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Abstract: The magnetic abrasive finishing (MAF) process is an ultra-precision surface finishing
process. In order to further improve the finishing efficiency and surface quality, the MAF process
using an alternating magnetic field was proposed in the previous research, and it was proven that
the alternating magnetic field has advantages compared with the static magnetic field. In order to
further develop the process, this study investigated the effect on finishing characteristics when the
alternating current waveform is a square wave. The difference between the fluctuation behavior of
the magnetic cluster in two alternating magnetic fields (sine wave and square wave) is observed and
analyzed. Through analysis, it can be concluded that the use of a square wave can make the magnetic
cluster fluctuate faster, and as the size of the magnetic particles decreases, the difference between
the magnetic cluster fluctuation speed of the two waveforms is greater. The experimental results
show that the surface roughness of SUS304 stainless steel plate improves from 328 nm Ra to 14 nm Ra
within 40 min.

Keywords: magnetic abrasive finishing; SUS304; alternating magnetic field; rotational speed;
abrasive particles

1. Introduction

The corrosion and fatigue failure of machine elements undoubtedly cause huge financial losses.
Excellent surface quality can improve the corrosion resistance [1] and fatigue strength [2] of the
material to a certain extent. In addition, for some precision machinery, surface finish is also an
important factor that is indispensable to perform its functions. Traditional finishing methods to achieve
nano-level surface finish usually lead to a significant increase in production costs [3]. The magnetic
abrasive finishing (MAF) process is considered to be an effective method to improve the surface finish.
The grinding tool of the MAF process is the magnetic brush composed of tiny particles combined
under the action of the magnetic field [4,5]. The MAF process realizes the material removal (MR)
by the relative movement of these tiny particles and the workpiece [6,7]. In addition, due to the
flexibility of the magnetic brush, it can be applied to the finishing of complex surfaces, such as curved
surfaces [8] and groove inner surfaces [9]. The advantages of the MAF process are attracting more
people to discuss.

Shinmura et al. [10,11] discussed the MAF process in the early years. The basic principle
of the MAF process is clarified, and the finishing characteristics are discussed. Zou et al. [12,13]
proposed a method to improve the surface uniformity by changing the trajectory of the magnetic pole.
Through the analysis of the particle movement trajectory, they concluded that the magnetic pole
revolution movement can effectively improve the uniformity of the finished surface, which was verified
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by experiments. In addition, they discussed the finishing characteristics and finishing stability of
magnetic abrasive finishing combined with the electrolytic process (EMAF) [14,15]. They concluded
that under suitable conditions, the finishing efficiency of EMAF process is higher than that of MAF.
Yin et al. [16,17] proposed a vibration-assisted MAF process. They discussed in detail the effects of
the three modes (horizontal vibration, vertical vibration, and compound vibration) on the finishing
characteristics, and analyzed the finishing mechanism. It proves that the vibration-assisted MAF
process can achieve effective polishing of 3D micro-curved surfaces. Jain et al. [18] evaluated the
influence of working clearance and circumferential speed on finishing characteristics and showed
that the material removal rate will decrease with the increase in working clearance or the decrease
of workpiece circumferential speed. Yamaguchi et al. [19,20] discussed the internal finishing of the
tube by the MAF process. They showed that the MAF process can effectively improve the internal
surface quality of the tube. Kala et al. [21] studied the effect of changing speed and working gap on
machining force on a dual-disk magnetic abrasive polishing process. They showed that the normal
force and the tangential force increase with the decrease of the working gap, and the magnitude of the
normal force and the tangential force will decrease sharply when the rotation speed is higher than a
certain value. Mulik and Pandey [22] studied the modeling of finishing force in the ultrasonic-assisted
magnetic abrasive finishing process. The normal force and finishing torque were measured under
several process conditions. It has been shown that the gap and the power supply voltage are the
main factors affecting the finishing force. A mathematical model has been established to predict the
finishing force and torque, and verify it through experimental results. Lee et al. [23,24] discussed
the influence of the two-dimensional vibration-assisted MAF process on the finishing efficiency and
surface quality. They proved that this method helps to improve finishing efficiency and surface
quality. Moreover, through Taguchi experimental design, the best combination of process parameters
to improve surface roughness is obtained. In addition, they concluded that planetary motion combined
with the two-dimensional vibration-assisted MAF process can achieve better finishing results.

