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Chapter 1 Introduction

1.1 Research background

Surface quality is very important for components because it greatly affects the
performance of mechanical parts. 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.
Moreover, for some precision machinery, surface finish is also an important factor that
is indispensable to perform its functions. In addition, the rapid development of
semiconductors, optics, electronics, acrospace industry, etc., has increased the demand
for ultra-precise surfaces [3]. At the same time, materials with properties such as high
hardness, toughness, high strength to weight ratio and brittleness are popular in
industries, which poses a principal challenge to the finishing process. The traditional
finishing processes like grinding, honing and lapping create micro/nano burrs,
subsurface damage and residual stresses, while achieving nanoscale surfaces will
increase production costs [4, 5]. Magnetic abrasive finishing (MAF) process can solve
some of these problems. MAF process is to fill the magnetic abrasives between the
magnetic pole and the workpiece, and the magnetic abrasives form the magnetic brush
in the magnetic field. The magnetic brush is pressed against the workpiece due to the
magnetic force. Through the relative movement between the magnetic brush and the
workpiece, the material on the surface of the workpiece is removed, thereby achieving
finishing of the surface [6, 7].

Shinmura et al. [8, 9] introduced the basic principle of plane MAF, developed the
plane MAF device using electromagnets, and discussed the effects of process
parameters such as finishing fluid and magnetic abrasives supply weight on the

machining depth and surface roughness. Shinmura et al. [10] also proposed the use of
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the MAF process to finish the outer surface of the cylinder and analyzed the effect of
the shape of the magnetic pole on the finishing properties. Zou et al. [11, 12] discussed
the influence of the magnetic pole movement trajectory on finishing characteristics.
Through theoretical analysis and experiments, they proved that the simultaneous
rotation and revolution of the magnetic pole can improve the flatness of the finished
surface. In addition, they proposed magnetic abrasive finishing combined with the
electrolytic process (EMAF) [13, 14]. They discussed the processing principle of
EMAF and the stability of finishing. It proves that the EMAF process can significantly
improve finishing efficiency. Lee et al. [15, 16] discussed the effect of the combination
planetary motion with two-dimensional vibration-assisted magnetic abrasive finishing
process on the finishing efficiency and surface quality. They showed that this method
helps to improve surface quality and reduce finishing costs. Through experiments, they
obtained the best combination of process parameters to improve the surface roughness,
and can reduce the surface roughness of SUS304 stainless steel workpiece from 0.14 to
0.032 pm in 12.5 min. Pandey et al. [17-19] studied the ultrasonic-assisted MAF
(UAMAF) process. The influence of power supply voltage, abrasive size, magnetic pole
rotation speed, and other factors on the finishing characteristics was explored through
experiments. And proved that UAMAF process can finish the surface to the nanometer
level faster than MAF process. They also proposed model for predicting the material
removal rate and surface roughness changes, and compared the predicted value with the
experimental value, and proved that the predicted value is in good agreement with the
experimental result. Jain et al. [20, 21] studied the effect of working gap and
circumferential speed on material removal and surface roughness, and concluded that
the working gap and circumferential speed are the parameters which significantly
influence the surface roughness value (Ra). They also studied the influence of process
parameters such as current, working gap, and rotation speed on the tangential force and

normal force in the MAF process. They concluded that the current value and working
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gap are the most important factors affecting the tangential force and the normal force.
Yin et al. improved the deburring efficiency of workpiece edges by using the vibration-
assisted MAF process [22]. The polishing of 3D micro-curved surface by vibration-
assisted MAF process was proposed, and the effects of workpiece vibration on magnetic
field, polishing pressure, in-process abrasive behavior and polishing performances in
three vibration modes (horizontal vibration, vertical vibration and compound vibration)
[23]. Yamaguchi et al. [24, 25] proposed finishing the inner surface of the tube using
the MAF process. The behavioral characteristics of the abrasive were discussed in the
process, and the influence of the shape of the magnetic pole on the magnetic flux density
distribution was measured.

However, there are some difficulties in the finishing of complex micro surface by
traditional processes. Since the grinding tool of the magnetic abrasive finishing (MAF)
process is a flexible magnetic brush formed by fine particles, the process is considered
to be possible to achieve finishing of complex micro surface. However, when
performing complicated micro-curved surface finishing in a static magnetic field, a
change in the gap between the magnetic pole and the workpiece causes the magnetic
brush contacting the workpiece to be pressed toward the magnetic pole. Since the
magnetic field near the magnetic pole is stronger, the magnetic brush will be difficult
to recover. This makes it difficult for the magnetic brush to polish all surfaces. In
addition, it is difficult to renew the abrasive in contact with the workpiece in a static
magnetic field [26]. Therefore, the finishing efficiency will gradually decrease. In order
to overcome these problems, we proposed a MAF process using alternating magnetic
field. In an alternating magnetic field, the magnetic brush periodically fluctuates up and
down due to changes in current. This not only continuously mixes and updates the

abrasive, but also periodically pushes the magnetic brush toward the workpiece surface.
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1.2 Research purposes

Due to the static magnetic field, it is difficult for the magnetic cluster to recover its
shape after contacting the workpiece. During the finishing process, the distribution of
abrasive particles is uneven, and the abrasive particles in contact with the workpiece
are gradually passivated, resulting in poor surface accuracy and reduced finishing
efficiency. Therefore, the MAF process using alternating magnetic field is proposed. In
previous research, it was proved that the MAF process using alternating magnetic field
has higher finishing efficiency and surface quality [26, 27]. However, many
mechanisms remain unclear. Therefore, this article mainly investigate the mechanism
of MAF process using alternating magnetic field. Further improve the finishing

efficiency and surface quality, and realize the finishing of complex micro-surfaces.

1.3 Overview of thesis

This thesis discusses the MAF process using alternating magnetic fields. The overview

of each chapter of the paper is as follows:

In chapter 1, the research background and some research on MAF process are

introduced. In addition, the research purpose of this article is explained and the content

of each chapter is summarized.

In chapter 2, first introduced the processing principle of traditional MAF. Secondly,
the processing principle and experimental device of the MAF process using an
alternating magnetic field are explained. In addition, the changing laws of magnetic
force and finishing force in an alternating magnetic field are analyzed. Besides, the

influence of the magnetic pole shape on the magnetic field distribution is discussed.
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In chapter 3, the application of the MAF process using alternating magnetic field in
5052 aluminum alloy materials is discussed. First, measure the magnetic field
distribution in the processing area. Second, the influence of magnetic particle size and
current frequency on finishing force is analyzed. Third, the influence of magnetic field
frequency and magnetic particle size on the behavior of magnetic clusters is observed
and analyzed. Fourth, the influence of process parameters (magnetic particle size,
current frequency, abrasive particle size) on finishing characteristics is studied. Finally,

ultra-precision finishing experiments were carried out on 5052 aluminum alloy plates.

In chapter 4, the influence of the current change mode on the MAF process using
alternating magnetic field is discussed. First, the relationship between current and
magnetic flux density in a static magnetic field is discussed. The effect of current
change mode on magnetic flux density is studied. Secondly, the relationship between
current, magnetic flux density, and finishing force in the static magnetic field is
analyzed, and the influence of current change mode on finishing force is discussed.
Third, the effects of square wave (AC) and full-wave rectified sinusoidal waveforms on
the finishing characteristics and the behavior of magnetic cluster are investigated
through experiments. Finally, the optimal current waveform is discussed and verified

by experiments.

In chapter 5, the industrial application of MAF process using alternating magnetic
field is studied. First, the finishing of alumina ceramic materials is discussed. Secondly,

the feasibility of finishing miniature groove is discussed.

In chapter 6, the main conclusions of this thesis are summarized.
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Chapter I Processing principle and

experimental device

2.1 Conventional plane MAF process

Figure 2.1 shows the processing principle of the conventional plane MAF process.
The basic principle of the conventional plane MAF process is to fill the magnetic
abrasive or compound magnetic finishing fluid between the magnetic pole and the
workpiece. Magnetic abrasives are made of iron powder and abrasives through sintering
or chemical or other techniques [1]. However, sintering requires both high temperature
and pressure within an inert gas atmosphere. Subsequently, the sintered material should
be crushed mechanically and then sieving is required to sort it into a specific particle
size. Obviously, due to the complex production process, additional production costs will
increase [2]. Therefore, more and more researches have focused on the use of unbound
magnetic abrasives [3-5]. The compound magnetic finishing fluid is obtained by
uniformly mixing a certain proportion of magnetic particles, abrasive particles and
grinding fluid. In the magnetic field, the magnetic particles are attracted by the magnetic
poles and arranged along the lines of magnetic force to form a magnetic brush. The
relative movement between the magnetic brush and the workpiece is generated through
the feed movement and the rotation movement, thereby realizing the material removal
on the surface of the workpiece.

However, there are some problems in the finishing of complex micro-surfaces
through the conventional MAF process, that is, when the magnetic brush is subjected
to complex micro-curved surface finishing in a static magnetic field, the change in the
gap between the magnetic pole and the workpiece causes contact with the workpiece

The magnetic brush is pressed toward the magnetic pole. Since the magnetic field near
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the magnetic pole is stronger, the magnetic brush will be difficult to recover. This makes
it difficult for magnetic brushes to polish all surfaces. In addition, it is difficult to update
the abrasive in contact with the workpiece in a static magnetic field. Therefore, finishing
efficiency will gradually decrease. In order to overcome these problems, we proposed
MAF process using an alternating magnetic field. In an alternating magnetic field, the
magnetic brush will periodically fluctuate up and down due to current changes. This
not only continuously mixes and renews the abrasive but also periodically pushes the

magnetic brush to the surface of the workpiece.

Rotation

Magnetic pol

Feed motion Abrasive particle

Fig. 2.1 Processing principle of the conventional plane MAF process

2.2 Processing principle

Figure 2.2 shows a schematic of the processing principle. The electrolytic iron powder,
the abrasive, and the grinding fluid are uniformly mixed in a certain proportion to form
compound magnetic finishing fluid. Place the compound magnetic finishing fluid in the
tray. The electrolytic iron powder in the compound magnetic finishing fluid is attracted
by the magnetic pole to form the magnetic cluster and carry abrasive particles to press

the workpiece. The rotational movement and feed movement of the magnetic pole drive
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the movement of the magnetic cluster. Through the relative movement of the magnetic

cluster and the workpiece, the finishing of the workpiece is realized.

Workpiece Alternating magnetic field

$% sa , :
% Bt AN < Abrasive particle

Magnetic particle VNP

Grinding fluid
Rotation

Tray

Feed movement

Fig. 2.2 Schematic of processing principle

Due to the static magnetic field, it is difficult for the magnetic cluster to recover its
shape after contacting the workpiece. During the finishing process, the distribution of
abrasive particles is uneven, and the abrasive particles in contact with the workpiece
are gradually passivated, resulting in poor surface accuracy and reduced finishing
efficiency. In an alternating magnetic field, the magnetic field changes periodically, and
the magnetic clusters fluctuate periodically. When the current becomes zero, the
magnetic cluster will fluctuate downward, and when the current becomes the maximum,
the magnetic cluster will fluctuate upward. Through the fluctuation of the magnetic
cluster, the abrasive particles in contact with the workpiece are replaced, thereby
renewing the abrasive particles in contact with the workpiece, ensuring the stability of
the grinding tool. Therefore, the finishing efficiency can be improved and a stable

finishing process can be realized.
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2.3 Experimental setup

Speed control system

Fig. 2.3 External view of the experimental setup and processing region expanding

photos

Figure 2.3 shows an external view of the experimental setup and the photograph of
the processing area. The electromagnetic coil is connected to the mobile station and
they can be driven by the motor I to realize reciprocating motion. The rotation direction
of the motor I is controlled by two contact switches, and the reciprocating distance is
controlled by adjusting the distance between the two contact switches. Place the
compound magnetic finishing fluid on the tray with a diameter of 40 mm and a depth
of 0.5 mm. The tray is fixed to the magnetic pole and they can realize a rotary motion
driven by the motor II. The speed of motor I and motor II can be controlled by the speed
control system. Electromagnetic coil can be supplied with voltages and frequencies in
the range of 1-300 V and 1-999 Hz supplied by the alternating current power device.
Supplying current to the coil generates a magnetic field, and the compound magnetic
finishing fluid forms the magnetic cluster in the magnetic field and presses the bottom

surface of the workpiece. The relative movement between the magnetic cluster and the
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workpiece is achieved by rotating and reciprocating movement, thereby realizing

material removal.

2.4 Magnetic force analysis of alternating magnetic field

2.4.1 Magnetic force analysis

Figure 2.4 shows the schematic diagram of magnetic force acting on a magnetic

particle in magnetic field. F, and F, can be calculated by Egs. (2.1) and (2.2) [6],

OH
Fe = Vo (5 2.1)
O0H

where x is the direction of the line of magnetic force, y is the direction of the
magnetic equipotential line, V is the volume of magnetic particle, y is susceptibility
of particles, pyis permeability of vacuum, H is the magnetic field intensity at point
A, 0H/0x and O0H/ 0y are gradients of magnetic field intensity in x and y
directions, respectively.

In order to study the relationship between magnetic force and the alternating magnetic
field, the model is simplified as shown in Fig. 2.5. A magnetic particle is on the axis of
the coil. The coil radius is R, and the magnetic field at a distance of Z along the axis of
the coil can be calculated by Eq. (2.3) [7],

o IR?
~ 2(R2 + 22%)3/2

(2.3)

In an alternating magnetic field, the current can be calculated by Eq. (2.4),

I = I, sinwt (2.4)
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where [ is the instantaneous current value, I, is the current maximum, w is the

angular frequency, and ¢ is the time.

