharge current, and abrasive weight ratio have a significant
influence on surface roughness and the prediction system
developed could attain 97 % accuracy.

In this study, PM was combined with 2D VAMAF (PM-
2DVAMAF) to polish stainless steel surface. Planetary motion
involves both rotation and revolution, thus generating radial
acceleration, which strengthens the normal force exerted on
the workpiece surface, and in turn enhances the cutting power
of the abrasives and their polishing performance. Assisted by
2D vibration, PM results in uniform, intersecting, and closely
packed polishing paths, which contribute to better surface
quality within a shorter processing time. Moreover, PM
coupled with 2D vibration can ensure smooth motion and
sliding of non-sintered magnetic abrasives comprising steel
particles mixed with SiC, thus preventing collision of abra-
sives and scratches formed on workpiece surface.

Experimental results show that PM-2DVAMATF is superior
to traditional MAF and 2D VAMAF. Not only can it improve
surface quality, a shorter processing time and a smaller
amount of abrasives are also required, both of which contrib-
ute to cost reduction. Moreover, being an ultraprecision ma-
chining technique, PM-2DVAMAF also has the advantage of
requiring structurally safe, compact, and lightweight machin-
ing equipment whose smooth running incurs less noise.

Workpiece
(100*64*2mm)

Magnet

Magnet and workpiece platform

Eccentric sleeve

(Eccentric magnitude:0.1 -0.9mm)\<ﬁ>
=

Fixing frame

Fig. 2 Exploded view of vibration assistance mechanism
2 Experimental design
2.1 Experimental setup

Figure 1 shows the schematic diagram and actual photograph
of the self-developed PM-2DVAMAF platform. As can be
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Spacer support

@ Springer



1868

Int J Adv Manuf Technol (2015) 76:1865—-1877

===

)
1

S W A

Fig. 4 Schematic diagram of planetary motion mechanism

seen, the PM-2DVMAF control system is composed of the
programmable logic controller (PLC), motor drivers, and ser-
vomotors. Motor drivers receive digital signals sent by the
PLC to drive the servomotors for different adjustments and
controls so as to ensure that machining is conducted under the
same conditions. Servo motor A is for adjusting the rotational
speed of planetary motion (range, 100—1,000 rpm); servomo-
tor B, for adjusting the rotational speed of eccentric sleeve so
as to control the frequency of vibration of workpiece (range,
0-16.67 Hz); servomotor C, for adjusting the working gap
(range, 0.5-2 mm); and servomotor D, for controlling the
position of the workpiece.

2.2 Vibration assistance mechanism

Figure 2 shows the exploded view of the vibration assistance
mechanism. As can be seen, the magnet and workpiece

Fig. 5 Polishing motion of
a PM-2DVAMAF and b MAF
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platform is connected by a bearing to the eccentric sleeve,
which vibrates at a 0.1-0.9-mm amplitude when driven by a
servomotor. The magnet and workpiece platform is supported
by two plastic impact dampers, one on each side. These
dampers provide a cushioning effect to prevent rotation of
workpiece under vibration along the X- and Y-directions.

2.3 Planetary motion

Figure 3 shows the exploded view of the planetary motion
mechanism. As can be seen, the mechanism comprises an
internal gear and two spur gears. With the internal gear being
fixed, the spindle motor will drive coupling A, which is
connected to the spur gear by the bearing shaft and bearing.
Thus, coupling A in motion will cause the spur gears to both
rotate and revolve. Coupling B connects the spur gears to the
turntable and the magnets. The magnetic field generated will
gather the non-sintered magnetic abrasives comprising steel
particles mixed with SiC to form a flexible magnetic brush. To
ensure steady rotation, the magnets should be kept perpendic-
ular to the workpiece. As mentioned above, driven by a
servomotor, the magnet and workpiece platform are vibrated
along the X- and Y-directions at a 0.1-0.9-mm amplitude to
perform surface polishing. Figure 4 is a schematic diagram of
the planetary motion mechanism.

