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Abstract：The new magnetic-assisted abrasive polishing process for non-ferrous materials was proposed in order to increase the 
magnetic flux density which directly influences the contact force between the workpiece and the abrasives. The permanent magnets 
were installed under the workpiece and their effects were verified by the experiments. The effect of polishing factors on the 
improvement of surface roughness was evaluated based on the Taguchi experimental method, and the optimal conditions for 
polishing AISI316 stainless steel were determined. The predicting model for improving surface roughness was developed and the 
validity of the developed model was tested. The results show that the permanent magnets are very useful in improving the surface 
roughness in the magnetic-assisted abrasive polishing process. 
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1 Introduction 
 

An abrasive polishing process assisted by a 
magnetic field, called magnetic-assisted abrasive 
polishing, has been proposed to produce a high finish 
surface, and unconstrained abrasives remove materials 
under the presence of a magnetic field [1−3]. This 
process can be employed to precisely finish most 
mechanical parts, since the magnetic-assisted abrasive 
polishing process possesses many attractive advantages, 
such as lower machining force, self-adaptability to a 
complicated workpiece profile, and easy controllability 
of cutting edges. In addition, the polishing tool requires 
neither compensation nor dressing process because 
abrasives that float over the workpiece are not restricted 
with a formal shape, as in other conventional machining 
processes. From these features, the magnetic-assisted 
abrasive polishing can reduce process time and reduce 
production costs. 

In past years, a lot of research on magnetic-assisted 
abrasive polishing for ferrous and non-ferrous materials 
was carried out [4,5]. From the previous studies for cases 

of nonferrous materials such as a stainless steel, it is seen 
that the effectiveness of magnetic-assisted abrasive 
polishing is much lower than for ferrous materials [6]. 
The reason for these phenomena is that the 
magnetic-assisted abrasive polishing basically works 
with the help of the magnetic force, but the magnetic 
force decreases in the case of nonferrous materials. The 
lower magnetic force leads to lower contact forces 
between the workpiece and abrasives. The efficiency of 
the magnetic -assisted abrasive polishing also decreases. 
Thus, further study is necessary in order to additionally 
increase the magnetic force (or contact force) for 
nonferrous materials. 

As one alternative solution, in this study, permanent 
magnets were installed under the workpiece to increase 
the contact force by improving the magnetic flux density 
of non-magnetic materials (AISI316 stainless steel) 
during the magnetic-assisted abrasive polishing process. 
The effect of the permanent magnets on the magnetic 
flux density and the surface roughness were verified. The 
optimal conditions for producing the better surface 
roughness were determined and a surface roughness 
predicting model was established. 
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2 Magnetic-assisted abrasive polishing 
 

The working principle of magnetic-assisted abrasive 
polishing is shown in Fig. 1. The polishing system has a 
coil of wires wrapped around a steel rod called an 
inductor. This coil of wires is the main part of the 
magnetic-assisted abrasive polishing system to produce 
magnetic properties. According to Faraday’s Laws, a 
magnetic force is generated between the inductor and the 
workpiece when a direct current is supplied to the coil.  

Usually small magnetic particles and abrasives are 
mixed up for making magnetic abrasives for 
magnetic-assisted abrasive polishing. These mixed 
particles sprinkled on the workpiece in advance are 
attracted to the inductor along lines of magnetic force. 
The particles attached to the inductor freely form a 
flexible abrasive brush, which is a machining tool in the 
magnetic-assisted abrasive polishing process. 

The relative movement between the workpiece and 
abrasive occurs while the inductor rotates. Due to the 
lower force applied toward the workpiece in the 
magnetic-assisted abrasive polishing, a small amount of 
material was removed and a precise surface could be 
obtained by this process [7,8]. 

In the magnetic-assisted abrasive polishing process, 
a contact force between a workpiece and abrasives is 
closely related to the normal force toward the workpiece. 
The normal force (Fn) acting on the workpiece in a 
magnetic field is basically given as follows [9]:  
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where V and H represent the volume of working 
abrasives and the magnetic field strength, respectively. 

yH ∂∂ /  is the gradient of the magnetic flux density and 
y is the direction of the magnetic field. 