A Magnetic equipotential line
E. / Magnetic force line
o J{ Magnetic particles

i o

-

Pole

Fig. 2.4 The magnetic force acting on a magnetic particle in magnetic field

Therefore, when a magnetic particle is on the axis of the coil, the magnetic force acting
on it can be calculated by the Eq. (2.5),

_ 3VxpoZI4R*

'y = m (cos2wt — 1) (2.5)

From the above analysis, it can be concluded that a magnetic particle on the coil axis
in the alternating magnetic field have a magnetic force period of twice the current period.
In addition, it can be seen from the Eq. (2.5) that the increase in the volume of the
magnetic particles increases the magnetic force which increases the attractive force
between the two magnetic particles. At the same time, the increase in the volume of the
magnetic particles increases the contact area between adjacent magnetic particles.
Therefore, the force required for the relative displacement of two adjacent magnetic
particles is greater. This means that the magnetic cluster formed by the larger magnetic
particles is more difficult to deform under the same conditions. This leads to an increase

in finishing force.
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R
— TE——

Coil

Fig. 2.5 The simplified model of the magnetic force acting on a magnetic particle in

an alternating magnetic field

2.4.2 Magnetic force measurement

2.4.2.1 Measurement methods and conditions

In order to verify the changing law of the magnetic force acting on the magnetic
particles in the alternating magnetic field, we measured the magnetic force and voltage
waveforms. The magnetic force measurement system is shown in Fig. 2.6. The basic
principle of the system is that the resistance value of the diamagnetism strain gauge
(KFN-2-350-C9-11) changes according to the deformation of the brass plate. When the
brass plate is deformed after being stressed, the output voltage value of the strain bridge
circuit changes due to the change in the resistance of the strain gauge. In addition, the
output voltage is amplified by the signal conditioner (CDV-700A) and then connected
to the logger (midi LOGGER GL240). At the same time, AC power is also connected
to the logger. The logger has a sampling period of 20 ms. Magnetic force and finishing
force were measured under the condition that the magnetic field frequency was 1 Hz.
When measuring the magnetic force waveform, a cylindrical magnetic material
(SCM435) is placed above the brass plate (on the pole axis) as shown in Fig. 2.6. The
brass plate is 1 mm thick. The magnetic material has a height of 10 mm and a diameter

of 4 mm.
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i Bridge case ]
-~
A L |F
: : —
Magnetic material / g y
. Brass plate Signal  conditioner
[ ]
i CDV-700A
i Pole ( )
AC  power (PCR] Z(Logger (GL240)

1000LA) J

Fig. 2.6 Schematic diagram of magnetic force measurement system

2.4.2.2 Measurement results and discussion

~ 064
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Fig. 2.7 The waveform of the magnetic force and voltage

The waveform of the magnetic force is shown in Fig. 2.7. As can be seen from the

figure, the magnetic force varies with the absolute value of the voltage, so the period of
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the magnetic force and the finishing force is twice the period of the magnetic field. This
is consistent with the results of the previous discussion, that is, the direction of the
magnetic force does not change, but it changes with the absolute value of the current.
In addition, it can be seen from the figure that the change curve of magnetic force lags
behind the change curve of voltage. And this mainly depends on the magnetization

characteristics of the material.

2.4.3 Finishing force measurement

2.4.3.1 Measurement methods and conditions

i Bridge case
Magnetic cluster

W

. Brass plate | Signal  conditioner

Coiﬂ Strain gauge (CDV-700A)

AC power (PCRW
1000LA) J

;(Lo geger (G1.240)

X

Fig. 2.8 Schematic diagram of finishing force measurement system

In the MAF process using alternating magnetic fields, the finishing force is provided
by magnetism. Therefore, the finishing force should have a similar changing law with
the magnetic force. In order to verify the changing law of finishing force, the finishing
force was measured. The measuring system of finishing force is similar to the magnetic
measuring system, as shown in Figure 2.8. Fill between the brass plate and the magnetic
poles with magnetic particles (1.5 g) with an average diameter of 149 um, and record

the power supply voltage and the signal conditioner voltage with the logger.
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2.4.3.2 Measurement results and discussion

The measurement result of the finishing force is shown in Figure 2.9. It can be seen
that the finishing force and the magnetic force have the same changing law, that is, the
changing frequency of the finishing force is twice the frequency of the power supply.

In addition, the change in the finishing force also lags behind the voltage change.

Finishing force (N)

Voltage (V)
o

1 I 1

0 0.2 04 0.6 0.8 1.0 1.2 14 1.6
Sec

Fig. 2.9 The waveform of the finishing force and voltage

2.5 Magnetic pole shape

In this study, the magnetic pole with a diameter of 15 mm, the material of the SS400
(JIS), and there are four crossing grooves, width is Imm, depth is 1 mm. The shape of
the magnetic pole is shown in Fig. 2.10. In order to study the influence of the change
of the magnetic pole shape on the magnetic field distribution, the "Magnet7" software
is used to simulate the magnetic field distribution of the magnetic pole. Based on the

above dimensions, simulation models were established, as shown in Fig. 2.11. There
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are two types, one is non-groove, and the other is four cross grooves at the bottom, with

a width of Imm and a depth of 1mm. The mesh size of the magnetic pole is 1 mm.

20

D15

Fig. 2.10 Magnetic pole shape

(a) No groove (b) With groove

Fig. 2.11 Simulation models of magnetic poles

The simulation results are shown in Figure 2.12. It can be seen that the magnetic pole
with no grooves has the strongest of the magnetic field at the edge of the bottom surface,
which is due to the edge effect. When the pole has grooves, the strongest position of the
magnetic field is offset toward the center of the bottom. This reduces the effect of edge

effects to some extent.

-19 -



Chapter I Processing principle and experimental device

|B|(T)
I

(a) No groove (b) With groove

Fig. 2.12 Magnetic field simulation

2.6 Composition of MAF finishing tools

In this study, compound magnetic finishing fluid formed by mixing magnetic particles,
abrasive particles and grinding fluid was used as a finishing tool. In previous studies, it
has been proved that the use of oil-based slurry can better maintain the state of magnetic
clusters, obtain better surface quality and improve finishing efficiency. Therefore, oily

polishing fluid was used in this study.

v
e

(a) 6 ym
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(d) 149 um (e)330 um

Fig. 2.13 SEM image of magnetic particles

According to the initial roughness of the workpiece surface and the hardness of the
workpiece, the appropriate size of magnetic particles is selected, which helps to
improve the finishing efficiency and reduce the finishing time. In this study, the
magnetic particles used are shown in Figure 2.13. The average diameter of magnetic
particles from 2.13 (a) to 2.13 (e) is 6 um, 30 pm, 75 pm, 149 um, 330 um, respectively.
It can be seen that the magnetic particles with an average diameter of 6 um are carbonyl
iron powders, which are approximately spherical particles. The magnetic particles with
an average diameter of 30 pm, 75 um, 149 um, and 330 um are electrolytic iron powder,

and most of their shapes are similar to flakes.
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Table 2.1 Standard specifications of particle size

Particle size Particle distribution (jum)
Maximum Particle size at | Particle size at | Particle size at
particle size 3% point 50% point 94% point

# 1000 =32.00 =27.00 11.9 +1.00 =7.00

# 1200 =27.00 =23.00 9.90 +0.80 =5.50

# 1500 =23.00 =20.00 8.40 +=0.60 =4.50

#2000 =19.00 =17.00 6.90 +0.60 =4.00

# 2500 =16.00 =14.00 5.60 +0.50 =3.00

# 3000 =13.00 =11.00 4.00 +0.40 =2.00

# 4000 =11.00 =8.00 3.00 +0.40 =1.30

# 6000 =8.00 =5.00 2.00 +0.40 =0.80

# 8000 =6.00 =3.50 1.20 £0.30 =0.60

# 10000 --- - 0.50 ~0.70 ---

# 20000 --- - 0.40 ~0.50 ---

(a) WA#6000
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(c) WA#10000 (d) WA#20000

Fig. 2.14 The SEM image of abrasive particles

The abrasive particles used in this study are WA particles. WA is a fused White
Alumina abrasive powder. It is produced by crushing fused alumina into a powder and
then sorting the particles into a uniform size. It is high purity alumina, with at least a
96.0% pure Al,O3 composition. It has a hardness next to that of silicon carbide. Further,
WA is chemically inert and able to bear high temperatures, and it has extremely high
insulation characteristics. Table 2.1 shows the standard specifications of particle size.
Among them, the abrasive particles used in this article were observed by SEM. Figure

2.14 is the SEM image of abrasive particles.

2.7 Conclusions

In this chapter, the processing principle and experimental device of MAF process
using alternating magnetic field are introduced, and the experimental details are
described. The main content can be summarized as follows.

1. The processing principle of conventional plane MAF technology is introduced.

2. The processing principle and experimental device of the MAF process using an

alternating magnetic field are introduced.
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3. The change law of magnetic force and finishing force in alternating magnetic field
is analyzed by mathematical model and verified by measurement. In an alternating
magnetic field, the period of magnetic force and finishing force is twice the current
period.

4. The magnetic pole shape used in the experiment is introduced. The simulation of
the magnetic field proves that the magnetic field can be distributed more uniformly
by using the grooved magnetic pole, which can improve the edge effect to a certain

extent.
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Chapter III Investigation on application of

aluminum alloy plate

3.1 Introduction

Aluminum alloys have the characteristics of light weight, corrosion resistance, high
specific strength, good processing adaptability features, and so on [1, 2]. They are
widely utilized in aerospace, aviation, shipbuilding, and other important fields [3-5].
With the development of related fields, higher demands are made on the surface quality
of aluminum alloys. The traditional mechanical polishing process tends to leave traces
on the surface, and electrochemical polishing can cause pollution. The grinding tool of
the MAF process is composed of micron/nano-level particles, so the finishing force is
low, the cutting depth is shallow, and it is more suitable for ultra-precision finishing of
the surface. El-Taweel proposed a combined process of electrochemical turning (ECT)
and magnetic abrasive finishing (MAF) for the machining of 6061 AI/A1203 (10%wt)
composite materials. They demonstrated that assisting ECT with MAF leads to an
increase machining efficiency and resultant surface quality significantly, as compared
to that achieved with the traditional ECT of some 147.6% and 33%, respectively [6].
Vahdati et al. [7] applied the MAF process to finishing aluminum pipes. They discussed
the influence of the magnetic flux density, machining time, the amount of magnetic
abrasive powder and the rotation speed of the workpiece on the surface roughness.
According to the experimental results, using permanent magnets of 1 T, the amount of
8g of ilmenite powder of mesh 150, rotating speed of 750 rpm, and 30—40 min of
process time, will result into a surface roughness of 0.45 um Ra from the original value
of 2 um Ra. Gheisari et al. [8] proposed a new machining process to use MR fluid to

finish the cylindrical surface. They showed that the application of fast rectilinear
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alternating motion in the process can effectively improve the surface of the workpiece,
and the surface roughness of the aluminum cylinder can be improved from about 200
nm Ra to 50 nm Ra. Xing et al. [9] discussed the magnetic abrasive finishing combined
with electrolytic (EMAF) process on A5052 aluminum alloy plate. They report that
compared with the traditional MAF process, the EMAF process can achieve higher
finishing efficiency. In addition, when using the EMAF process to finish the surface of
aluminum alloy A5052, the processing voltage should not be too high. When the
working gap is | mm and the concentration of the NaNO3 aqueous solution is 15%, the
recommended processing voltage is about 3.4V. Wang et al. [10] discussed the use of
MAF process for finishing pipes of three materials, such as Ly12 aluminum alloy, 316L
stainless steel and H62 brass. They reported that using transformer oil or stearic acid
liquid can significantly improve MRR, because transformer oil helps to form a
physisorption film, and stearic acid helps to form a chemisorption film. Jiao et al. [11]
applied the MAF process to improve the surface quality of the hole wall and eliminate
burrs on the edge of the hole. They used 7075 aluminum alloy as a workpiece, and
analyzed the influence of magnet spinning speed, abrasive mesh, and abrasive filling
amount on the diameter deviation of the hole and surface roughness of the inner wall.
They reported that the burrs were significantly removed and the burr removal efficiency
was improved by 33.3% compared with the conventional magnetic abrasive finishing
process.

In the previous research, the basic characteristics of the process were studied, and it
was verified that the process has higher processing efficiency than the MAF process
using static magnetic field, and the process is used to achieve several nanometers of
finishing of SUS304 stainless steel plate [12, 13]. However, there are still some
mechanisms that have not been clarified. In addition, the finishing effect of MAF
process using an alternating magnetic field on aluminum alloy materials has not been

investigated. This chapter discusses the ultra-precision finishing of aluminum alloy
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surface by magnetic abrasive finishing (MAF) process using alternating magnetic field.
This chapter first studies the mechanism of the MAF process using alternating magnetic
field, including the law of the change of magnetic force and finishing force in the
alternating magnetic field and the influence of magnetic field frequency and magnetic
particle size on the magnetic cluster change. Secondly, the effects of magnetic particle
size, magnetic field frequency and abrasive size on the finishing characteristics were
studied when the workpiece was the 5052 aluminum alloy plate. Finally, the highly
efficient ultra-precision finishing experiments of the 5052 aluminum alloy plate were

designed and implemented.

3.2 Magnetic flux density distribution

3.2.1 Measurement methods and conditions

2 mm

W ‘ Measuring position
i/

Uiy \
1 mm 0.5 mm
Jfmm X Tray
Pole
15 mm

Fig. 3.1 Measurement method of magnetic flux density effective value in processing

region
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The magnetic field distribution in processing region controls the finishing force
distribution of the magnetic particles, which has an important effect on finishing
characteristics. Therefore, we measure the magnetic flux density distribution in
processing region. In this study, we use AC power, current peak value is 3 A, average
value is 1.9 A. We measured the magnetic flux density effective value at current
frequencies of 7 Hz. The measurement method of magnetic flux density effective value
in processing region is shown in Fig. 3.1.

The measurement instrument is made in EMIC with the type of Probe T-401. The
magnetic pole with the diameter of 15 mm, the material of the SS400, and there are four
crossing grooves, width is Imm, depth is 1 mm. The tray has the thickness of 0.5 mm
and the diameter of 40 mm. We divided the tray into nineteen sections, namely every 2

mm from the center to both sides to conduct magnetic flux density measurement.