However, during the finishing process, due to the uneven distribution of abrasives and aggregation
of fine particles, the finishing accuracy and finishing efficiency are reduced. Therefore, we proposed
the MAF process using an alternating magnetic field. In an alternating magnetic field, the magnetic
field changes periodically, and the magnetic cluster periodically fluctuates. Through the fluctuation of
the magnetic cluster, the abrasive particles and magnetic particles are continuously mixed, and the
abrasive in contact with the workpiece can be renewed, which ensures the uniform distribution of
abrasive particles and maintains the stability of the finishing tool.

In previous studies, it has been proven that the MAF process using an alternating magnetic field
has more advantages than using a static magnetic field [25-27]. In order to further develop this process,
in this study, the influence on finishing characteristics when the AC current waveform is a square
wave is discussed and analyzed. First, observe and compare the fluctuation behavior of the magnetic
cluster in two alternating magnetic fields (sine wave and square wave). Secondly, the effects of these
two magnetic fields and static magnetic field on the finishing characteristics are investigated through
experiments. Finally, the influence of some process parameters, such as magnetic particles (MPs) size,
current frequency, abrasive particles (APs) size, and magnetic pole rotation speed, on the finishing
characteristics is discussed when using a square wave.

2. Processing Principle and Experimental Setup

2.1. Processing Principle

Figure 1 shows the processing principle of the magnetic abrasive finishing process using an
alternating magnetic field. Between the tray and the workpiece is the composite magnetic finishing
fluid composed of a mixture of grinding fluid, MPs, and APs. After supplying alternating current
or direct current to the electromagnetic coil, an alternating magnetic field or static magnetic field
is generated. In addition, the motor is used to achieve magnetic pole rotation and feed movement.
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This leads to relative friction between the surface of the workpiece and the magnetic cluster, thereby
effectively achieving MR. The periodic change of the alternating current causes the magnetic cluster
to fluctuate up and down. This allows the magnetic cluster to recover its shape after it contacts the
workpiece, and it can also update the APs in contact with the workpiece. This ensures the stability of
the grinding tool and improves finishing efficiency.

Workpiece Alternating magneticfield

80 LRI ANEN
7 AP AR Abrasive particle

Magnetic particle AL . % 18 IS

Grinding fluid Working gap
[Magnetic pole
Rotation

Lo AC power supply

Feed movement

il —

Figure 1. Schematic of processing principle.
2.2. Experimental Setup

Figure 2 shows a photo of the experimental device. The electromagnetic coil can be supplied to
the current through an AC power supply device according to experimental requirements. The tray is
connected to the magnetic pole. The rotational movement of the magnetic pole is driven by the motor II.
The workpiece is placed on the table above the tray. The composite magnetic finishing fluid on the tray
forms magnetic cluster and can finish the bottom surface of the workpiece. The electromagnetic coil is
connected to the mobile station and can be driven by the motor I to achieve reciprocating motion.

#\Viotor 1|

Y

Speed control system

Figure 2. External view of the experimental setup.

In addition, the magnetic flux density was measured in the experiment. The schematic diagram
of the measurement principle is shown in Figure 3. The magnetic flux density above the axis of the
magnetic pole is measured using a gauss meter (GM-4002) and probe (T-401) produced by EMIC
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(Tokyo, Japan). When measuring, the sensing area of the probe is placed above the magnetic pole axis.
The magnetic flux density changes are recorded by a logger (midi LOGGER GL240 produced by
Graphtec Corporation, Yokohama, Japan).

IProbe (T-401)

Gaussmeter (GM-
4002)

Coilé Logger (midi
LOGGERGL240)

Figure 3. Magnetic flux density measurement.
2.3. Magnetic Cluster Observation

Figure 4 is a schematic diagram of the magnetic cluster fluctuating in an alternating magnetic field.
As the absolute value of the magnetic flux density increases, the angle between the magnetic cluster
and the tray gradually increases from the minimum to the maximum. The subsequent increase in the
absolute value of the magnetic flux density will not continue to cause the magnetic cluster to fluctuate
upward, so the magnetic cluster will stay at the maximum angular position for a while. When the
absolute value of the magnetic flux density decreases to a certain value, the magnetic cluster begins to
fluctuate downwards until the minimum angle. In order to observe the difference of the magnetic
cluster fluctuations in the two waveforms, a high-speed camera was used to observe the fluctuation
process of the magnetic cluster. The shooting frequency of the high-speed camera is 1000 fps.