As shown in Fig. 1, the normal force can be 
represented as a term of an abrasive pressure (pn) toward 
 

 
Fig. 1 Working principle of magnetic abrasive polishing 

the workpiece as follows: 
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where A is the contact area over the workpiece, N is the 
number of simultaneous working abrasives, pn represents 
the pressure of an individual working abrasive. The 
pressure toward the workpiece is represented as below 
[10]: 
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where B is the magnetic flux density, 0μ is the 
permeability in vacuum, μb is the specific permeability of 
the magnetic brush. The contact force (Fc) which causes 
the abrasives penetrating into the workpiece can be 
represented as follows:   

NfFF nawnawc μμ ==                          (4) 
 
where awμ  is the friction coefficient between the 
workpiece and the abrasive and fn is the normal force of 
an individual working abrasive. From Eq. (2) to Eq. (4), 
it is known that the magnetic flux density directly affects 
the contact force, and the contact force increases 
according to the increase of the magnetic flux density. As 
previously mentioned, it is necessary to increase the 
contact force for the polishing of non-ferrous materials 
because most nonferrous materials have a lower 
magnetic flux density [11]. 

In this study, to increase the contact force for 
polishing AISI316 stainless steel, which is a non-ferrous 
material, permanent magnets of NdBFe were installed on 
the opposite side of the polishing surface as the AISI316 
stainless steel. The magnetic flux density and the surface 
roughness were evaluated by both conventional and 
proposed methods. 

Figure 2(a) shows the measuring method and results 
for the magnetic density flux of the workpiece. The 
magnetic flux density of five points within the inductor 
diameter was tested using a thin probe type of a Gauss 
meter. As shown in Fig. 2(b), the maximum magnetic 
flux density without permanent magnets is about 135 mT, 
but with five permanent magnets it is about 190 mT. If 
more permanent magnets were installed, the magnetic 
density flux would increase further. 

Figure 3 shows the measured surface roughness 
according to the polishing time to verify the effects of 
permanent magnets in the magnetic-assisted abrasive 
polishing of nonferrous materials. On the whole, better 
surface roughness with permanent magnets is obtained, 
and also improves dramatically after a polishing time of 
10 min. The steady surface roughness settles after a 
polishing time of 20 min. From the experimental 
verifications, it is seen that what installs the permanent 
magnet for polishing of the non-ferrous materials is 
fundamentally very effective. 
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Fig. 2 Magnetic flux density: (a) Measuring method; (b) Values 
measured with and without permanent magnets 
 

 
Fig. 3 Experimental results for surface roughness produced 
with and without permanent magnets 
 
3 Experimentation with Taguchi method 
 

Figure 4 shows the schematic diagram of the 
experimental set-up for the magnetic-assisted abrasive 
polishing, and Table 1 lists the fixed polishing conditions 
used in this study. The workpiece was AISI316 stainless 
steel which is a nonferrous material and needed to 
increase the magnetic flux density. Permanent magnets 
were installed underneath the polishing surface of the 
workpiece to improve magnetic force during the 
magnetic-assisted abrasive polishing. 

 

 
Fig. 4 Schematic diagram of magnetic-assisted abrasive 
polishing system 
 
Table 1 Fixed experimental conditions 

Feed speed/
(m·min−1)

Polishing 
time/min

Magnetic abrasives Workpiece

9 20 
Fe (100 µm)+ 

Diamond (3 μm) 
AISI316

 
The feed speed was 9 m/min for the experiments. 

The polishing time was set at 20 min. Diamond abrasives 
of about 3 μm mixed with Fe particles of 100 μm in a 
diameter were used as magnetic abrasives. 

The design of the experiments provides means how 
to efficiently perform experimentation to evaluate the 
effect of the process factors on the outcomes of the 
process. The Taguchi method is a popular experimental 
design method and its dominant advantage is to 
remarkably reduce the number of experiments by the use 
of an orthogonal array. A loss function used in the 
Taguchi method has been defined to gauge the deviation 
between the experimental and desired outcome of a 
performance characteristic. The loss function is furtherly 
transformed into a signal-to-noise ratio (SNR, RSN). 
Three different categories of performance characteristics 
are usually used in the calculation of the SNR, such as 
the-lower-is-the-better, the-higher-is-the-better, and the- 
nominal-is-the-better. 