3.2.2 Measurement results and discussion

The magnetic field distribution in processing region is shown in Fig. 3.2. It can be
seen that the magnetic flux density at the same distance from the magnetic pole axis is
basically the same. The magnetic flux density gradually increases from the magnetic
pole axis to the edge of the magnetic pole (X=£7.5 mm), and then rapidly decreases. At
the edge of magnetic pole (X=+7.5 mm), the maximum value of the effective value of
the magnetic flux density is obtained. This largely affects the distribution of magnetic
particles. Since the magnetic flux density at the edge of the magnetic pole is the
strongest, the magnetic particles on the tray are most intensively distributed at the edge

of the magnetic pole (X=£7.5 mm).
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Fig. 3.2. Magnetic field distribution in processing region

3.3 The influence of process parameters on finishing force

3.3.1 Measurement methods and conditions

Due to the low hardness of the aluminum alloy material, it does not require too much
finishing force to achieve finishing. Therefore, the finishing force is first measured. The
measurement conditions are shown in Table 3.1. The composite magnetic finishing fluid
used in the measurement consisted of 1.2 g of magnetic particles, 0.3 g of abrasive
particles (WA#10000), and 0.8 ml of oily grinding fluid (Honilo 988). The effect of the

magnetic field frequency and magnetic particle size on the finishing force is measured.
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Table 3.1 Measurement conditions

Magnetic particles Carbonyl iron powder, 6 um in mean dia:1.2 g
Electrolytic iron powder, 30 um in mean dia:1.2 g
Electrolytic iron powder, 75 um in mean dia:1.2 g

Electrolytic iron powder, 149 um in mean dia:1.2 g

Abrasive particles WA#10000: 0.3 g,
Grinding fluid Oily grinding fluid (Honilo 988): 0.8 ml
Rotational speed of 0 rpm

magnetic pole

Feed speed of mobile stage | 0 mm/min

Working gap 1 mm

Alternating current 1.9 A (Average)

Magnetic field frequency 1Hz,3Hz,5Hz,7Hz

3.3.2 Measurement results and discussion

3.3.2.1 Magnetic particle size

0.6
0.5

0.4

0.3

0.2

0.1 I
0

6 um 30 um 75 um 149 pm
Magnetic particle size

Maximum finishing force

AT

Fig. 3.3 Effect of magnetic particle size on finishing force (Magnetic field frequency

=1Hz)
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When the magnetic field frequency is 1 Hz, the effect of magnetic particle size on
finishing force is shown in Fig. 3.3. As the size of the magnetic particles increases, the
finishing force increases. This is because as the size of the magnetic particles increases,
the attraction between the magnetic particles increases, which makes the magnetic

clusters harder and thus has a greater finishing force.

3.3.2.2 Magpnetic field frequency

When the magnetic particle size is 30 pum, the effect of the magnetic field frequency
on the finishing force is as shown in Fig. 3.4. It can be seen from the measurement
results that the magnetic field frequency has little effect on the maximum value of the

finishing force.

0.54 |
027 |

0.27 |
0.54 |

(a) 1 Hz

MN) o 0.2 0.4 0.6 0.8 1.0
Sec
(b)3 Hz
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Fig. 3.4 Effect of Magnetic field frequency on finishing force (Magnetic particle size

=30 um)

3.4 Observation of magnetic cluster behavior

3.4.1 Observation methods and conditions

In order to clarify the behavior characteristics of the magnetic cluster under different
conditions, we observed the movement of the magnetic cluster. The observation
conditions are shown in Table 3.2. In the measurement, the composite magnetic
finishing fluid by mixing 1.2 g of magnetic abrasives, 0.3 g of abrasive particles
(WA#10000), and 0.8 ml of oily grinding fluid (Honilo 988) was used. The magnetic
pole rotation speed was set to 350 rpm during shooting. Use a high speed camera

(MEMRECAM HX-7) to shoot the magnetic cluster in motion. The shooting speed of
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the high speed camera is 1000 FPS. The maximum and minimum angles between the

tray and the periphery of the magnetic cluster are measured by the software HXLink.

Table 3.2 Measurement conditions

Magnetic particles Carbonyl iron powder, 6 um in mean dia:1.2 g
Electrolytic iron powder, 30 pum in mean dia:1.2 g
Electrolytic iron powder, 75 um in mean dia:1.2 g

Electrolytic iron powder, 149 pm in mean dia:1.2 g

Abrasive particles WA#10000: 0.3 g
Grinding fluid Oily grinding fluid (Honilo 988): 0.8 ml
Rotational speed of 350 rpm

magnetic pole

Feed speed of mobile stage | 0 mm/min

Working gap 6 mm

Alternating current 1.9 A (Average)

Magnetic field frequency 1Hz,3Hz,5Hz, 7 Hz

T Pole Working gap Pole
Tray ‘ ‘

(a) The lowest position (b) The highest position

Fig. 3.5 Schematic diagram of angle measurement method
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The angle measurement method is shown in Fig. 3.5. 6i» and .4 are the angles
between the tray and the magnetic cluster periphery when the magnetic cluster
fluctuates to the lowest and highest positions, respectively. The lowest position is the
position of the magnetic cluster before the rising phenomenon occurs. The middle
moment of the two lowest position moments is selected as the highest position. The
fluctuation range of the magnetic cluster periphery is Guin t0 Gmax. The result of the
measurement is the average of the 8 measurements after the maximum and minimum
values are removed. When the magnetic cluster fluctuates to the lowest position, if there
are very few positions where the angle is 0, the measurement result is the average value
after removing the maximum and minimum values of 8 measurements while ignoring

the position of the angle of 0.

3.4.2 Observation results and discussion

According to the observation, the fluctuation frequency of the magnetic cluster is
twice the frequency of the magnetic field. Photographs of the magnetic cluster at the
lowest and highest positions are shown in Fig. 3.6. It can be seen that as the magnetic
particle size increases, the ability of the magnetic cluster to carry the abrasive is reduced.
At the same time, the magnetic cluster length increases, but when the average diameter
is 149 pum, since the volume of the magnetic particles increases, the number of particles
decreases, so the length change is not significant. In addition, according to observations,
increasing the magnetic particle size will increase the retention time at the highest
position. In order to investigate the fluctuation range of the magnetic cluster, the angle

between the periphery of the magnetic cluster and the tray is measured.
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3 Hz

7 Hz
(3) 75 pm (4) 149 um

(a) The lowest position

Fig. 3.6 Cont.
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(b) The highest position

Fig. 3.6 Photographs of the magnetic cluster at the lowest and highest positions
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The measurement results are shown in Fig. 3.7. It can be seen that as the magnetic
field frequency increases, ,i» increases and 0,4 does not change significantly (except
for magnetic particles having an average diameter of 6 um). This is because a decrease
in the magnetic field frequency increases the fall time of the magnetic cluster in one
cycle, and thus causes 6,» to decrease, thereby increasing the fluctuation range of the
magnetic cluster. As the size of the magnetic particles increases, Oy, increases and Gax
decreases (except for magnetic particles having an average diameter of 6 um). This is
because an increase in the size of the magnetic particles causes the magnetic force
acting on the magnetic particles to increase at the same magnetic field intensity, which
allows a smaller current to drive the magnetic cluster to move upwards, so G, increases.
The increase of the magnetic force enhances the attractive force between the magnetic
particles, resulting in a greater force being required to change the shape of the magnetic

cluster, so O, decreases.

~—4—0Onax(6pm) Omax(30um)  —4—0,0(75um) Omax(149pm)
=¥ Opin(6pm) Omin(30pm) = 4= 0,,,(75um) Omin(149pm)
45
40
/ PY
35 = —
¢ 8 |
30
3 25 r
® 20 F
15 B S S =0
10 + e
R Tt
5 F _ ::i -<=
0 o=t :
1 3 5 7

Magnetic field frequency (Hz)

Fig. 3.7 The angle between the periphery of the magnetic cluster and the tray
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In particular, when the average diameter of the magnetic particles is 6 um, the particle
size is too small to make the magnetic cluster more similar to the slurry, which increases
the magnetic cluster viscosity, so the magnetic cluster change is more similar to the
liquid and solid state conversion. In addition, when the magnetic particle size is 6 pum,
the magnetic cluster formed is short and the working gap is wide, which makes it less
affected by the upper plate, so the 0,4 angle is larger. Further, when the magnetic field
frequency is 1 Hz and the average diameter of the magnetic particles is 6 pum, the
magnetic cluster return to the state of the slurry when the magnetic cluster is at the
lowest position. Because the magnetic force acting on the magnetic particles is small,
and the duration of the weak magnetic field strength is long.

Therefore, an increase in the size of the magnetic particles will increase the finishing
efficiency, but the reduction in the ability to carry the abrasive and the increase in the
depth of the cut will result in a decrease in the processing accuracy. Reducing the
frequency of the magnetic field will make the mixing of the abrasive particles and the
magnetic particles more uniform due to the increase in the fluctuation range of the
magnetic cluster and the decrease of the fluctuation frequency, which will be more

advantageous for ultra-precision finishing.

3.5 Finishing characteristics analysis

3.5.1 Comparison between direct and alternating magnetic field
3.5.1.1 Experimental conditions and method

The experimental conditions are shown in Table 3.3. The 5052 aluminum alloy plate
was selected as the workpiece. The coil is supplied with a direct current and an
alternating current having a current frequency of 1 Hz. The total finishing time is 20

min. To investigate the difference between a direct magnetic field and an alternating
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magnetic field, we set the single finishing time to 5 min and 10 min. Use an ultrasonic

cleaner to clean the workpiece before measurement. The cleaning fluid is alcohol.

Table 3.3 Experimental conditions

Workpiece

5052 aluminum alloy plate with the size of 100

mm>100 mm>1 mm

Magnetic particles

Electrolytic iron powder, 30 um in mean dia:1.2 g

Abrasive particles

WA#20000: 0.3 g

Grinding fluid Oily grinding fluid (Honilo 988): 0.8 ml

Rotational speed of 350 rpm

magnetic pole

Feed speed of mobile 260 mm/min

stage

Working gap 1 mm

Magnetic field Type 1: Direct magnetic field: Direct current: 1.9 A
Type 2: Alternating magnetic field: Alternating
current: 1.9 A (Average); Frequency: 1 Hz

Finishing time Single 5 min, single 10 min (20 min)

3.5.1.2 Experimental results and discussion

Figure 3.8(a) and (b) are the experimental results for a single finishing time of 5 min
and 10 min, respectively. It can be seen that under the condition of a single finishing
time of 5 min, although a smoother surface is obtained under an alternating magnetic
field, the difference in the quality of material removal is not obvious. In the case of a
single finishing time of 10 min, not only a smoother surface is obtained under the

alternating magnetic field, but also the quality of material removal is higher than in the
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direct magnetic field. This is because the magnetic clusters fluctuate with changes in
current in the alternating magnetic field, which allows the abrasive particles in contact
with the workpiece to be renewed during the finishing process while allowing the
abrasive particles to be continuously mixed to provide a more uniform distribution.
Moreover, this phenomenon is evident as the single finishing time increases. Therefore,
a smoother surface can be obtained under an alternating magnetic field, and as the single

finishing time increases, higher finishing efficiency will be obtained.

Ra (Alternating) — RRa (Direct)
— @ - M (Alternating) — @ = M (Direct)
350 12
300 ® 6.33 nm Ra (Alternating) ///,’f’- 10
250 | M 11.33 nm Ra (Direct) //’ .
g 18
M ~
E 200 f 2* %D
& 163
z 150 | —
£ 5
N 4 4 E
5 100 + 5
3 =
€ 50 | 12 g
Z =
7!
0= 4 . 0
0 5 10 15 20

Finishing time 7" (min)

(a) Single finishing time 5 min

Fig. 3.8 Cont.
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(b) Single finishing time 10 min

Fig. 3.8 Effect of magnetic field type on surface roughness and material removal

3.5.2 Process parameters optimization

3.5.2.1 Experimental conditions and method

The experimental conditions are shown in Table 3.4. The 5052 aluminum alloy plate
was selected as the workpiece. In this experiment, we first explored the effect of
magnetic particle size on finishing characteristics. Secondly, the influence of magnetic
field frequency and abrasive size on material removal and surface roughness was
investigated. The current waveform used in the experiment is sinusoidal alternating
current. The total finishing time is 20 min. To understand the changes in surface
roughness and material removal, we measured the workpiece weight and surface
roughness every 5 minutes. Use an ultrasonic cleaner to clean the workpiece before

measurement. The cleaning fluid is alcohol.
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Table 3.4 Experimental conditions

Workpiece 5052 aluminum alloy plate with the size of 100

mm>100 mm>1 mm

Magnetic particles Carbonyl iron powder, 6 um in mean dia:1.2 g
Electrolytic iron powder, 30 um in mean dia:1.2 g
Electrolytic iron powder, 75 um in mean dia:1.2 g

Electrolytic iron powder, 149 um in mean dia:1.2 g

Abrasive particles WAW#8000: 0.3 g, WA#10000: 0.3 g, WA#20000:
039
Grinding fluid Oily grinding fluid (Honilo 988): 0.8 ml

Rotational speed of magnetic | 350 rpm

pole

Feed speed of mobile stage 260 mm/min

Working gap 1 mm

Alternating current 1.9 A (Average)
Magnetic field frequency 1Hz,3Hz,5Hz, 7 Hz
Finishing time 20 min (single 5 min)

3.5.2.2 Effect of magnetic particles

Figure 3.9 shows the effect of magnetic particle size on surface roughness and material
removal when the magnetic field frequency is 3 Hz and the abrasive is WA#10000. As
the size of the magnetic particles increases, the finishing efficiency increases, but the
surface smoothness decreases. This is because an increase in the size of the magnetic
particles increases the finishing force, so the depth of cut increases, resulting in new
scratches on the surface. Simultaneously, the abrasive carrying capacity is reduced,

resulting in a decrease in the amount of abrasive on the surface of the workpiece, which
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also reduces the surface precision to some extent. In addition, when the average
diameter of the magnetic particles is 30 pm and 75 pum, the final surface roughness is
very close. However, it can be seen from Fig. 3.10 that when the average diameter of

magnetic particles is 75 pm, there are finishing marks on the workpiece surface.

—4—Ra (6pm) Ra (30um)  —4—Ra (75um) Ra (149pum)
- 4=+ M (6pm) M (30um) - 4-- M (75um) M (149um)
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[EEN
o

250

200

150

100

Surface roughness Ra (nm)
Material removal M (mg)

50

Finishing time 7' (min)
Fig. 3.9 Effect of magnetic particle size on surface roughness and material removal

(magnetic field frequency = 3 Hz, abrasive = WA#10000)

(@ 30 pum (b) 75 um

Fig. 3.10 Intensity map of surface after finishing
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3.5.2.3 Effect of magnetic field frequency
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Fig. 3.11 Effect of magnetic field frequency on surface roughness and material

removal (magnetic particles size = 30 um, abrasive = WA#10000)

Figure 3.11 shows the effect of magnetic field frequency on surface roughness and
material removal when the average diameter of magnetic particles is 30 um and the
abrasive is WA#10000. It can be seen that as the frequency of the magnetic field
decreases, the finishing efficiency increases. This is because as the frequency of the
magnetic field decreases, the magnetic clusters have a greater ability to mix and renew
the abrasive particles while driving more abrasive particles to the workpiece surface.
According to the measurement, the frequency has little effect on the maximum finishing
force of the magnetic cluster. The increase in the number of abrasive particles
participating in the finishing process reduces the force acting on the individual abrasive

particles. However, since the hardness of the aluminum alloy is low, the force required
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to effectively cut the material is small, so reducing the frequency of the magnetic field
will increase the number of abrasive particles that effectively cut the material. In
addition, the increase in frequency slightly increases the time that the magnetic cluster
is in contact with the workpiece. However, due to the short finishing time, the impact
on the finishing efficiency is small. Therefore, a higher finishing efficiency is obtained

when the magnetic field frequency is 1 Hz.