S e

Pole Pole

() (b)

Figure 4. Schematic diagram of magnetic cluster fluctuation. (a) The highest position; (b) The
lowest position.

Figure 5 shows the photos of the lowest and highest positions of the magnetic cluster in the case
of sinusoidal alternating current (Sin-AC) and square alternating current (5-AC). In the figure, T; is
the time for the magnetic cluster to drop from the highest position to the lowest position, T, is the
time for the magnetic cluster to stay at the highest position, and Tj is the time for the magnetic cluster
to rise from the lowest position to the highest position. When the size of the MPs is the same, T, is
longer than in S-AC as compared to Sin-AC. As the size of the MPs increases, T increases when the
current waveform is the same. At the same time, the difference in T, of the two waveforms gradually
decreases, with the increase in size of the MPs. When the magnetic cluster is in the highest position,
it means that it will have a higher finishing efficiency than other positions.
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Figure 5. The lowest position and the highest position in the fluctuation period of the magnetic
cluster. (a) Sin-AC, 330 um; (b) S-AC, 330 um; (c) Sin-AC, 149 um; (d) S-AC, 149 um; (e) Sin-AC, 75 um;
(f) S-AC, 75 um.
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3. Experimental Conditions and Method

The experimental conditions are shown in Table 1. SUS304 austenitic stainless-steel plates of size
100 x 100 X 1 mm are prepared as workpieces. The chemical composition and properties of SUS304
austenitic stainless-steel plate are shown in Table 2. The composite magnetic finishing fluid used in the
experiment was obtained by uniformly mixing 1.2 g electrolytic iron powder, 0.3 g APs, and 0.8 mL
oily grinding fluid. Because this experiment mainly investigates the influence of finishing parameters,
and at the same time under optimized experimental conditions, the surface roughness is basically
stable after 40 min. Therefore, the total finishing time is set to 40 min, and the workpiece is cleaned
and measured every 10 min. The surface roughness of the workpiece is measured by the surface
roughness meter (SURFPAK-SV produced by Mitutoyo Corporation, Kawasaki, Japan). The weight of
the workpiece is measured using a semi-micro balance AEG-80SM (Shimadzu Corporation, Kyoto,
Japan, minimum weighing unit: 0.01 mg). The amount of material removal is obtained by calculating
the difference between the weight of the workpiece before and after finishing. In this experiment,
three types of currents are used, which are Sin-AC, S-AC, and direct current (DC) as shown in Figure 6.
The average value of the absolute value of the current under different waveforms is 1.9 A. The maximum
and minimum current of S-AC is 1.9 A. The effects of three currents on finishing characteristics are
compared. In addition, discuss the effects of MPs size, magnetic field frequency, APs size, and magnetic
pole rotation speed on finishing characteristics when using S-AC.

Table 1. Experimental conditions.

Workpiece SUS304 Austenitic Stainless Steel Plate with the Size of 100 mm X 100 mm X 1 mm
Grinding fluid Oily grinding fluid (Honilo 988): 0.8 mL
Working gap 1.5 mm
Feed speed 260 mm/min
Current 1.9 A (Average)
Finishing time Single 10 min (40 min)
Electrolytic iron powder, 75 ym in mean dia:1.2 g
Magnetic particles Electrolytic iron powder, 149 pm in mean dia:1.2 g
Electrolytic iron powder, 330 pm in mean dia:1.2 g
Current waveform DC, Sine (Sin-AC), Square (S-AC)
Current frequency 1Hz,4Hz, 7 Hz
Abrasive particles WA#6000: 0.3 g, WA#8000: 0.3 g, WA#20000: 0.3 g
Rotational speed 350 rpm, 450 rpm, 550 rpm

Table 2. The chemical composition and properties of SUS304 austenitic stainless steel plate.