2.4 Motions and polishing paths of PM-2DVAMAF and MAF

Figure 5 illustrates the polishing motion of PM-2DVAMAF
and MAF. As seen in Fig. 5a, the spindle motor turns anti-
clockwise (blue arrow) to drive the coupling, causing the
magnets to revolve in the same anticlockwise direction as
the spindle motor. Simultaneously, the relative motion of the
internal gear and spur gears also causes the magnets to rotate
clockwise (green arrow). As a result, surface finishing will
proceed with the abrasive in both rotation and revolution.
Comparatively, traditional MAF involves only rotation of
the magnet and the abrasive.
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Table 1 Chemical composition of SUS304 stainless steel

C Si Mn

P S Ni Cr

Chemical composition (wWt%)

<0.08 <1.0 <2.0

<0.035 <0.03 8.0-10.5 18.0-20.0

The polishing paths of a single abrasive under PM-
2DVAMAF and MAF at a rotational speed of 500 rpm and
machining time of 2.5 s are shown in Fig. 6. As can be seen,
there are significant differences. The polishing path of MAF,
as shown in Fig. 6(b1-b4) is a single circle whose diameter
corresponds with that of the magnet. In contrast, the polishing
paths under planetary motion of the internal gear and spur
gears are intersecting and more closely packed, which can
achieve better surface finishing.

In summary, planetary motion combined with 2D VAMAF
causes abrasives to rotate and revolve. Not only can PM-
2DVAMATF enhance material removal on the workpiece sur-
face, it can also achieve more efficient deburring. The
intersecting and closely packed polishing paths contribute to
produce better surface quality.

2.5 Materials and methods

The 100 x 64 x 2-mm* workpiece is made of SUS304 stainless
steel. It is manufactured first by hot rolling, followed by cold
rolling, and finally processed into a flat surface. Table 1 shows
the chemical composition of SUS304 stainless steel. The
machining tool of 12-mm diameter and 50-mm length is made
of N35 Nd-Fe-B magnet.

Table 2 displays the experimental parameters and levels for
PM-2DVAMAF. These parameters are chosen with reference
to the optimal settings obtained in our earlier research on 2D
VAMATF [8]. The parameter levels in [8] are adopted as the
median value in this experiment for more refined
investigation.

Prior to the experiment, the SiC abrasives and the magnetic
steel particles are weighed with a high-precision electronic

Table 2 Experimental parameters and levels for PM-2DVAMAF

Factors Level 1 Level 2 Level 3
(A) Working gap (mm) 1 1.5

(B) Amplitude of vibration (mm) 0.1 0.5 3

(C) Particle size of steel grit (mm) 0.3 0.18 0.125
(D) Weight of SiC (g) 2 3 4

(E) Weight of steel particles (g) 0.3 0.4 0.5

(F) Weight of machining fluid (g) 1 3 5

(G) Frequency of vibration (Hz) 8.33 16.67 25

(H) Rotational speed of magnet 300 500 700

@ Springer

balance and then mixed together with the machining fluid
SAE40. The workpiece is first washed in an ultrasonic cleaner
for 20 min before being placed onto the PM-2DVAMAF
platform for machining. After 12.5-min processing, the work-
piece is again washed in an ultrasonic cleaner for 20 min. Its
surface morphology is then examined under a scanning elec-
tron microscope (SEM) (Hitachi S3500N) and its surface
roughness is determined using a surface roughness measure-
ment instrument (Kosaka Laboratory SEF-3500). Figure 7
illustrates the area machined and the region observed. Four
observations are made on each workpiece specimen with each
observation made after rotating counterclockwise the work-
piece specimen at 90°.