In this study, the-higher-is-the-better characteristic 
was used, since the process outcome to be evaluated was 
the improvement of the surface roughness after the 
magnetic-assisted abrasive polishing. The loss function 
for the improvement of surface roughness is as follows: 

∑= 2
11

ij
ij

yn
L                                (5) 

where Lij is the loss function of the ith performance 
characteristic in the jth experiment and yij is the 
measured experimental result; n is the number of the 
experimentation. The corresponding RSN is given by 
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Using the calculated SNR, the effects of the process 
factors on the improvement of surface roughness by the 
magnetic-assisted abrasive polishing were evaluated. The 
selected polishing factors and their levels are listed in 
Table 2. All four factors, which are rotational speed of 
the inductor, magnetic flux density from permanent 
magnets, applied current to the inductor and working gap 
between the workpiece and the inductor, are changed at 
three levels. An orthogonal array table based on the 
Taguchi method was selected and applied to the 
experimental conditions for the magnetic-assisted 
abrasive polishing.  
 
Table 2 Polishing factors and levels used in experiments 

Level 
Polishing factor 

1 2 3 

Rotational speed (A)/(r·min−1) 900 1200 1500

Magnetic flux density (B)/mT 
(No. of permanent magnets) 

52 
(3EA) 

79 
(5EA)

82 
(7EA)

Applied current (C)/A 1.5 2.0 2.5 

Working gap (D)/mm 1.0 1.5 2.0 

 
In this study, a stylus contact type of the surface 

roughness tester (SJ−301, Mitutoyo) was used for 
measuring the process effect after the magnetic abrasive 
polishing. To obtain more reliable experimental data, 
each surface roughness, which means that in this study 
an arithmetical mean deviation of the assessed surface 
profile was obtained in the central area of the workpiece 
at different three points and then it was arithmetically 
averaged. The reason to adopt this way is that the 
measured surface roughness values are a little difference 
according to a location and a trial of the measurement 
even though the same surface after polishing was tested. 
 
4 Results and discussion 
 

Experiments guided by Table 3 were conducted and 
then the surface roughness before and after the 
magnetic-assisted abrasive polishing was evaluated by 
the Taguchi method. 

Table 4 lists experimental results and the calculated 
SNR. The workpiece surface of the AISI316 stainless 
steel before the magnetic-assisted abrasive polishing was 
ground and the average surface roughness is 0.4 μm. The 
initial ground surface roughness has a slight deviation 
because it is very difficult to produce the same surface 
roughness by the grinding process. After polishing 20 
min, the surface roughness was improved in all 
experiments. 

Table 5 lists the influence of the polishing factors on 

the improvement of the surface roughness after the 
magnetic-assisted abrasive polishing. It is seen that 
factor B of the magnetic flux density by the permanent 
magnets and factor D of the working gap have a 
dominant effect on the improvement of surface 
roughness. The applied current has no effect on the 
improvement of the surface roughness in this 
experimental range. This result means that the magnetic 
flux density by the permanent magnets can efficiently 
increase the magnetic force more than the applied current 
to the inductor. 
 
Table 3 Orthogonal array table for experimentation 

Polishing factor 
No. 