Cr Ni Mn Si P S
Chemical Composition (%)
<0.08 18.00-20.00 8.00-10.50 <2.00 <1.00 <0.045 <0.030
Hardness test (max) HB 187, HRB 90, HV 200
Proof stress (N/mm?2) 205
Tensile strength (N/mm?) 520

Elongation (%) 40
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Figure 6. Current waveform diagram. (a) sin-AC, 1Hz; (b) S-AC, 1Hz; (c) DC.

4. Experimental Results and Discussion

4.1. Current Waveform

The effect of the current waveform on surface roughness and MR is shown in Figure 7. It can
be seen that the amount of MR is the least and the surface quality is the worst at DC. This is mainly
because, in the case of Sin-AC and S-AC, the magnetic cluster constantly fluctuate with changes in
current. This fluctuating motion can continuously update the APs in contact with the workpiece,
thereby ensuring the stability of the finishing tool. Therefore, the finishing efficiency is higher than
in DC. In the case of S-AC, the amount of MR is slightly higher than that of Sin-AC, and the surface
roughness changes faster than Sin-AC. In order to analyze the reason, the change of magnetic flux
density was measured.

Figure 8 shows the change curve of the magnetic flux density above the magnetic pole axis
with time. The red curve is used as the reference curve, which is the standard waveform curve drawn
under the same conditions (such as frequency, maximum value, etc.). It can be seen that the change of
the measurement curve lags behind the reference curve, which is mainly affected by the magnetization
characteristics of the material. Compared with the reference curve, it can be found that the magnetic
flux density is weakened during magnetization, and the magnetic flux density is enhanced during
demagnetization. In addition, it can be seen that the maximum magnetic flux density is greater than
S-AC in the case of Sin-AC. But calculating the average value of the absolute value of the magnetic flux
density (B,) in one cycle, it is found that the B, values of Sin-AC and S-AC are only slightly different,
which are 120.67 mT and 120.31 mT, respectively. The finishing force is mainly affected by the size of
MPs and the strength of the magnetic field. Therefore, in the case of the two waveforms, the average
finishing force should be close. According to previous observations of the magnetic cluster, it can be
found that the hold time (T) of the magnetic cluster at the highest position is longer in the case of
S-AC. Therefore, higher finishing efficiency is obtained in the case of S-AC.



Machines 2020, 8, 75 8of 17

—=e— Sin-AC-Ra —#— DC-Ra S-AC-Ra
- @ - Sin-AC-M - & - DC-M S-AC-M
350 12
300
E _
& 250 50
& &8
2 =
< 200 =
5 >
® S
= g
S 150 g
5 100 =
i -
50
0 ré 1 1 1 0
0 10 20 30 40
Finishing time T (min)

Figure 7. The effect of current waveform on surface roughness and material removal. (Magnetic
particles: 149 um, frequency: 1 Hz, abrasive particles: WA#8000, rotational speed: 350 rpm).
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Figure 8. The change curve of magnetic flux density with time. (a) Sin-AC; (b) S-AC.

4.2. Magnetic particle size

Figure 9 shows the effect of the MPs size on surface roughness and MR. According to the
observation of the workpiece surface, the finishing area increases as the size of MPs increases, as shown
in Figure 10. In the figure, L is the length of the finishing area and D is the rotating diameter of the
magnetic cluster. It can be seen that as the size of APs increases, D gradually increases. This is because
the magnetic force between MPs increases as the particle size increases [28]. Therefore, the magnetic
cluster that can be formed is longer, and the finishing area increases. In order to accurately evaluate
the MR, the MR per unit area (Q, mg/mmz) is calculated.

Q = MR/S, @
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where MR (mg) is the total amount of MR, and S (mm?) is the area of the finishing area. The finishing
area S is calculated by the following equation,

S = (L-D)xD+n(D/2)?% @)

The Q at different particle sizes is shown in Figure 11. According to Figures 9 and 11, it can be
seen that as the size of MPs increases, Q increases, and the surface roughness changes faster. This is
mainly because the increase in the size of the MPs will increase the finishing force, thereby increasing
the finishing efficiency [26].