3 Results and discussion
3.1 Optimal combination of PM-2DVAMAF parameters
3.1.1 Taguchi's orthogonal experiment

Table 3 lists the combination of factors in the L18 (2'x37)
orthogonal array established using the Taguchi experimental
design method [15—19] and the surface roughness obtained for
each combination of parameters. All the experiments were
conducted in triplicate for 12.5 min as per condition given in
the table. Analysis of variance (ANOVA) was employed to
assess the significant machining parameters affecting the sur-
face quality. The optimal combination of parameters derived
from the Taguchi experimental design and ANOVA was sub-
ject to reproducibility analysis. Experimental findings were

Fig. 7 Machined area and observed region on workpiece
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Table 3 Design of experimental

matrix and results Exp Factors Surface roughness

A B C D E F G H Ra (W) S/N ratio (dB)

1 1 0.1 0.30 2 0.3 1 8.33 300 0.086 21.130
2 1 0.1 0.18 3 0.4 3 16.67 500 0.045 26.936
3 1 0.1 0.125 4 0.5 5 25 700 0.036 28.874
4 1 0.5 0.30 2 0.4 3 25 700 0.081 21.830
5 1 0.5 0.18 3 0.5 5 8.33 300 0.039 28.179
6 1 0.5 0.125 4 0.3 1 16.67 500 0.059 24.583
7 1 0.9 0.30 3 0.3 5 16.67 700 0.064 23.876
8 1 0.9 0.18 4 0.4 1 25 300 0.116 18.711
9 1 0.9 0.125 2 0.5 3 8.33 500 0.038 28.404
10 1.5 0.1 0.30 4 0.5 3 16.67 300 0.061 24.293
11 1.5 0.1 0.18 2 0.3 5 25 500 0.052 25.680
12 1.5 0.1 0.125 3 0.4 1 8.33 700 0.070 23.098
13 1.5 0.5 0.30 3 0.5 1 25 500 0.076 22.384
14 1.5 0.5 0.18 4 0.3 3 8.33 700 0.061 24.293
15 1.5 0.5 0.125 2 0.4 5 16.67 300 0.052 25.680
16 1.5 0.9 0.30 4 0.4 5 8.33 500 0.081 21.830
17 1.5 0.9 0.18 2 0.5 1 16.67 700 0.056 25.036
18 1.5 0.9 0.125 3 0.3 3 25 300 0.064 23.876

compared with the predicted results to validate the optimal
combination of parameters.

Figure 8 shows the effect of different combinations of
parameters on polishing performance denoted by the signal-
to-noise (S/N) ratio. In this work, the predicted value of
surface roughness should be “the lower the better” (LB).
The S/N ratio, in unit of decibels, is calculated using the
following equations:

1 n
LB:n—lOlogan yizl (1)
=1

where yi denotes the experimental values of the ith
experiment and n denotes the number of experiments
performed.

M BLox B e

where [S/N]predicted 1S the predicted S/N ratio, [S/N]p, is the
mean of all 18 S/N ratios obtained and [S/NV]; is the S/N ratio of
the ith experiment. The predicted surface roughness obtained

Fig. 8 Effect of polishing 30
parameters on surface quality
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Table 4 ANOVA and F test results

Factors DOF Sum of squares Mean square F value
A (1) 2.370

B 2 6.068 3.304 0.864
C 2 31.673 15.837 4.510°
D ) 3.499

E 2 32.139 16.070 4.576*
F 32.867 16.434 4.680°
G 6.944 3.497 0.996
H 2 5.517 2.578 0.734
AxB ) 1.204

Error 5 9.642 3512

Total 17 121.921

@ Significant factors [F0.1(1,6)=3.78, F0.1(2,6)=3.46]

using the optimal combination of parameters can be calculated
using Eqgs. 1 and 2.

According to the results shown in Fig. 8, the optimal
combination of parameters should be AIB1C3D2E3F3G2H2,
that is, working gap, 1 mm; amplitude of vibration, 0.1 mm;
particle size of steel grit, 0.125 mm; weight of SiC, 3 g; weight
of steel particles, 0.5 g; weight of machining fluid, 5 g; fre-
quency of vibration along the X- and Y-directions, 16.67 Hz;
and rotational speed of magnet, 500 rpm.