3.5.2.4 Effect of abrasive particles
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Fig. 3.12 Effect of abrasive particles on surface roughness and material removal

(magnetic particles size = 30 um, magnetic field frequency = 1 Hz)

Figure 3.12 shows the effect of abrasive particles on surface roughness and material

removal when the average diameter of magnetic particles is 30 um and the magnetic
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field frequency is 1 Hz. As can be seen from the figure, the finishing efficiency and
surface quality increase with the decrease of the abrasive size, and the highest finishing
efficiency and the smoothest surface are obtained when the abrasive is WA#20000. This
is because when the weight is the same, the reduction in the size of the abrasive particles
increases the number of abrasive particles, which increases the number of abrasive
particles in the magnetic cluster. Due to the reduction in the size of the abrasive
increases the number of abrasive particles that contact a single magnetic particle, so
that the force on a single magnetic particle is dispersed into more parts, which reduces
the force acting on a single abrasive particle. However, the hardness of the aluminum
alloy is low, so the force required to effectively cut the material is smaller. Moreover,
smaller abrasive particles can more easily enter the groove on the surface of the
workpiece. Therefore, an increase in the number of abrasive particles that effectively
cut the material increases the finishing efficiency, and a reduction in the depth of the

cut makes the finished surface smoother.

3.6 Ultra-precision finishing of 5052 aluminum alloy plate

Through experiments, the effects of main experimental parameters on finishing
efficiency and surface quality were investigated. In order to achieve the highly efficient
ultra-precision finishing of the 5052 aluminum alloy plate, the following experiment

were designed and performed.

3.6.1 Experimental conditions and method

The experimental conditions are shown in Table 3.5. The experiment was carried out
in three steps. The processing time for each step was 5 minutes, for a total of 15 minutes.

According to previous studies [13], during the roughing phase, increasing the pole
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rotation speed will increase the finishing efficiency. Therefore, the magnetic pole

rotation speed is set to 380 rpm in the first step. In the third step, magnetic particles

having an average diameter of 6 um were used in order to further improve the surface

quality. The other experimental methods are the same as the above experiment.

Table 3.5 Experimental conditions

Workpiece

5052 aluminum alloy plate with the size of 100

mm>100 mm>1 mm

Abrasive particles

WA#20000: 0.3 ¢

Grinding fluid Oily grinding fluid (Honilo 988): 0.8 ml
Feed speed of mobile stage | 260 mm/min

Working gap 1 mm

Alternating current 1.9 A (Average)

Magnetic field frequency 1Hz

Finishing time

15 min (single 5 min)

Step 1 | Magnetic particles

Electrolytic iron powder, 75 um in mean dia:1.2 g

Rotational speed of

magnetic pole

380 rpm

Step 2 | Magnetic particles

Electrolytic iron powder, 30 uym in mean dia:1.2 g

Rotational speed of

magnetic pole

350 rpm

Step 3 | Magnetic particles

Carbonyl iron powder, 6 um in mean dia:1.2 g

Rotational speed of

magnetic pole

350 rpm
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3.6.2 Experimental results and discussion

The experimental results are shown in Fig. 3.13. The surface roughness of the
workpiece was improved to 8.67 nm Ra after completion of the second step and
improved to 3 nm Ra after completion of the third step. The surface quality of the
workpiece is further improved by reducing the magnetic particle size. Figure 3.14
shows the 3D model and intensity map of the surface before and after finishing. It can
be seen that there is only a few scratches on the finished surface. Therefore, the ultra-
precision finishing of 5052 aluminum alloy plate can be realized by MAF process using

alternating magnetic field.
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Fig. 3.13 Changes in material removal and surface roughness with finishing time
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8 2430

318 nm Ra

@ ZYg0 Intenzity Map

(b) After finishing

Fig. 3.14 3D model and intensity map of the surface before and after finishing

3.7 Conclusions

In this chapter, the influence of the process parameters on the finishing characteristics
of 5052 aluminum alloy workpieces when the MAF process using an alternating
magnetic field is used is discussed. Through research, high-efficiency nano-level ultra-
precision finishing of 5052 aluminum alloy plates has been realized. The main
conclusions are as follows.

1. The magnetic flux density is unevenly distributed in the finishing area, and the

strongest magnetic flux density is at the edge of the magnetic pole.
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2. As the average diameter of the magnetic particles increases, the finishing force
increases. The current frequency has almost no effect on the maximum finishing
force, but the average finishing force decreases as the current frequency increases.

3. Through the observation and measurement results of the magnetic cluster,
increasing the magnetic particle size will increase the length of the magnetic cluster,
the duration of the highest position, but will reduce the ability of the magnetic
cluster to carry the abrasive and the fluctuations of the magnetic cluster. Reducing
the frequency of the magnetic field will result in more uniform mixing of the
magnetic particles with the abrasive particles.

4. Tt is proved by experiments that a smoother surface can be obtained under the
alternating magnetic field, and the advantage of the MAF process using alternating
magnetic field is more obvious with the increase of the single finishing time.

5. When the magnetic field frequency is 1 Hz, higher finishing efficiency can be
obtained. In the roughing stage, the increase in the size of the magnetic particles
will increase the finishing efficiency, but in the finishing stage, the decrease in the
size of the magnetic particles will increase the surface quality. Decreasing the size
of the abrasive will increase the finishing efficiency and surface quality.

6. The experimental results show that the MAF process using alternating magnetic
field can realize ultra-precision finishing of 5052 aluminum alloy plate. The surface

roughness of the workpiece improved from 318 nm Ra to 3 nm Ra within 15min.
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Chapter IV Investigation on the influence of

current change mode

4.1 Discussion on magnetic field changes

4.1.1 The relationship between magnetic flux density and current in a static

magnetic field

4.1.1.1 Measurement methods and conditions

Gauss meter (GM-

Probe (T-401) 4002)

Logger (midi

| Polle

LOGGER GL240)

A

Coil

Power supply (PCR

1000LA)

Fig. 4.1 Schematic diagram of magnetic flux density measurement system

In order to analyze the influence of the current waveform on the magnetic field and
the finishing force, when the current gradually increases and reaches a stable state, the
changes in the magnetic flux density and finishing force are measured respectively. The
schematic diagram of the magnetic flux density measurement system is shown in Fig.
4.1. Fix the probe above the magnetic pole and adjust the position of the measuring area

of the probe so that the center is located on the axis of the magnetic pole and 1.5 mm
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away from the magnetic pole. The probe (T-401) is connected to the gauss meter (GM-
4002), and the output signal of the gauss meter is connected to the logger (GL240). At
the same time, the power supply outputs direct current and connects the output signal
to the logger and the coil. The current supplied to the coil is from -4 A to 4 A, and the

magnetic flux density value is recorded every 0.1 A.

4.1.1.2 Measurement results and discussion

200 ¢

[S—
S
e

(e)

Magnetic flux density (mT)
>
S

2200 1 | | | | | ]

-4 -3 -2 -1 0 1 2 3 4
Current (A)

Fig. 4.2 The relationship between magnetic flux density and current

The measurement result is shown in Figure 4.2. According to the measurement result,
the direction of the magnetic flux density changes when the direction of the current
changes. But when the absolute value of the current is the same, the absolute value of
the magnetic flux density is basically the same. Therefore, the relationship between the
absolute value of the current and the absolute value of the magnetic flux density can be

obtained by polynomial fitting, as shown in the following equation,

|B| = —0.7123|I|* + 8.872|1|3 — 43.97|1|*> + 127.9|I| + 0.6382 (R?*=1) (4.1)
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In addition, as the absolute value of the current increases, the rate of increase of the

magnetic flux density gradually decreases.

4.1.2 The influence of current change mode on magnetic flux density

4.1.2.1 Measurement methods and conditions
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Fig. 4.3 Current waveform
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This study explored the effects of the eight current waveforms shown in Fig. 4.3 on
the magnetic field, finishing force, and finishing characteristics. Among them, A
waveform, B waveform, and C waveform are sine waveform, square waveform, and
smooth DC waveform respectively. The D waveform is a sine waveform after full-wave
rectification. E waveform, F waveform, G waveform, and H waveform are pulse waves
with duty cycle of 60%, 70%, 80%, and 90% respectively. When measuring the
magnetic flux density, the current frequency of the AC power supply is set to 1 Hz.
Since the D waveform is obtained after full-wave rectification of the A waveform, the
frequency is 2 Hz. Set the average current of all waveforms to 1.9 A.

The measurement method is shown in Fig. 4.1. According to the relationship between
the magnetic flux density and the current obtained in the steady-state, draw the change
curve of the magnetic flux density (steady-state value curve). In order to analyze the
influence of the magnetization and demagnetization process on the magnetic flux
density, the average value of the absolute value of the measured magnetic flux density
(Bavg) and the average value of the absolute value of the magnetic flux density in the
steady-state (Bsqypg) Were calculated respectively. Bgg,g is calculated based on the
relationship between current and magnetic flux density in steady-state (Eq. 4.1). As the

following equation,
n _\B(I:
Bsavg — l—1| ( l)l/n (42)
where [; is the current value taken every 20 ms. Calculate the Bgg,, value of one

cycle for each waveform. Calculate the magnetic flux density loss/gain coefficient (1)

relative to the steady-state under different current change modes through Eq. (4.3),

_ Bavg /
T= Bong (4.3)

First, in order to determine the influence of the waveform shape on the magnetic flux

density, compare the A waveform and the B waveform. Secondly, it compares the
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influence of current direction change (A waveform and D waveform) on the magnetic

flux density. Finally, the influence of pulse current on magnetic flux density is discussed.

4.1.2.2 Effect of current waveform shape

To determine the influence of the current waveform shape on the magnetic flux
density, the change curves of the magnetic flux density and voltage in the A and B
waveforms were measured. The measurement results are shown in Fig. 4.4. Comparing
the change curve of magnetic flux density and voltage, it can be seen that the change of
magnetic flux density is different from the change of voltage due to the demagnetization
or magnetization process. This is mainly reflected in the change of the magnetic flux

density in the process of magnetization and demagnetization lags behind the change of

the power supply.
40 T = 0.963 40 T = (0.882
S 2 > 20
? ® m
= 20 § -20
40 -40
® By = 120.67 mT wmm By, = 12533 mT » 8 Bayg = 12031 mT weem By = 13647 mT =
200 200
o 100 { = 10 /—\
g 0 E 0
/M -100 . ; =100
-200|—— Measured value ~-........ Steady-state value -200 Measured value - Steady-state value
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Time (s) Time (s)
(1) A waveform (2) B waveform

Fig. 4.4 The influence of current waveform shape on magnetic flux density.

By comparing the steady-state value curve with the measured value curve, it can be
seen that when the current increases, the magnetic flux density will be less than the
steady-state magnetic flux density. Correspondingly, in the process of current reduction,
the magnetic flux density is greater than the magnetic flux density in the steady-state.

It can be seen from 7 that the magnetic flux density is weakened relative to the static

magnetic field in both the A waveform and the B waveform. In the B waveform, the
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loss is greater than the A waveform. By comparing the By, it can be found that the
Bgayg 1s basically the same under the two waveforms. This is because although the loss
in the B waveform is greater than that in the A waveform, the increase rate of the

magnetic flux density decreases as the current increases.

4.1.2.3 Effect of current direction change
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Fig. 4.5 The effect of current direction change on magnetic flux density.

In order to determine the influence of the current direction change on the magnetic
flux density, the magnetic flux density and voltage change curves of the A and D
waveforms are compared. The measurement results are shown in Figure 4.5. Same as
before, the change of the magnetic flux density in the process of magnetization and
demagnetization lags behind the change of the power supply. Comparing the steady-
state value curve and the measured value curve of the D waveform, the magnetic flux
density has not been reduced to 0 due to the presence of residual magnetism. At the
same time, according to the 7 value, it can be found that the magnetic flux density of
the D waveform is enhanced compared to the static magnetic field. Therefore, the D

waveform By, is slightly larger than the A waveform.

4.1.2.4 Effect of pulse current
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Fig. 4.6 The effect of pulse current on magnetic flux density.

According to the previous discussion, the magnetic flux density will increase to a

certain extent when the current direction is unchanged. Therefore, the change in

magnetic flux density during pulse current was measured. The measurement results are

shown in Figure 4.6. By comparing the measured value curve and the steady-state value

curve, it can be clearly seen that the increase in magnetic flux density in the
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magnetization process lags behind the increase in current. During the Tofr time, the
magnetic flux density gradually decreases. When the average current is the same, Bg,g
gradually increases with the increase of the duty cycle. This is mainly because the
increased rate of the magnetic flux density gradually decreases with the increase of the
current. By comparing the value of 7, it can be found that as the duty cycle increases,
the gain relative to the static magnetic field gradually decreases. This mainly depends
on the interval time between two Ton, namely Tost. It can be seen from the measurement
results that the complete elimination of residual magnetism occurs when the Tofr time

is between 300 ms and 400 ms, that is, the duty cycle is between 60% and 70%.

4.2 Discussion on finishing force changes

4.2.1 The relationship between finishing force and magnetic flux density in static

magnetic field
4.2.1.1 Measurement methods and conditions

The measuring system of the finishing force is shown in Fig. 4.7. Fix the load cell
above the magnetic pole and connect it with the signal conditioner. The output signal
of the signal conditioner and the power supply are simultaneously connected to the
logger. The measurement conditions of the finishing force are shown in Table 4.1. Mix
1.2 g of electrolytic iron powder, 0.3 g of abrasive particles, and 0.8 ml of grinding fluid
uniformly and place them on the tray. Adjust the position of the load cell so that the gap
between the bottom plate and the tray is 1.5 mm. During the measurement, the magnetic
pole performs a rotating movement at a speed of 350 rpm. Due to the rotating movement
of the magnetic pole, the magnetic abrasive slurry will occasionally be thrown out when
the magnetic force is small, which will affect the measurement results. In addition,

according to previous studies, the magnitude of the finishing force is not affected by
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the direction of the current but is related to the absolute value of the current. Therefore,
the finishing force is measured when the current is in one direction, and the minimum
current value is set to 0.9 A. Measure the finishing force every 0.1 A, and calculate the
average value of the measured value of 6 seconds as the value of the finishing force at

the corresponding current value.