A B C D 

1 900 52 1.5 1.0 

2 900 79 2.0 1.5 

3 900 82 2.5 2.0 

4 1200 52 2.0 2.0 

5 1200 79 2.5 1.0 

6 1200 82 1.5 1.5 

7 1500 52 2.5 1.5 

8 1500 79 1.5 2.0 

9 1500 82 2.0 1.0 

 
Table 4 Measured surface roughness and calculated SNR 

No.
Ra(before 

polishing)/µm
Ra(after 

polishing)/µm 
Improvement

Ra/µm 
SNR/ 

dB 

1 0.41 0.34 0.06 −24.437

2 0.33 0.28 0.05 −26.021

3 0.34 0.27 0.07 −23.098

4 0.38 0.32 0.06 −24.437

5 0.33 0.30 0.03 −30.458

6 0.42 0.37 0.07 −23.098

7 0.45 0.37 0.08 −21.938

8 0.41 0.36 0.05 −26.021

9 0.39 0.39 0.06 −24.437

 
Table 5 Influence of polishing factors 

Level 
Factor

1 2 3 
Difference 

Percentage
contribution/

% 

A −24.51 −25.99 −24.13 1.86 20.2 

B −23.60 −27.49 −23.54 3.95 42.8 

C −24.51 −24.96 −25.16 0.64 7.00 

D −26.44 −23.68 −24.51 2.75 30.0 
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The main effect of the polishing factors on the 
surface roughness improvement after the magnetic- 
assisted abrasive polishing is shown in Fig. 5. In the 
Taguchi method, the higher SNR for the experimental 
results is desirable and the optimal conditions can be 
easily determined by selecting the combination of the 
maximal SNR in each factor. As shown in Fig. 5, the 
determined optimal conditions are a combination of 
A3B3C1D2 (rotational speed of 1500 r/min, magnetic flux 
density of 82 mT, applied current of 1.5 A and working 
gap of 1.5 mm, respectively). The optimal conditions 
were not tested in the previous experiments because the 
combination was not matched in Table 3. Table 6 
presents the ANOVA (analysis of variance) table for the 
polishing factors to check significant factors. 
 

 

Fig.5 Analysis of main effect of polishing factors 
 
Table 6 ANOVA for polishing factors 

Factor SS DOF V F0 

A 0.646 2 0.323 8.861 

B 3.424 2 1.712 46.95**

C 0.072 2 0.036 − 

D 1.334 2 0.667 18.29*

Error (0.072) (2) (0.036)  

Total 4.144 8   
Note: SS is sum of square; DOF is degree of freedom; V is mean square; F0 
is F test result. 
 

Based on the experimental results, a predicting 
model for the improvement of the surface roughness 
(RIS) by the magnetic-assisted abrasive polishing could 
be developed. In this study, the first-order mathematical 
model was assumed as 
 

DCBAR 43210IS βββββ ++++=                (7) 
where iβ  is the coefficient of the predicting model 
which should be determined in the mathematical model 
to predict the improvement of the surface roughness 

when the polishing factors such as the rotational speed 
(A), the magnetic flux density (B), the applied current (C), 
and the working gap (D) were properly selected.  

Using the matrix approach and the experimental 
results listed in Table 4, the coefficients of the predicting 
model represented in the Eq. (7) can be determined and 
the developed predicting model for the improvement of 
surface roughness RIS is 
 

+×−×+= −− BAR 186
IS 10 67.81045.7047276.0  

DC 011138.00068293.0 +                 (8) 
 

Figure 6 shows the improvement of the surface 
roughness by the predicting model developed and the 
experimentation. Most predicted values are very similar 
to the experimental results. 

To confirm the validity of the developed predicting 
model and to check the result of the optimal conditions, 
experiments were carried out. Table 7 shows the 
predicted and experimental results. The improvement of 
the surface roughness measured in experiments is about 
0.11 µm and it coincides well with the predicted result of 
0.10 µm from the developed model. Figure 7 shows 
some SEM images of the AISI316 stainless steel before 
and after the magnetic-assisted abrasive polishing. The 
grinding lines on the workpiece surface almost entirely 
disappear and a better surface is obtained after the 
magnetic-assisted abrasive polishing. This shows that  
the magnetic-assisted abrasive polishing process is very 
useful to improve the surface roughness of nonferrous 
AISI316 stainless steel. 
 
Table 7 Confirmatory experiments 

Predicted ISR/µm Measured ISR/µm 

0.11 

0.12 0.10 

0.10 

 

 
Fig.6 Comparison between predicted and experimental ISR 
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Fig.7 SEM images of AISI316 material before and after polishing: (a) Before polishing, No. 1 specimen; (b) After polishing, No. 1 
specimen; (c) Before polishing, No. 9 specimen; (d) After polishing, No. 9 specimen 
 
 
5 Conclusions 
 

1) The proposed magnetic-assisted abrasive 
polishing installed with permanent magnets is very 
useful to increase the magnetic flux density of the 
AISI316 stainless steel. 

2) Magnetic flux density given by the permanent 
magnets is the dominant polishing factor in the 
improvement of the surface roughness. 

3) The optimal conditions for the improvement of 
the surface roughness are the rotational speed of 1500 
r/min, the magnetic flux density of 82 mT, the applied 
current of 1.5 A and the working gap of 1.5 mm. 

4) The predicting model for the improvement of the 
surface roughness is developed and the developed model 
is confirmed by the experiments. 
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