3.1.2 ANOVA and F test results

Table 4 lists the ANOVA results of surface roughness and
Table 5 is the response table of the Taguchi experimental
control factors for PM-2DVAMAF. As can be seen, the greater
the effect of the parameter on surface roughness, the higher is
its rank as a controlling factor. The parameters in order of their
effect are weight of steel particles>weight of machining
fluid>particle size of steel grit>frequency of
vibration>amplitude of vibration>rotational speed of

Table 6 Calculated and

experimental results of Trial no. Surface roughness Ra (um)
optimal combination of
parameters Calculated Experimental
1 0.027 0.032
2 0.027 0.032
0.027 0.032

magnet>weight of SiC>working gap. Among them, weight
of steel particles, weight of machining fluid, and particle size
of steel grit have the greatest effect on surface quality attained
by PM-2DVAMAF.

3.1.3 Confirmation experiment

Reproducibility analysis was then performed to verify the
optimal values of parameters derived from the Taguchi meth-
od and ANOVA. Table 6 compares the calculated and exper-
imental results obtained by the optimal combination of pa-
rameters. As can be seen, in all three trials, the same results are
obtained with the calculated values close to the actual surface
roughness measured, indicating reliability of the Taguchi de-
sign method.

Figure 9 shows the three-dimensional surface profiles of
workpiece surface before and after 12.5-min polishing by PM-
2DVAMAF. As can be seen, surface roughness is greatly
improved after polishing by PM-2DVAMAF under the opti-
mal combination of parameters. The SEM image shown in
Fig. 10 echoes the finding of enhanced surface quality
achieved by PM-2DVAMAF.

3.2 Comparison of surface quality

Figure 11 plots the changes in surface roughness with process-
ing time of MAF, 2D VAMAF, and PM-2DVAMAF. For the
initial 50 s, measurement is taken every 10 s and thereafter at an
interval of 60 s. As can be seen, surface roughness decreases
with processing time with a more marked decline within the

Table 5 Response table of Taguchi experimental control factors for PM-2DVAMAF

Factors Level 1 Level 2 Level 3 Effect Rank Optimal parameters
(A) Working gap (mm) 24.745 24.019 0.726 8 Al
(B) Amplitude of vibration (mm) 25.032 24.492 23.622 1.409 5 Bl
(C) Particle size of steel grit (mm) 22.587 24.806 25.753 3.165 3 C3
(D) Weight of SiC (g) 24.657 24725 23.764 0.961 7 D2
(E) Weight of steel particles (g) 23.937 23.014 26.195 3.181 1 E3
(F) Weight of machining fluid (g) 22.520 24.939 25.687 3.167 2 F3
(G) Frequency of vibration (Hz) 24.519 25.067 23.559 1.508 4 G2
(H) Rotational speed of magnet (rpm) 23.675 24.969 24.501 1.295 6 H2
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Fig. 9 Three-dimensional surface profiles of workpiece surface a before and b after PM-2DVAMAF

first minute. In addition, regardless of the processing time, PM- was from 0.14 um to 0.048, 0.058, and 0.073 pm, indicating
2DVAMAF yields the best surface roughness compared with ~ improvement of 65.7, 58.5, and 47.8 %, respectively. These
2D VAMAF and MAF, and the difference in Ra value increases ~ results evidenced the superior machining efficiency of PM-
with processing time. The reduction in Ra attained by PM-  2DVAMAF, which can contribute to shorter processing time
2DVAMAF, 2D VAMAF, and MAF after 5-min processing required and, hence, low production cost.
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Fig. 10 SEM image of surface
a before and b after PM-
2DVAMAF