Signal conditioner
l (CDV-700A)
C:) LCBO3

¥

I Logger (midi
1.5 mm iw\ LOGGER GL240)
- |
Pole Magnetic cluster 7y

Coil Power supply (PCR
1000LA)

Fig. 4.7 Schematic diagram of finishing force measurement system

Table 4.1 Measurement conditions

Magnetic particles Electrolytic iron powder, 75 pm in mean dia:1.2 g
Abrasive particles WA#8000: 0.3 g,

Grinding fluid Oily grinding fluid (Honilo 988): 0.8 ml
Rotational speed 350 rpm

Feed speed of mobile stage | 0 mm/min

Working gap 1.5 mm

Current 0.9 Ato4 A(Step 0.1 A)
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4.2.1.2 Measurement results and discussion
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Fig. 4.8 The relationship between finishing force and current
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Fig. 4.9 The relationship between finishing force and magnetic flux density

The measurement results are shown in Fig. 4.8. It can be seen that as the current
increases, the finishing force increases, but the increasing rate of finishing force
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gradually slows down. According to the measurement results of Fig. 4.8 and Fig. 4.2,
the relationship between the finishing force and the magnetic flux density can be
obtained, as shown in Fig. 4.9. It can be seen that the magnetic flux density and finishing
force are approximately linear when the current value is between 0.9 A and 4 A. Perform

polynomial fitting through MATLAB to obtain Eq. (4.4)

F =0.0061123 X B — 0.26106  (R? = 0.9954) (4.4)

4.2.2 The influence of current change mode on finishing force
4.2.2.1 Measurement methods and conditions

The measuring method of finishing force is shown in Fig. 4.7. For different
waveforms, set the average current value to 1.9 A. Except for the current value, the
measurement conditions are the same as those shown in Table 4.2. The change of
finishing force in the above 8 current waveforms was measured. In addition, in order to
clarify the influence of the current change mode on the finishing force, the change curve
of the finishing force is calculated based on the measured value of the magnetic flux
density and the relationship between the magnetic flux density and the finishing force.
Compare the difference between the calculated value and the measured value to analyze
the influence of the current change mode on the finishing force. The calculation method
of finishing force is shown in Eq. 4.5. Since the finishing force is independent of the
direction of the magnetic flux density, the absolute value of the magnetic flux density
is used for calculation. When the magnetic flux density is less than 80 mT (I=0.9 A),
approximate the predicted value to the calculated value of Eq. 4.4. Since the finishing
force does not change in direction, when calculating the finishing force, if the calculated

value is less than 0, it will be equal to 0.

-64 -



Study on elucidation of machining mechanism of ultra-precision magnetic abrasive finishing

process using alternating magnetic field

F =0.0061123 x |B| — 0.26106 80mT < |B| < 190mT
F = 0.0061123 x |[B| — 0.26106 42.72mT < |B| < 80mT 4.5)
F=0 |B| < 42.72mT

Table 4.2 Measurement conditions

Magnetic particles Electrolytic iron powder, 75 pm in mean dia:1.2 g
Abrasive particles WA#8000: 0.3 g,

Grinding fluid Oily grinding fluid (Honilo 988): 0.8 ml
Rotational speed 350 rpm

Feed speed of mobile stage | 0 mm/min

Working gap 1.5 mm

Current 0.9Ato4 A(Step 0.1 A)

4.2.2.2 Effect of current waveform shape

Figure 4.10 shows the measurement results of the finishing force in the A and B
waveforms. The red curve in the figure is the finishing force calculated according to
Equation 4.5, and the blue curve is the measured value of the finishing force. It can be
seen that the calculated values of A and B waveforms are both greater than the measured
values. According to the results, it is speculated that since the magnetic particles are
magnetized and demagnetized periodically in the alternating magnetic field, some
energy will also be lost in the process. Therefore, when the current direction changes
periodically, the measured value of the finishing force is smaller than the calculated
value. In addition, the average value of the finishing force is roughly the same in the
two waveforms, which corresponds to the measurement result of the magnetic flux

density.
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Fig. 4.10 Variation curve of finishing force (A waveform and B waveform).

4.2.2.3 Effect of current direction change
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Fig. 4.11 Variation curve of finishing force (A waveform and D waveform).

Figure 4.11 shows the finishing force change curve of A waveform and D waveform.
It can be seen that the measured value of finishing force in D waveform is greater than
that of A waveform. At the same time, it can be seen that most of the measured value

curve of the D waveform finishing force is consistent with the calculated value curve,
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but the maximum value is slightly higher than the calculated value. According to the
measurement result of the magnetic flux density, it can be inferred that the magnetic
particles also have residual magnetism when the current direction is unchanged.
Furthermore, the vibration of the measuring device will also have a certain degree of
influence on the measurement result. However, based on the above results, it can be
concluded that under the same other conditions, the average value of the finishing force

is higher than the alternating current when the current direction is unchanged.

4.2.2.4 Effect of pulse current

Figure 4.12 shows the change curve of the finishing force. In the pulse current, as the
duty cycle increases, the average finishing force increases. Although the average current
is the same, the increased rate of finishing force gradually decreases as the current
increases. In the case of the C waveform, the average finishing force value is only
slightly smaller than the H waveform. This is because there is no periodic magnetization
and demagnetization process in the C waveform, and the increase rate of the finishing
force will decrease as the current increases. In addition, the comparison of the measured
value curve and the calculated value curve shows that in the above waveform, the
difference between the measured value and the calculated value is small. Therefore,
when the current direction does not change, energy loss can be reduced. At the same
time, the average finishing force higher than the static magnetic field can be obtained

by adjusting the duty cycle.
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Fig. 4.12 The change curve of finishing force (Pulse waveform).
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4.3 Effect on finishing characteristics when using AC square

wave

4.3.1 Observation of magnetic cluster behavior
4.3.1.1 Observation methods and conditions

The measurement conditions are shown in Table 4.3. In the measurement, the
composite magnetic finishing fluid by mixing 1.2 g of magnetic abrasives, 0.3 g of
abrasive particles (WA#10000), and 0.8 ml of oily grinding fluid (Honilo 988) were
used. The rotation speed of the magnetic pole during shooting is 0. The rotation speed
of the magnetic pole during shooting is 0. Use a high-speed camera to capture the
fluctuating behavior of magnetic clusters. The shooting speed of the high speed camera
is 1000 FPS. In the observation, the current frequency is set to 1 Hz. Since the
fluctuation amplitude of the magnetic clusters under the two waveforms is not much
different at 1 Hz, the difference in the fluctuation process of the magnetic clusters is
mainly observed. The difference in the fluctuation speed of magnetic clusters is
obtained by the difference in the number of frames. As shown in Fig. 4.13, t, is when
the magnetic cluster just fluctuates down to the lowest position, tp 1s when the
magnetic cluster just fluctuates up to the highest position, and t. is before the
magnetic cluster starts to fall significantly. Therefore, in a fluctuation cycle, the
magnetic cluster will fluctuate from the lowest position (t,) up to the highest position
(tp), stay for a period of time (tg to t.), and then fluctuate down to the lowest position
(t4) to complete the fluctuation cycle. The magnetic cluster completes the cycle and
renewal of abrasive particles during the up and down fluctuations, and at the same time
has a higher finishing efficiency near the highest position (t5 to t;). Denote the time

from t. to t; asTIl, tg to t; asT2,and t4 to tp as T3.
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Table 4.3 Measurement conditions

Magnetic particles

Electrolytic iron powder, 30 um in mean dia:1.2 g
Electrolytic iron powder, 75 um in mean dia:1.2 g
Electrolytic iron powder, 149 um in mean dia:1.2 g

Electrolytic iron powder, 330 um in mean dia:1.2 g

Abrasive particles

WA#10000: 0.3 g

Grinding fluid Oily grinding fluid (Honilo 988): 0.8 ml
Rotational speed of 0 rpm

magnetic pole

Feed speed of mobile stage | 0 mm/min

Current waveform

A waveform, B waveform

Alternating current

1.9 A (Average)

Magnetic field frequency

1Hz

AB (mT)

/

A B (mT)

(a) A waveform

C

£(s) ,I/’_j t(s)
A \J

B C

(b) B waveform

Fig. 4.13 Magnetic cluster fluctuations in square wave and sine wave

4.3.1.2 Observation results and discussion
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T2 =384 ms T1 = 4ﬁ ms

The highest position The lowest position
(f) B waveform, 75 pm
Fig. 4.14 The lowest position and the highest position in the fluctuation period of the

magnetic cluster.

Through observation, it is found that in the B waveform, the magnetic clusters
fluctuate up or down faster. For example, when the average diameter of magnetic
particles is 75um, the duration of the magnetic cluster at the highest position of the A
waveform is about 325 ms, and the duration of the magnetic cluster at the highest
position of the B waveform is about 384 ms. This rule also exists for magnetic particles
of other sizes. which is, when the size of the MPs is the same, T2 is longer than A
waveform in the case of B waveform. As the size of the MPs increases, T2 increases
when the current waveform is the same. At the same time, the difference in T2 of the
two waveforms gradually decreases, increasing with the 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.

4.3.2 Experimental conditions and method

The experimental conditions are shown in Table 4.4. SUS304 austenitic stainless-steel
plates of size 100 %100 <1 mm are prepared as workpieces. The composite magnetic
finishing fluid used in the experiment was obtained by uniformly mixing 1.2 ¢
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
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after 40 min. Therefore, the total finishing time is set to 40 min, and the workpiece is

cleaned and measured every 10 min.

Table 4.4 Experimental conditions.

Workpiece SUS304 stainless steel plate with the size of 100 mmx100
mmx1 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)

Magnetic particles Electrolytic iron powder, 75 um in mean dia:1.2 g

Electrolytic iron powder, 149 um in mean dia:1.2 g

Electrolytic iron powder, 330 um in mean dia:1.2 g

Current waveform A waveform, B waveform, C waveform

Current frequency 1 Hz,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

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 A waveform, B waveform, and direct current (C waveform) as shown in Figure 4.15.

The average value of the absolute value of the current under different waveforms is 1.9
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A. The maximum and minimum current of B waveform 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 B waveform.

Im=1.9 A - Im=1.9 A
2 = <
1A VY SN VN =1 RN N N 5
Z o S
-Im=-19 A
0 05 1 Is 2 0 05 1 1.5 2 0 05 1 15 2
Time (s) Time (s) Time (s)
(a) A waveform (b) B waveform (c) C waveform

Fig. 4.15 Current waveform

4.3.3 Experimental results and discussion

4.3.3.1 Current waveform shape

The effect of the current waveform on surface roughness and MR is shown in Figure
4.16. It can be seen that the amount of MR is the least and the surface quality is the
worst at C waveform. This is mainly because, in the case of A waveform and B
waveform, 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 C waveform. In the case of B waveform, the amount of MR is slightly
higher than that of A waveform, and the surface roughness changes faster than A
waveform. In order to analyze the reason, the change of magnetic flux density was

measured.
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Figure 4.4 shows the change curve of the magnetic flux density above the magnetic
pole axis with time. It can be seen that the maximum magnetic flux density is greater
than B waveform in the case of A waveform. But calculating the average value of the
absolute value of the magnetic flux density (Ba) in one cycle, it is found that the Ba
values of A waveform and B waveform 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 (T2) of the magnetic cluster at the
highest position is longer in the case of B waveform. Therefore, higher finishing

efficiency is obtained in the case of B waveform.

—e— A waveform-Ra B waveform-Ra —#—C waveform-Ra
- ® - A waveform-M B waveform-M - #- C waveform-M
350 | 12
_ 300 T 10
= 250 Z
5
g 200 <
= 5
3 6 :
S 150 _
O &
2 15
< 100 5
2 p=
50 2
0 i 1 1 1 0

0 10 20 30 40
Finishing time 7"(min)

Fig. 4.16 The effect of current waveform on surface roughness and material removal.
(Magnetic particles: 149 pm, frequency: 1 Hz, abrasive particles: WA#8000,
rotational speed: 350 rpm)
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4.3.3.2 Magnetic particle size
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Fig. 4.17 The effect of magnetic particles size on surface roughness and material
removal. (Current waveform: B waveform, frequency: 1 Hz, abrasive particles:
WAW#8000, rotational speed: 350 rpm).

Figure 4.17 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 4.18. 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 [ 1]. 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/mm?2) is calculated.

Q = MR/S (4.6)
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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)* (4.7)

(a) (b)

(©)

Fig. 4.18 Photos of the workpieces. (a) Magnetic particles: 75 um; (b) Magnetic

particles: 149 um; (c) Magnetic particles: 330 um.

The Q at different particle sizes is shown in Figure 4.19. According to Figure 4.17 and
Figure 4.19, 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 [2, 3].
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75 pm 149 pm 330 um

Fig. 4.19 The amount of material removal per unit area (Q).

4.3.3.3 Current frequency
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Fig. 4.20 The effect of current frequency on surface roughness and material removal.
(Magnetic particles: 149 pm, current waveform: B waveform, abrasive particles:
WA#8000, rotational speed: 350 rpm)
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Figure 4.20 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 4.4, 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 B waveform,
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.

4.3.3.4 Abrasive particles size
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Fig. 4.21 The effect of abrasive particles size on surface roughness and material
removal. (Magnetic particles: 149 um, current waveform: B waveform, frequency: 1

Hz, rotational speed: 350 rpm)
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Figure 4.21 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 4.22. It can be seen from Figure 4.22a that the
initial surface of the workpiece has large grooves and is also full of small grooves.

Figure 4.22b shows that there are significantly more small particles at WA#20000.

WA#6000 WA#8000 WA#20000

(b)
Fig. 4.22. SEM images of the workpiece surface and abrasive particles. (a) Workpiece

surface; (b) Abrasive particles.