—e— 75 um-Ra —#— 149 ym-Ra ~—+—330 um-Ra

- & =75 um-M - & =149 ym-M ~ =330 um-M
350 25

300 F

250

200

150

100

Surface roughness Ra (nm)
Materialremoval M (mg)

Finishing time T (min)

Figure 9. The effect of magnetic particles size on surface roughness and material removal. (Current
waveform: S-AC, frequency: 1 Hz, abrasive particles: WA#8000, rotational speed: 350 rpm).

Figure 10. Cont.
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(c)

Figure 10. Photos of the workpieces. (a) Magnetic particles: 75 um; (b) Magnetic particles: 149 um; (c)

Magnetic particles: 330 um.

0.007
0.006
0,005
(=]
58 0.004
E
o 0.003
0.002
0.001
0

75 um 149 um 330 um
Figure 11. The amount of material removal per unit area (Q).

4.3. Frequency

Figure 12 shows the effect of current frequency on surface roughness and MR. It can be seen
that as the frequency of the current increases, the amount of MR decreases significantly. The surface
quality is best obtained at 1 Hz. According to the comparison between the measured value and the
reference curve in Figure 8, it can be seen that the magnetic flux density is relatively weakened during
the magnetization process and relatively enhanced during the demagnetization process. But in the case
of S-AC, the degree of weakening is significantly greater than the degree of enhancement. Therefore,
as the frequency of the current increases, the degree to which the magnetic flux density is weakened
increases. In turn, the finishing efficiency is reduced.
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Figure 12. The effect of current frequency on surface roughness and material removal. (Magnetic
particles: 149 um, current waveform: S-AC, abrasive particles: WA#8000, rotational speed: 350 rpm).

4.4. Abrasive Particle Size

Figure 13 shows the effect of APs size on surface roughness and MR. It can be seen that the highest
MR and the best surface quality are obtained when using WA#8000 APs. In addition, at 10 min, the MR
and surface quality changes of WA#20000 are close to WA#8000. But in the next 30 min, the change
rate of surface roughness and MR gradually slows down. In order to explore the reason, the initial
workpiece surface and APs were observed, as shown in Figure 14. It can be seen from Figure 14a that
the initial surface of the workpiece has large grooves and is also full of small grooves. Figure 14b
shows that there are significantly more small particles at WA#20000.

Furthermore, a white light interferometer (Zygo New View7000 produced by Zygo Corporation,
Middlefield, CT, U.S.) was used to observe the surface of the workpiece after finishing, as shown
in Figure 15. As can be seen in Figure 15a, there is no obvious abrasive sliding trace at WA#6000.
According to Jain et al. [29], a single AP cutting material needs to meet the following relationship,

Fc > Aqt, 3)

where Fc is the tangential force acting on AP, A; is the projected area of penetration, and 7 is the shear
strength of the workpiece material.

At WA#6000, due to the increase of A the tangential force required to complete the cut material
increases. According to the surface state shown in Figure 15a, it can be inferred that because there is
not enough tangential force acting on the APs, the APs does not slip but rolls on the surface of the
workpiece. Therefore, the finishing efficiency is low.

At WA#8000 and WA#20000, obvious finishing traces can be seen. According to Figures 14 and 15,
in the first 10 min, the peak tip of the workpiece surface will be preferentially removed. During this
process, APs enter the gap between the two peaks to cut the peak tip, which mainly depends on the
tangential force. In the next 30 min, as small peaks on the surface are gradually removed, material
removal in a relatively flat area mainly depends on APs being pressed into the workpiece. During this
process, the material removal amount of a single AP mainly depends on the sliding distance and the
projected area of the pressed workpiece, which is not only related to the tangential force but also to
the normal force. When other conditions are the same, the total normal force is not much different.
When the weights of APs are the same, the number of APs is more at WA#20000. The increase in
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the number of APs disperses the normal force, which reduces the normal force acting on a single AP,
thereby reducing the penetration depth. As shown in Figure 15b,c as the size of the APs increases, the
depth of the finishing mark also increases. Therefore, when the sliding distance is the same, the MR of
a single AP increases. This leads to a decrease in the MR of WA#20000 in the following 30 min.