S

SEM MAG: 2.00 kx

PC: 8

3.3 Effect of significant machining parameters on surface
roughness

3.3.1 Weight of machining fluid
Figure 12 displays the changes in surface roughness with
weight of machining fluid. As can be seen, the best surface

quality (Ra=0.032 um) is achieved using 5 g of machining
fluid. The ANOVA results have shown that weight of

@ Springer
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machining fluid, which determines the concentration of SiC
abrasives, is the key to enhancement in surface quality
attained by PM-2DVAMAF. In other words, the ratio between
weight of machining fluid and amount of SiC used would
influence the cutting power of abrasives. As seen in the figure,
adding 5 g of machining fluid to 3 g of SiC can reduce the Ra
from 0.14 to 0.032 pum, showing an improvement rate of
77.1 %. When using machining fluid of <5 g in weight, the
concentration of SiC becomes lower, thus weakening the
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Fig. 11 Changes in surface roughness with processing time

cutting power of abrasives and leading to a smaller improve-
ment in Ra. On the other hand, when using machining fluid of
>5 g in weight, the concentration of SiC becomes higher and
denser, thus also deteriorating the machining efficiency of
abrasives with their motion and sliding being undermined.
Hence, adding 7 g of machining fluid to 3 g of SiC can only
reduce the Ra from 0.14 to 0.044 pum, showing an improve-
ment rate of 68.5 % only.

3.3.2 Weight of steel particles

Figure 13 displays the changes in surface roughness with
weight of steel particles. As can be seen, the best surface
quality (Ra=0.032 um) is achieved using 0.5 g of steel parti-
cles. Weight of steel particles has a direct influence on the
strength of normal force exerted on the workpiece surface,
under which polishing is performed by SiC abrasives. As
shown in the figure, using 0.5 g of steel particles can reduce
the Ra from 0.14 to 0.032 um, showing an improvement rate

0.07

—0—Ra
Frequency of vibration : 16.67 Hz
. Steel particles : 0.5 g (0.125 mm)
E 006 SiC : 3g (#8000)
o Rotational speed of magnet : 500 rpm
14 Working gap : 1 mm
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£ 005F Processing time : 12.5 min
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Fig. 12 Changes in surface roughness with weight of machining fluid
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Fig. 13 Changes in surface roughness with weight of steel particles

of 77.1 %. In contrast, when using steel particles of <0.5 g in
weight, the normal force exerted on the workpiece surface
becomes lower in strength, thus weakening the machining
power of abrasives and resulting in a smaller reduction in
Ra. On the other hand, when using steel particles of >0.5 g
in weight, undue normal force would be exerted, causing
excessive machining and resulting in scratches formed on
the workpiece surface. For example, using 0.7 g of steel
particles would a high surface roughness of 0.051 um.

3.3.3 Particle size of steel grit

Figure 14 plots the changes in surface roughness with particle
size of steel grit. As can be seen, there exists a linear relation-
ship between the two, that is, the larger the particle size of steel
grit, the higher is the surface roughness. The uneven edges of
the steel grit will form scratches on the workpiece surface;
hence, larger steel particles will form wider and deeper
scratches. In addition, smaller steel particles which can be

0.10
—O— Ra

Frequency of vibration : 16.67 Hz
Steel particles : 0.5g

SiC:3g

Machining fluid : 5 g

Rotational speed of magnet : 500 rpm
Working gap: 1 mm

Amplitude of vibration : 0.1 mm
Processing time : 12.5 min

0.08

0.06

Surface roughness Ra (um)

0.04 -

1 n
0.125 0.18 0.3
Particle size of steel grit (mm)

0.02

Fig. 14 Changes in surface roughness with particle size of steel grit
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packed more closely and densely would exert more uniform
normal force on the workpiece surface. The results evidence
that the lowest surface roughness of 0.032 pum is attained by
steel particle of size 0.125 mm, an improvement rate of
77.1 %, compared with that of 0.083 um attained by larger
steel particle of size 0.3 mm.