-80 -



Study on elucidation of machining mechanism of ultra-precision magnetic abrasive finishing

process using alternating magnetic field

Furthermore, a white light interferometer (Zygo NewView7000 produced by Zygo
Corporation, Middlefield, CT, U.S.) was used to observe the surface of the workpiece
after finishing, as shown in Figure 4.23. As can be seen in Figure 4.23a, there is no
obvious abrasive sliding trace at WA#6000. According to Jain et al. [4], a single AP

cutting material needs to meet the following relationship,

Fc > A T (4.8)

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 4.23a, 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 4.22 and 4.23, 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
1s more at WA#20000. The increase in 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 4.23b,c as the size of the APs increases, the depth of the
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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.

(b)

Figure 4.23. The Photographs of the workpiece surface after finishing (White Light
Interferometers). (a) WA#6000; (b) WA#8000; (c) WA#20000.
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4.3.3.5 Magnetic pole rotation speed

—— 350 rpm-Ra —a— 450 rpm-Ra 550 rpm-Ra

- ® =350 rpm-M - ® =450 rpm-M 550 rpm-M
350 25

W8]
=
(=]

o]
n
<

Surface roughness Ra (nm)
Material removal M (mg)

0 10 20 30 40
Finishing time 7"(min)

Fig. 4.24. The effect of rotational speed on surface roughness and material removal.
(Magnetic particles: 149 um, current waveform: B waveform, frequency: 1 Hz,

abrasive particles: WA#8000)

Figure 4.24 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 [5],

MRR=CpXP XV Xp (4.9)

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
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efficiency is higher.
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Fig. 4.25. 3D photograph of the workpiece surface before and after finishing. (a) 350

rpm; (b) 450 rpm; (C) 550 rpm.

Figure 4.25 is the 3D photograph 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
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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.

4.4 The influence of full-wave rectified sine wave on finishing

characteristics
4.4.1 Observation of magnetic cluster behavior
4.4.1.1 Observation methods and conditions

Table 4.5 Measurement conditions

Magnetic particles Electrolytic iron powder, 30 um in mean dia:1.2 g
Electrolytic iron powder, 75 pm in mean dia:1.2 g
Electrolytic iron powder, 149 um in mean dia:1.2 g

Electrolytic iron powder, 330 pum in mean dia:1.2 g

Abrasive particles WA#10000: 0.3 g
Grinding fluid Oily grinding fluid (Honilo 988): 0.8 ml
Rotational speed of 0 rpm

magnetic pole

Feed speed of mobile stage | 0 mm/min

Current waveform A waveform, D waveform

Alternating current 1.9 A (Average)

Magnetic field frequency | 1 Hz

When the direction of the current changes, the most obvious characteristic of the

fluctuation behavior of the magnetic cluster is the change of the fluctuation amplitude.
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Therefore, we observed the state of the magnetic clusters when the magnetic clusters
are in the highest and lowest positions. The measurement conditions are shown in Table
4.5. In the measurement, the composite magnetic finishing fluid by mixing 1.2 g of
magnetic abrasives, 0.3 g of abrasive particles (WA#10000), and 0.8 ml of oily grinding
fluid (Honilo 988) were used. The rotation speed of the magnetic pole during shooting
is 0. Use a high-speed camera to capture the fluctuating behavior of magnetic clusters.

The shooting speed of the high speed camera is 1000 FPS.

4.4.1.2 Observation results and discussion

(c) A waveform, 149 pm

(d) D waveform, 149 pm
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(e) A waveform, 75 pm

(f) D waveform, 75 pm

(g) A waveform, 30 um

(h) D waveform, 30 um

Fig. 4.26 The photographs of the magnetic cluster at the lowest and highest positions

Fig. 4.26 shows the photographs of the magnetic cluster at the lowest and highest
positions in different magnetic fields. It can be seen that the magnetic clusters formed
by magnetic particles of the same size have the same angle at the highest position of
the two magnetic fields, while the lowest position differs greatly. In the magnetic field
formed by D waveform, the angle of the lowest position is significantly larger than in
the magnetic field formed by A waveform. Moreover, in the magnetic field formed by
A waveform, the minimum angle of the magnetic cluster formed by the four sizes of

magnetic particles can reach 0 degrees due to the change of the direction of the magnetic
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field. However, when the size of the magnetic particles is 330 pm, the magnetic cluster

hardly fluctuates in the magnetic field formed by D waveform. This is because the size

of the magnetic particles is larger, and the hysteresis effect is more obvious.

4.4.2 Experimental conditions and method

Table 4.6 Experimental conditions

Workpiece

SUS304 stainless steel plate with the size of 100 <100 <1 mm

Magnetic particles

Type A: Electrolytic iron powder, 30 [um] in mean dia:1.2 [g]
Type B:Electrolytic iron powder, 75 [um] in mean dia:1.2 [g]
Type C:Electrolytic iron powder, 149 [um] in mean dia:1.2 [g]

Type D:Electrolytic iron powder, 330 [um] in mean dia:1.2 [g]

Abrasive particles

WA#8000: 0.3 [g]

Grinding fluid

Oily grinding fluid (Honilo 988): 0.8 [ml]

Rotational speed

350 [rpm]

Feed speed of

mobile stage

260 [mm/min]

Working gap

1.5 [mm]

Alternating current

3 [A] (Maximum)

Magnetic field

frequency

1 [Hz] (A waveform), 2 [Hz] (D waveform)

Finishing time

10 [min]>6 (60 [min])

The experimental conditions are shown in Table 4.6. SUS304 stainless steel plate is

the workpiece. The power supply used in the experiment was 1 Hz alternating current.

The D waveform is obtained after full-wave rectification of the power supply. This

experiment compared the effects of A waveform and D waveform on processing
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characteristics in the case of magnetic particles with average diameters of 30 um, 75
um, 149 um, and 330 um, respectively. The total experiment time is 60 minutes, and
the workpiece is cleaned and measured every 10 minutes. The surface of the workpiece

is measured by the surface roughness instruments (SURFPAK-SV).

4.4.3 Experimental results and discussion

—&— 330 pm A waveform 149 pm A waveform
--#--330 um D waveform 149 pm D waveform
250 tt —+— 75 pm A waveform  —+— 30 um A waveform
“=%==75 ym D waveform  -=*-- 30 um D waveform
‘s 200
3
» 150
g
5
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2
=
= 50
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0 10 20 30 40 50 60

Fmishing time 7 (min)

Fig. 4.27 Changes in surface roughness with finishing time

The variation of surface roughness with finishing time is shown in Figure 4.27. It
can be seen that when the magnetic particles have the same size, the surface roughness
is not much different after 60 minutes of finishing. For the magnetic particles of type
A, due to the small finishing force, the surface roughness changes the least. After 60
minutes, the surface roughness is 71.33 nm and 68.33 nm in the case of A waveform
and D waveform, respectively. The magnetic particles of type D can see a significant

difference at 20 min, and in the case of A waveform, a smoother surface is obtained

-89 -



Chapter IV Investigation on the influence of current change mode

faster. After 30 min, both in A waveform and D waveform, the surface roughness
changed only slightly, and after finishing, the surface was rougher than the magnetic
particles of type C. This is because the magnetic particles of type D have a greater
finishing force and create new scratches while finishing the surface. Besides, in the case
of A waveform and D waveform, within 60 min, the smoothest surface was obtained

when magnetic particles of type C.
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Fig. 4.28 Material removal rate

The material removal rate under different conditions is shown in Figure 4.28. The

material removal rate is obtained by Eq. 4.10.

MRR = (Minitial - Mfinal)/T (4-10)

where Minitial is the initial weight of the workpiece, Mrinal is the weight of the workpiece
after 60 minutes of finishing, and T is the finishing time. It can be seen that for the

magnetic particles of type A, B and C, the material removal rate of D waveform is
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higher than that of A waveform. However, for D-type magnetic particles, the material
removal rate of D waveform is lower than that of A waveform. This is because when
the magnetic field decreases, the hysteresis effect of large magnetic particles is more
significant. Therefore, when the direction of the magnetic field does not change and
only the strength of the magnetic field changes periodically, the large magnetic particles
are less affected by the change of the magnetic field. According to the observation, in
the case of D waveform, the magnetic cluster formed by the D-type magnetic particles
hardly fluctuates. Therefore, compared with the case of A waveform, the finishing
range is smaller, and the update effect of the abrasive is low. The photograph of the
workpiece after finishing using D-type magnetic particles is shown in Fig. 4.29.
Through calculation, in the case of A waveform, the area of the finishing area is about
1.36 times that in the case of D waveform. In the case of other particle sizes, the
fluctuation of the magnetic cluster is not significantly affected. Therefore, for the
magnetic particles of type A, B, and C, in the case of D waveform, the abrasive can be

renewed by the fluctuation of the magnetic cluster. At the same time, the average

finishing force increases, resulting in higher finishing efficiency.

(a) Alternating current (A waveform) (b) Full-wave rectified current (D waveform)

Fig. 4.29 The photograph of the workpiece after finishing (330 um)
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4.5 The influence of current change mode on finishing

characteristics

4.5.1 Experimental conditions and method

Based on the previous investigation, in this section, the influence of the current change
mode on the finishing characteristics is investigated. Magnetic particles with an average

diameter of 75 pm were used in the experiment. The experimental conditions are shown

in Table 4.7.
Table 4.7 Experimental conditions
Workpiece SUS304 stainless steel plate with the size of 100
mmx>100 mmx*1 mm
Magnetic particles Electrolytic iron powder, 75 um in mean dia:1.2 g
Abrasive particles WA#8000: 0.3 g
Grinding fluid Oily grinding fluid (Honilo 988): 0.8 ml

Rotational speed of magnetic | 350 rpm

pole

Feed speed of mobile stage 260 mm/min

Working gap 1.5 mm

Current 1.9 A (Average)
Finishing time Single 10 min (40 min)

The workpiece is SUS304 stainless steel plate. The finishing time is 40 minutes, and
the workpiece is cleaned and measured every 10 minutes. The current waveform used
in the experiment is shown in Fig. 4.3. In different current waveforms, the average

current is 1.9 A. Except for C waveform and D waveform, the frequencies of other
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waveforms are all 1 Hz. The D waveform is obtained after the A waveform is full-wave
rectified, so the frequency of the D waveform is 2 Hz. According to the measurement
of changes in the magnetic field and finishing force, first, in order to determine the
influence of the waveform shape on the finishing characteristics, the A waveform and
the B waveform are compared. Secondly, it compares the influence of current direction
change (A waveform and D waveform) on finishing characteristics. Finally, the most
suitable current waveforms for improving finishing efficiency and surface quality were

discussed.

4.5.2 Influence of current waveform shape
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Fig. 4.30 The effect of current waveform shape on material removal and surface

roughness

The experimental results are shown in Fig. 4.30. It can be seen that the amount of
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material removal of the B waveform is more than that of the A waveform. At the same
time, better surface quality is obtained in the B waveform. Through the analysis of the
magnetic field and finishing force, it can be found that the average magnetic field and
average finishing force of the A waveform and the B waveform are about the same.
According to the previous analysis, in the B waveform, the magnetic clusters fluctuate
faster. When the magnetic particle is 75 um, in the fluctuation period, the duration of
the magnetic cluster at the highest position of the A waveform is about 325 ms, and the
duration of the magnetic cluster at the highest position of the B waveform is about 384
ms. Obviously, the magnetic cluster stays in the high-efficiency finishing state for a
longer time in the B waveform. Therefore, a higher amount of material removal is

obtained in the B waveform, and better surface quality is obtained at the same time.

4.5.3 Effect of current direction change

In order to compare the influence of the change of the current direction on the finishing
characteristics, the A waveform and the D waveform were compared. The experimental
results are shown in Fig. 4.31. It can be seen that the amount of material removed in the
D waveform is more than that in the A waveform. This is because the average finishing
force in the D waveform is higher than that in the A waveform. The surface quality
obtained in the A waveform is slightly better than the D waveform. Based on the
previous analysis, it is speculated that the magnetic cluster has different fluctuation
amplitude between the A waveform and the D waveform, so the renewal and mixing
effect of the abrasive particles is different. According to the previous observations of
magnetic clusters, the fluctuation amplitude of the magnetic cluster is larger in the A
waveform. This makes in the case of A waveform, the ability of the magnetic cluster to
renew and mix the abrasive particles is stronger during the finishing process, and the

abrasive distribution is more uniform. Therefore, the surface quality of the A waveform
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is slightly better than the D waveform.
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Fig. 4.31 The effect of current direction change on material removal and surface

roughness

4.5.4 Explore the optimal current waveform

According to the results of the previous two experiments, in the case of a square wave,
the magnetic cluster fluctuates up or down faster, so the finishing efficiency is higher
than that of a sine wave. At the same time, when the current direction does not change,
a higher average finishing force can be obtained, but due to the reduction of the
fluctuation range of the magnetic cluster, the renewal and mixing effect of abrasive
particles is reduced. Therefore, the experiment uses pulse waveforms to obtain faster
magnetic cluster fluctuation speed and higher average finishing force. At the same time,

by changing the duty cycle to explore more suitable magnetic cluster fluctuations to

-95-



Chapter IV Investigation on the influence of current change mode

further improve the finishing efficiency and surface quality.

4.5.4.1 Observation of magnetic cluster behavior

In the pulse waveform, when the current becomes zero, the magnetic cluster will
fluctuate downward, and when the current becomes the maximum, the magnetic cluster
will fluctuate upward. The time when the current is zero (Tofr) will affect the fluctuation
range of the magnetic cluster. Therefore, we observed the difference in the fluctuation
range of magnetic clusters at different duty cycles. The measurement conditions are
shown in Table 4.8. The observation method is the same as before, and the fluctuation
behavior of magnetic clusters is captured by a high-speed camera. In the measurement,
the composite magnetic finishing fluid by mixing 1.2 g of magnetic abrasives, 0.3 g of

abrasive particles (WA#10000), and 0.8 ml of oily grinding fluid (Honilo 988) were

used. The rotation speed of the magnetic pole during shooting is 0.