—eo— WAZ#6000-Ra —a— WA#8000-Ra WA#20000-Ra
- o - WA#6000-M - ® - WA#8000-M WA#20000-M
350 12
300 10
g ®
S 250 + g
- 8 3
w
g 200 §
"sh 6 &
2 =
o 150 o
] "
8 4 2
H <
& 100 s
50 | 2
0 re 1 1 1 0
0 10 20 30 40

Finishing time T (min)

Figure 13. The effect of abrasive particles size on surface roughness and material removal. (Magnetic
particles: 149 um, current waveform: S-AC, frequency: 1 Hz, rotational speed: 350 rpm).

(a)

Figure 14. Cont.
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1 um 1 um
WA#6000 WA#8000 WA#20000
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Figure 14. SEM images of the workpiece surface and abrasive particles. (a) Workpiece surface;
(b) Abrasive particles.

41 nm 0 0
m 17nm %22 53

Figure 15. The Photographs of the workpiece surface after finishing (White Light Interferometers).
(a) WA#6000; (b) WA#8000; (c) WA#20000.
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4.5. Rotational Speed

Figure 16 shows the effect of magnetic pole rotation speed on surface roughness and MR.
It can be seen that as the rotation speed increases, the finishing efficiency increases. In the abrasive
micromachining process, the material removal rate (MRR) can be given by the following equation [30]:

MRR =CpxPxVxp (4)

where P is the normal finishing force acting on the abrasive particle, V is the relative speed between
the abrasive particle and the workpiece, p is the material density of the workpiece, and C, is a constant.
The increase of the magnetic pole rotation speed increases the relative speed between the APs and the
workpiece, so the finishing efficiency is higher.

—e— 350 rpm-Ra —#— 450 rpm-Ra 550 rpm-Ra
- & =350 rpm-M - ® - 450 rpm-M 550 rpm-M
350 25
300
A 20 _
£ 250 g
P =
£ 200 23
< o
o g
2 15 2
£ g
= 100 <
A >
5
50
0 r- et 1 1 1 J 0
0 10 20 30 40

Finishing time T (min)

Figure 16. The effect of rotational speed on surface roughness and material removal. (Magnetic
particles: 149 um, current waveform: S-AC, frequency: 1 Hz, abrasive particles: WA#8000).

Figure 17 is the 3D photographs of the workpiece surface before and after finishing. It can be
seen that the small grooves on the surface after finishing at the three rotational speeds are almost
completely removed, but some large grooves are still not removed at 350 rpm and 450 rpm. The best
surface quality is obtained when the magnetic pole rotation speed is 550 rpm.

o Zy30 3D Model e Zyg0

312nmRa 29 nm Ra

Before finishing After finishing

@)

Figure 17. Cont.
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o Zy%0 3D Mode Zyg0

350nm Ra 21 nmRa

B 2430
g +0.97954

328 nm Ra 14 nm Ra

I pm

Before finishing After finishing
(©)

Figure 17. 3D photographs of the workpiece surface before and after finishing. (a) 350 rpm; (b) 450 rpm;
(c) 550 rpm.

5. Conclusions

This article investigates the influence of the AC waveform on the finishing characteristics.
The behavior characteristics of the magnetic cluster were observed and analyzed. The main conclusions
are as follows.

1. When using a square wave, a higher magnetic cluster fluctuation speed can be obtained, and as
the size of the MPs decreases, the difference between the magnetic cluster fluctuation speed of the
two waveforms is greater.

2. Under this experimental condition, when the current waveform is a square wave, the finishing
efficiency is improved.

3. When the waveform of the alternating current is a square wave, as the size of the MPs increases
and the frequency of the magnetic field decreases, the finishing efficiency increases. At the
same time, when the APs are WA#8000, the finishing efficiency is higher. In addition, the increase
in the rotation speed of the magnetic pole significantly improves the finishing efficiency.

4. According to the experimental results, when the current waveform is a square wave, the average
diameter of MPs is 149 pum, the current frequency is 1 Hz, the APs are WA#8000, and the rotation
speed is 550 rpm, the surface roughness of the SUS304 stainless steel plate is improved from
328 nm Ra to 14 nm Ra within 40 min.
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