3.3.4 Frequency of vibration

Figure 15 shows the changes in surface roughness with fre-
quency of vibration. As can be seen, the best surface quality
(Ra=0.032 pm) is achieved using a vibration frequency of
16.67 Hz. Surface roughness decreases from the initial Ra of
0.059 pum obtained by PM with increasing frequency of
vibration and reaches the lowest of 0.032 um at 16.67 Hz,
an improvement rate of 77.1 %. The results evidence better
polishing performance and better surface roughness under
vibration assistance and planetary motion. The improvement
in surface quality is attributed to the enhanced machining
power of abrasives under vibration, rotation, and revolution,
all of which contribute to intersecting and closely packed
polishing paths, as shown in Fig. 6. However, vibration fre-
quency exceeding 16.67 Hz deteriorates, rather than im-
proves, surface roughness, as evidenced by Ra of 0.043 um
attained at a vibration frequency of 25 Hz, compared with that
at 16.67 Hz.

3.3.5 Amplitude of vibration

Figure 16 plots the changes in surface roughness with ampli-
tude of vibration. As can be seen, there exists a linear rela-
tionship between the two, that is, the larger the amplitude of
vibration, the higher is the surface roughness. As shown in the
experimental setup, the magnet and workpiece platform is
connected to the eccentric sleeve for motion; hence, both
frequency and amplitude of vibration would affect the
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Fig. 15 Changes in surface roughness with frequency of vibration
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Fig. 16 Changes in surface roughness with amplitude of vibration

polishing performance. The results show that the lowest sur-
face roughness of 0.032 um is attained at a vibration ampli-
tude of 0.1 mm. It is because a small amplitude of vibration
would imply more even machining with more uniform and
denser polishing paths formed while a large amplitude of
vibration causes violent shaking, resulting in poorer polishing
performance.

3.3.6 Rotational speed of magnet

Figure 17 shows the changes in surface roughness with rota-
tional speed of magnet. As can be seen, the best surface
quality (Ra=0.032 um) is achieved at a rotational speed of
magnet of 500 rpm. At low rotational speed <500 rpm, the
relative motion between abrasives and workpiece is kept so
low that there is limited abrasion, while at high rotational
speed >500 rpm, the abrasives will be dispersed from the
working gap, which would in turn deteriorate polishing per-
formance. Moreover, high rotational speed would also cause
excessive machining, resulting in poorer surface quality.
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Fig. 17 Changes in surface roughness with rotational speed of magnet
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4 Conclusions

This study explores the effects of combining PM with two-
dimensional vibration-assisted MAF for enhancing polishing
performance and improving surface quality. The following
conclusions are drawn from the experimental results.

1. The polishing path of MAF is a single circle whose
diameter corresponds with that of the magnet. In contrast,
the polishing paths under PM are intersecting and more
closely packed. PM-2DVAMATF also causes abrasives to
rotate and revolve along the intricate and extensive
polishing paths, thus contributing to better surface quality.

2. Obtained by the Taguchi experimental design, the optimal
combination of parameters for improving surface rough-
ness includes working gap, 1 mm; amplitude of vibration,
0.1 mm; particle size of steel grit, 0.125 mm; weight of
SiC, 3 g; weight of steel particles, 0.5 g; weight of ma-
chining fluid, 5 g; frequency of vibration along the X- and
Y-directions, 16.67 Hz; and rotational speed of magnet,
500 rpm.

3. With 12.5-min PM-2DVAMAF under optimal combina-
tion of parameters, the surface roughness of a stainless
steel SUS304 workpiece can be reduced from 0.14 to
0.032 pm, an improvement rate of 77.1 %.

4. Three-dimensional profiles of finished surface evidence
the efficient removal of scratches under PM-2DVAMAF
and further enhancement in surface quality.

5. Experimental results show that PM-2DVAMATF is supe-
rior to traditional MAF and 2D VAMAF. Not only can it
improve surface quality, a shorter processing time and a
smaller amount of abrasives are required, both of which
contribute to cost reduction.
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