Table 4.8 Measurement conditions

Magnetic particles

Electrolytic iron powder, 75 um in mean dia:1.2 g

Abrasive particles

WA#10000: 0.3 g

Grinding fluid Oily grinding fluid (Honilo 988): 0.8 ml
Rotational speed of 0 rpm

magnetic pole

Feed speed of mobile stage | 0 mm/min

Current waveform

E waveform, F waveform,

G waveform, H waveform

Alternating current

1.9 A (Average)

Magnetic field frequency

1Hz
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(1) The lowest position (2) The highest position

(a) E waveform

(1) The lowest position (2) The highest position

(b) F waveform

(1) The lowest position (2) The highest position

(c) G waveform

(1) The lowest position (2) The highest position

(d) H waveform

Fig. 4.32 The photographs of the magnetic cluster at the lowest and highest positions

As shown in Figure 4.32, it is the highest position and the lowest position in the
magnetic cluster change cycle. It can be seen that in the case of four waveforms, the
magnetic cluster is basically the same at the highest position, but is significantly

different at the lowest position. As the duty cycle decreases, the amplitude of magnetic
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cluster fluctuations gradually becomes larger. In the case of the E waveform, the

magnetic cluster completely falls back to the tray when it is in the lowest position.

4.5.4.2 Experimental results and discussion
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Fig. 4.33 The effect of pulse current on material removal and surface roughness

The experimental results are shown in Fig. 4.33. It can be found that in the case of the
C waveform, after finishing, the amount of material removal is the lowest and the
surface quality is the worst compared to other waveforms. This is because, during the

finishing process, the abrasive particles are worn and the abrasive particles are pressed
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into the magnetic cluster, which causes the abrasive particles in contact with the
workpiece to gradually become smaller and reduced. In the case of the C waveform,
the magnetic cluster will not fluctuate, so it is difficult to update the abrasive particles
in contact with the workpiece, resulting in low finishing efficiency and poor surface
quality.

In the case of other waveforms, the magnetic cluster will fluctuate as the current
changes. When the current becomes zero, the magnetic cluster will fluctuate downward,
and when the current becomes the maximum, the magnetic cluster will fluctuate upward.
The time when the current is zero will affect the fluctuation range of the magnetic
cluster. As shown in Figure 4.33, it is the highest position and the lowest position in the
magnetic cluster change cycle. It can be seen that in the case of four waveforms, the
magnetic cluster is basically the same at the highest position, but is significantly
different at the lowest position. As the duty cycle decreases, the amplitude of magnetic
cluster fluctuations gradually becomes larger. In the case of the E waveform, the
magnetic cluster completely falls back to the tray when it is in the lowest position. In
addition, according to the previous analysis of the finishing force, as the duty cycle
increases, the average finishing force increases.

According to Fig. 4.33, the amount of material removal in the G and H waveforms is
similar and higher than other waveforms. However, in the case of the G waveform, the
surface quality is the best. Therefore, according to the experimental results, in the case
of G waveform (duty ratio of 80%), magnetic cluster fluctuation is more suitable for

improving finishing efficiency and surface quality.
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Fig. 4.34 3D photo of workpiece surface after finishing
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Figure 4.34 is a 3D photo of the surface of the workpiece after finishing under 8 current
waveforms obtained by Zygo NewView7300. It can be seen that in the G and H
waveforms, the surface quality of the finished workpiece is better than the other 6
waveforms. In the G waveform, the surface roughness is slightly better than the H
waveform. Therefore, under the current experimental conditions, the G waveform (duty

ratio of 80%) is more suitable for improving finishing efficiency and surface quality.

4.6 Conclusions

This chapter discusses the influence of current waveform on finishing characteristics.
The behavior characteristics of magnetic cluster at different current waveforms are
observed and analyzed. The main conclusions are summarized as follows:

1. In a static magnetic field, the direction of the magnetic flux density changes with
the current direction, and when the absolute value of the current is the same, the
absolute value of the magnetic flux density is basically the same. In addition, the
increase rate of the magnetic flux density decreases with the increase of the current.

2. When the direction of the magnetic field changes and the average current is 1.9A,
the average magnetic flux density of the sine wave and the square wave is basically
the same. By comparing the sine waveform with the sine waveform of the full-wave
rectification, it can be concluded that the magnetic flux density will be increased to
a certain extent when the direction of the magnetic field remains unchanged. In the
pulse waveform, the average value of the magnetic flux density is higher than the
average value of the static magnetic field. As the duty cycle increases, the gain rate
relative to the static magnetic field gradually decreases.

3. In a static magnetic field, the finishing force increases with the increase of the
absolute value of the current. When the absolute value of the current is between

0.9A and 4A, the increase rate of the finishing force decreases with the increase of
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the absolute value of the current. In addition, when the absolute value of the current
is between 0.9A and 4A, the relationship between the magnetic flux density and the
finishing force is approximately linear.

When the average current is 1.9A and the current frequency is 1Hz, the maximum
finishing force of the sinusoidal waveform is higher than that of the square wave,
but the average finishing force is basically the same. When the direction of the
current changes, the finishing force is weakened to a certain extent, so the average
value of the finishing force is lower than when the current direction does not change.
When the pulse current and the average current are the same, the average value of
the finishing force increases as the duty cycle increases. When the duty cycle is 90%,
the average finishing force is slightly larger than the static magnetic field.

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.

When the current direction changes, the finishing efficiency is improved when the
current waveform is a square wave. When the waveform of the alternating current
1s 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.

In the case of D waveform, the fluctuation of the magnetic cluster decreases. When
the average diameter of the magnetic particles is 30 pm, 75 pum and 149 pum, the
fluctuation of the magnetic clusters can be maintained. However, when the average
diameter of the magnetic particles is 330 pum, the magnetic clusters hardly fluctuate.
According to the experimental results, when the average diameter of the magnetic

particles is 30 pm, 75 pm and 149 pum, higher finishing efficiency can be obtained
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in the case of D waveform. However, when the average diameter of the magnetic
particles is 330 um, the finishing efficiency decreases.

9. When the current waveform is a pulse waveform, the fluctuation amplitude of the
magnetic cluster decreases with the increase of the duty cycle. When the average
diameter of the magnetic particles is 75 pm, using a pulse current with a duty cycle

of 80% can achieve higher finishing efficiency.
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Chapter V Application of MAF process

using an alternating magnetic field

5.1 Introduction

With the development of high-tech industries such as optics, molds, semiconductors,
and medical equipment, higher surface finish of parts is required. But for micro-
complex surface finishing, conventional polishing tools are difficult to achieve. The
magnetic abrasive finishing (MAF) process is a surface finishing process that uses a
flexible magnetic brush formed by fine magnetic particles as a polishing tool [1-5].
Therefore, this is considered to be a possible process for finishing complex surfaces.
Guo et al. [6] discussed the magnetic field-assisted finishing method for surface
finishing of mold insert for injection molding of microfluidic chips. They showed that
although the edges became rounded after polishing, the surface roughness was reduced
to about 0.11 um Ra while still maintaining the height of the microstructure. Kim et al.
[7] developed an experimental device to apply the MAF process to the finishing of free-
form surfaces. They proved that the effective polishing of curved surfaces can be
achieved using the two-stage MAF method, and also confirmed that automatic
polishing of free-form surfaces can be achieved by this method. Yin et al. [8, 9]
improved the deburring efficiency of edges by using the vibration-assisted MAF
process. They proposed a method for polishing 3D micro-curved surfaces using
vibration-assisted MAF technology, and studied the effects of three vibration modes
(horizontal vibration, vertical vibration, and compound vibration) on magnetic field,
polishing pressure, abrasive behavior, and polishing performance. Lin et al. [10]
polished the free-form surface through the MAF process. The Taguchi experimental

design was used to investigate the effects of magnetic field, spindle speed, feed speed,
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working gap, abrasives and lubricants. After two-stage finishing, the surface roughness
Rmax is improved from 2.670 um to 0.102 pum. Guo et al. [11] proposed a localized
vibration-assisted magnetic abrasive polishing (VAMAP) method for the finishing of
V-grooves and Fresnel optical elements. They showed that this method can improve the
surface roughness of the workpiece from an initial value of more than 10 nm Ra to
about 7 nm Ra while the microfeatures of V-groove and Fresnel optics were well
maintained. Wang et al. [12] studied the feasibility of using magnetic compound fluid
(MCF) slurry to finish linear V-shaped grooves. They proved that the method can
effectively improve the surface quality of the V-groove and evaluated the form accuracy.
However, when performing complex surface finishing, the change in the gap between
the magnetic pole and the workpiece causes a change in the shape of the magnetic brush.
In a static magnetic field, the shape of the magnetic brush is difficult to restore, which
hinders the finishing of complex surfaces to a certain extent. In order to overcome this
problem, we proposed a MAF process that uses an alternating magnetic field. In an
alternating magnetic field, the periodic changes of the current will cause the magnetic
cluster to fluctuate up and down, which can not only continuously mix and update the
abrasive, but also periodically adjust the shape of the magnetic cluster to better fit the

surface of the workpiece [13-15].

5.2 Alumina ceramic

5.2.1 Experimental conditions and method

The experimental conditions are shown in Table. 5.1. In this study, the selected
workpiece was alumina ceramic plate with the size of 100 mm>=100 mm>2.5 mm. As
the alumina ceramic hardness is higher than stainless steel, so the diamond powder is

selected as the abrasive, and the magnetic particle diameter is chosen to be 330 pum, in
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order to obtain a larger magnetic force. The completion time of the experiment is 80
min, every 20 min we measure the workpiece weight and surface roughness, in order to
understand the surface finish and material removal changes. Before testing, use an
ultrasonic cleaner to clean the workpiece. The cleaning fluid is alcohol. After finishing

process (80 min), the surface of the workpiece is observed using an optical profilometer

(NewView 7300).
Table. 5.1 Experimental conditions
Workpiece Alumina ceramic plate 100 mm>100 mm>2.5 mm
Magnetic particles Electrolytic iron powder, 330 um in mean dia:1.2 ¢
Abrasive Diamond powder,0-1.5 um in mean dia: 0.3 g
Diamond powder,2-3 um in mean dia: 0.3 g
Diamond powder,4-8 um in mean dia: 0.3 ¢
Grinding fluid Oily grinding fluid (Honilo 988): 0.8 ml
Rotational speed of 350 rad/min

magnetic pole

Feed speed of mobile 260 mm/min

stage

Alternating current 1.9 A (Average)
Finishing time 20>4 min (80 min)

5.2.2 Experimental results and discussion

Fig. 5.1 shows the changes in surface roughness with finishing time. The cases of 0—
1.5 um and 2-3 um diamond powder show nearly similar improvement rates of surface
roughness, and the case of the 4-8 um diamond powder shows slightly less the
improvement rate of surface roughness compared to the 0—1.5 pm or 2-3 um diamond

abrasive. The three sizes of abrasive produced finished surface roughness of 106.3 nm
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Ra, 88.3 nm Ra, and 168.6 nm Ra for 0-1.5 um, 2—-3 um, and 4-8 pm diamond powder,
respectively. Fig. 5.2 shows the finished workpiece surface. The clarity of text reflection
reflects the smoothness of the workpiece. As the smoothness of the workpiece surface
increases, the text is reflected more clearly. It can be seen that, in the case of diamond
abrasive size is 0-1.5 pm, the text reflects the most clear, the workpiece surface should
be the smoothest, but according to the surface roughness measurement results, in the
case of diamond abrasive size is 2-3 um to get a most smooth surface. To further study
this mechanism, the surface was examined using optical surface profiler (NewView

7300).
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Fig. 5.1. Effects of size of diamond powder on surface roughness
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Fig. 5.2. Photographs of finishing surface

We randomly take three points on the initial workpiece surface for measurement and
compare the measurement results, take the median point as the initial surface
measurement point. Fig. 5.3 shows the observation points after the finishing process.
According to observe, in the direction perpendicular to the feed movement of the
magnetic pole, the finishing effect from the center of the finishing area to both sides of
the finishing area is gradually improved. This is because the peak value of magnetic

flux density decreases gradually from the outer diameter of magnetic pole to the center
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of pole, and produced a maximum value at the pole edge. Therefore, on the edge of
magnetic pole the workpiece should suffer the most powerful force and the distribution
of magnetic particles is the most intensive. Dense magnetic particles are more
conducive to the improvement of surface quality. Consequently, the surface finish is
better at the edge of the pole than at the center of the pole. Thus, point 4 is selected as
the observation point of the central area, and point B is selected as the observation point

of the edge area.

38 mm

50 mm

25 mm A
- 55 mm B

100 mm

100 mm

N
A 4

Fig. 5.3. Examine points

Fig. 5.4 shows the surface image of before and after finishing with the different sizes
of diamond abrasives. The pores were observed in all surfaces images, this must disturb
the measure of surface roughness. According to the photo of NewView 7300, the
surface smoothness of point 4 and point B are improved greatest when the diamond
abrasive size is 1-1.5 um compared with the other two cases. In the case of diamond
abrasive size is 2-4 um, the point 4 surface smoothness is only slightly improved. In
the case of diamond abrasive size is 0-1.5 um, the surface roughness of point 4 and
point B are 134 nm Ra and 84 nm Ra respectively, and in the case of diamond abrasive
size 1s 2-3 um, the surface roughness of point 4 and point B are 173 nm Ra and 127 nm
Ra. So when the diamond abrasive diameter is 1-1.5 pm, get the best finishing effect.
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Fig. 5.4. Surface image of before and after finishing with the different sizes of

diamond abrasives

Therefore, alumina ceramic workpiece surface finishing by the MAF process using
alternating magnetic field is feasible. In this paper, in the case of diamond abrasive size

is 0-1.5 um, the workpiece surface roughness improved the highest.

5.3 Finishing the miniature groove

5.3.1 Processing principle and experimental device

Figure 5.5 shows the processing principle. The magnetic particles, abrasive particles,
and the grinding fluid are uniformly mixed in a certain proportion to form magnetic
compound fluid. Place the magnetic compound fluid in the tray. The magnetic particles
in the magnetic compound fluid are attracted by the magnetic pole to form the magnetic

cluster and carry abrasive particles to press the workpiece. The coil is supplied with
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alternating current to generate an alternating magnetic field. A permanent magnet is
placed above the axis of the pole I. When the current supplied to the coil changes, the
magnetic field in the finishing area changes accordingly. Furthermore, the magnetic
cluster will periodically fluctuate, which helps the shape of the magnetic cluster to
recover after contacting the surface of the workpiece. In addition, the pole I can perform
rotational movement and feed movement. At the same time, pole Il can feed motion at
the same speed as pole I, so as to keep it above the axis of pole I. The relative movement
between the magnetic cluster and the workpiece can be realized by the movement of

the magnetic poles, thereby realizing surface finishing.

Pole 11 Magnet

Workpiece Iron

<— Gap with pole 11

. o 7
Magnetic particle s
Grinding fluid

Rotation

Tray

Feed movement

Fig. 5.5 Schematic of processing principle

Figure 5.6 shows the appearance of the experimental device. The pole I can be driven
by motor II to rotate. At the same time, the pole I, the coil, and the pole II are all fixed
on the mobile stage and driven by motor I for feeding motion. The speed control system

can adjust the speed of the motors according to the needs of the experiment. The
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magnetic particles, abrasive particles, and grinding fluid are uniformly mixed in a
certain proportion and placed in the tray. Magnetic particles are attracted by the
magnetic poles to form magnetic cluster and move with the magnetic poles. This causes
the magnetic cluster to move relative to the surface of the workpiece, thereby realizing

the finishing of the workpiece.

Magnetic cluster

Fig. 5.6 The appearance of the experimental device

The pole II is shown in Fig. 5.7, which consists of a cylindrical magnet and an iron
pole. The length of the magnet is 10 mm and the diameter is 10 mm. The total length
of the iron pole is 13 mm, the diameter of the connecting surface with the magnet is 10
mm, and the diameter of the other surface is 4 mm. The length of the cylindrical part is

8 mm.
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10 mm

Fig. 5.7 The upper magnetic pole (Pole II)

5.3.2 Magnetic field analysis

In order to analyze the change of the magnetic field in the finishing area, when the
alternating magnetic field and the static magnetic field are used simultaneously. The
model was constructed using Magnet7 software, and the magnetic field in the finishing
area was simulated. The simulation model is shown in Fig. 5.8. The coil, pole I, and
pole II are all the same as the actual size. The number of coil turns is 2000. The gap
between the pole I and the pole II is 12 mm. The mesh size is 1 mm. The simulation
analysis assumes that the magnetic field changes synchronously with the current and
ignores the hysteresis effect. Therefore, the alternating magnetic field analysis is
replaced by multiple static simulation analyses with different directions and current

values. As shown in Fig. 5.9, the current value is set and simulated every 0.1 s.
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Fig. 5.9 Relationship between sampling point and current

The simulation result is shown in Fig. 5.10. It can be seen from the figure that as the
current supplied to the coil changes, the magnetic field of the finishing area changes
simultaneously. During the period from t5 to t,, the magnetization directions of the
two magnetic poles are the same, and as the current increases, the magnetic flux density
between the two magnetic poles gradually increases. During the period from ¢, to ts-,
the direction of the current changes, and the direction of the magnetic flux density near

the lower magnetic pole area changes. Since the magnetization directions of the two
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magnetic poles are opposite, the magnetic field between the two magnetic poles is weak

compared to the case of the same magnetization direction (t5 to tg).
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Fig. 5.10 Simulation result
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Fig. 5.11 Measuring position

In order to understand the influence of the combination of alternating magnetic field
and static magnetic field on the magnetic field distribution in the finishing area, we
measured the magnetic flux density distribution in the processing area. In this study, we
use AC power with a peak current of 3 A and an average value of 1.9 A. We measured
the maximum and minimum magnetic flux density at different positions when the
current frequency was 1 Hz. The measuring position is shown in Fig. 5.11. The
measuring instrument is manufactured by EMIC, the model is T-401. Take the center of
the magnetic pole as the origin, and measure the magnetic flux density every 2 mm
from the center to both sides. The measuring plane is parallel to the tray and the distance
is 1 mm. The magnetic flux density distribution of the case with and without permanent
magnet pole (pole II) was measured respectively. When using permanent magnet pole,

the gap between the two poles is 12 mm.
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Fig. 5.12 Measurement result

The measurement result is shown in Figure 5.12. According to the measurement result,
the magnetic flux density obtains the maximum value near the edge of the pole I in both
cases. The magnetic flux density in the measurement plane is enhanced when the
magnetization direction is the same (ie, N-S), and weakened when the magnetization
direction is opposite (ie, N-N). However, the average magnetic flux density in one cycle

is enhanced.

5.3.3 Experimental conditions and methods

The experimental conditions are shown in Table 5.2. The workpiece is SUS304
stainless steel plate. The workpiece is distributed with three grooves with a width of 1
mm and a depth of 0.3 mm. As shown in Fig. 5.13, the 2# groove is located in the center

of the finishing area, and the 1# groove is close to the edge of the finishing area, and
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the distance from the 2# groove is 10 mm. The distance between 3# groove and 2#

groove is 5 mm. The magnetic compound fluid is composed of magnetic particles with

an average diameter of 149 um, WA#8000 abrasive particles, and oily abrasive fluid.

The working gap during finishing is 1 mm, and the gap between the lower magnetic

pole and the upper magnetic pole is 12 mm. The current frequency is 1 Hz. The total

finishing time is 40 minutes, and the workpiece is measured every 10 minutes.

Table 5.2 Experimental conditions

Workpiece

SUS304 stainless steel plate with the size of 100
Mm>100 mm>1L mm

With grooves (depth 0.3mm, width 1mm)

Magnetic particles

Electrolytic iron powder, 149 pm in mean dia:1.2 g

Abrasive particles

WA#8000: 0.3 g

Grinding fluid Oily grinding fluid (Honilo 988): 0.8 ml
Rotational speed of magnetic | 350 rpm

pole

Feed speed of mobile stage 260 mm/min

Working gap 1 mm

Gap with iron 12mm

Alternating current 1.9 A (Average)

Magnetic field frequency 1Hz

Finishing time

40 min (single 10 min)
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Fig. 5.13 Groove position

5.3.4 Experimental results and discussion
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Fig. 5.14 The surface roughness of the groove bottom changes with time

The experimental results are shown in Figure 5.14. It can be seen that the surface
roughness of the bottom of the three grooves has been improved. The surface roughness

Ra of groove 1# is improved from 128.33 nm to 51.33 nm. The surface roughness Ra
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of groove 2# is improved from 156.67 nm to 62.67 nm. The surface roughness Ra of

groove 3# is improved from 109.33 nm to 53.33 nm.
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(b) After finishing

Fig. 5.15 Photos of the bottom and edges of the groove before and after finishing

Figure 5.15 shows the photos of the bottom and edges of the groove before and after
finishing. It can be seen that the edge of the groove is greatly improved after finishing,
and the burr is completely removed. The bottom surface of the groove has also been
improved to a certain extent, but because the moving speed of the magnetic clusters in
the groove is reduced, the finishing efficiency is lower than the plane outside the groove.
In order to investigate the change of the groove edge shape, the white light

interferometer (Zygo NewView7000) was used to measure the groove edge shape.
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(a) 1#, Edge-L (b) 1#, Edge-R

(c) 2#, Edge-L (d) 2#, Edge-R

(e) 3#, Edge-L (f) 3#, Edge-R

Fig. 5.16 3D photos of the edges of the grooves after finishing

Figure 5.16 shows the 3D photos of the left and right edges of the three grooves after
finishing. It can be seen that there is a slight change in the shape of the groove edge.
The edge of the groove is rounded to varying degrees after finishing. This phenomenon
is more obvious at the left edge of groove 3# and the right edge of groove 1#. However,
the overall structure of the groove is maintained well. The above results show that this
process is feasible for finishing the inner surface of the micro grooves. At the same time,

the process has a significant effect on edge deburring.
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5.4 Conclusions

In this chapter, the industrial application of MAF process using alternating magnetic
field is studied. The main conclusions are as follows.

1. Experimental results prove that this process can realize the finishing of alumina
ceramic plates, and the surface roughness of alumina ceramic workpieces can be
increased from 244.6 nm Ra to 106.3 nm Ra.

2. The combined use of alternating magnetic field and static magnetic field can
maintain the characteristics of alternating magnetic field and increase the magnetic
flux density in the finishing area.

3. The feasibility of the alternating magnetic field MAF process in the finishing of
microgrooves is discussed, and it is proved that this process can finish the surface
of the micro grooves (depth 0.3 mm, width 1 mm).

4. Experimental results show that the process has excellent deburring effect.
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Chapter VI Conclusions

In order to overcome the shortcomings of the conventional MAF process, for example,
it is difficult for the magnetic clusters to recover their shape after contacting the
workpiece during the finishing process, and the uneven distribution of abrasive particles
leads to poor surface accuracy and reduced finishing efficiency. The MAF process using
an alternating magnetic field is proposed. This process makes the magnetic clusters
fluctuate through the use of periodically changing currents. Through the fluctuation of
the magnetic cluster, the abrasive particles in contact with the workpiece are replaced,
thereby renewing the abrasive particles in contact with the workpiece, ensuring the
stability of the grinding tool. Therefore, the finishing efficiency can be improved and a
stable finishing process can be realized. In this paper, the finishing mechanism of the
MAF process using an alternating magnetic field is discussed. The influence of current
change on magnetic flux density is measured and analyzed. The relationship between
finishing force and magnetic flux density and the influence of current change on
finishing force are analyzed. Moreover, the feasibility of high-efficiency ultra-precision
finishing of aluminum alloy materials was investigated through experiments. In order
to further improve the finishing efficiency and surface quality, the influence of the
current waveform on the finishing characteristics was investigated. In addition, the
application of MAF process using alternating magnetic field is discussed. The main

research contents and conclusions of each chapter are as follows:

Chapter 1

In chapter 1, the research background and research in this field are introduced. The
research purpose of this research is described and the chapters of this article are

introduced.
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Chapter 2

In chapter 2, the processing principle of conventional MAF is introduced. The
processing principle and experimental device of the MAF process using an alternating
magnetic field are explained. Moreover, mathematical models and measurements prove
that the changing frequency of the magnetic force and finishing force in the alternating
magnetic field is twice the frequency of the current. In addition, the simulation results
show that the grooved magnetic pole used in this study can improve the edge effect to

a certain extent.

Chapter 3

In chapter 3, the ultra-precision finishing of the 5052 aluminum alloy workpiece by
the MAF process using the alternating magnetic field is investigated. The measurement
results show that the magnetic flux density is unevenly distributed in the finishing area,
and the strongest magnetic flux density is at the edge of the magnetic pole. In addition,
as the average diameter of the magnetic particles increases, the finishing force increases.
The current frequency has almost no effect on the maximum finishing force, but the
average finishing force decreases as the current frequency increases. Through the
observation and measurement results of the magnetic cluster, increasing the magnetic
particle size will increase the length of the magnetic cluster, the duration of the highest
position, but will reduce the ability of the magnetic cluster to carry the abrasive and the
fluctuations of the magnetic cluster. Reducing the frequency of the magnetic field will
result in more uniform mixing of the magnetic particles with the abrasive particles. It
is proved by experiments that a smoother surface can be obtained under the alternating
magnetic field, and the advantage of the MAF process using an alternating magnetic
field is more obvious with the increase of the single finishing time. When the magnetic
field frequency is 1 Hz, higher finishing efficiency can be obtained. In the roughing
stage, the increase in the size of the magnetic particles will increase the finishing
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efficiency, but in the finishing stage, the decrease in the size of the magnetic particles
will increase the surface quality. Decreasing the size of the abrasive will increase the
finishing efficiency and surface quality. The experimental results show that the MAF
process using an alternating magnetic field can realize ultra-precision finishing of 5052
aluminum alloy plate. The surface roughness of the workpiece improved from 318 nm

Ra to 3 nm Ra within 15min.

Chapter 4

In chapter 4, the influence of the current waveform on the magnetic field, finishing
force, and finishing characteristics is discussed.

Comparison of sine wave and square wave draws the following conclusions. (1) When
the current frequency is 1Hz and the average current is 1.9A, the average magnetic flux
density of sine wave and square wave is basically the same. Under the same conditions,
the maximum finishing force of a sine wave is higher than that of a square wave, but
the average finishing force is basically the same. (2) Observation of the behavior of
magnetic clusters shows that when square waves are used, higher magnetic cluster
fluctuation speeds can be obtained, and as the size of magnetic particles decreases, the
difference between the magnetic cluster fluctuation speeds of the two waveforms is
greater . (3) The experimental results show that when the current waveform is a square
wave, a finishing efficiency higher than that of a sine wave can be obtained. In addition,
as the size of the MP increases and the frequency of the magnetic field decreases, the
finishing efficiency increases. At the same time, when the AP is WA#8000, the sorting
efficiency is higher. In addition, the increase of the magnetic pole rotation speed
significantly improves the finishing efficiency.

The following conclusions can be obtained by comparing the sine waveform with the
full-wave rectified sine waveform. (1) In the case of a full-wave rectified sine waveform

(the direction of the magnetic field remains unchanged), the average magnetic flux
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density will increase to a certain extent. The corresponding average finishing force is
also higher than that of the sine wave. (2) Observation of the behavior of magnetic
clusters shows that in the case of a full-wave rectified sine waveform, the fluctuation
of magnetic clusters is reduced. When the average diameter of the magnetic particles is
30 um, 75 pm and 149 pm, the fluctuation of the magnetic clusters can be maintained.
However, when the average diameter of the magnetic particles is 330 um, the magnetic
clusters hardly fluctuate. (3) The experimental results show that when the average
diameter of the magnetic particles is 30um, 75pum and 149um, a higher finishing
efficiency can be obtained in the case of a full-wave rectified sine waveform. However,
when the average diameter of the magnetic particles is 330 um, the finishing efficiency
is reduced.

The following conclusions can be obtained by comparing the above waveform with
the pulse waveform. (1) In the pulse waveform, the average value of the magnetic flux
density is higher than the average value of the static magnetic field (DC). As the duty
cycle increases, the gain rate relative to the static magnetic field gradually decreases.
Correspondingly, when the average current is the same, the average finishing force
increases as the duty cycle increases. (2) Observation of the behavior of magnetic
clusters shows that in the case of pulse waveform, the fluctuation amplitude of magnetic
clusters decreases as the duty cycle increases. (3) The experimental results show that
when the average diameter of the magnetic particles is 75um, the current frequency is
1Hz, and the average current is 1.9 A, the pulse current with a duty cycle of 80%
achieves the highest finishing efficiency (compared to the above eight current

waveform).

Chapter 5

In chapter 5, the industrial application of MAF process using alternating magnetic

field is studied. First, the feasibility of this process for finishing alumina ceramics was
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verified. Experimental results prove that this process can realize the finishing of
alumina ceramic plates, and the surface roughness of alumina ceramic workpieces can
be increased from 244.6 nm Ra to 106.3 nm Ra. Secondly, the application of the
alternating magnetic field MAF process in the finishing of microgrooves is discussed.
The experimental results show that this process can finish the surface of the micro
groove (0.3 mm deep and 1 mm wide), and has excellent finishing effect on the edge of

the groove.

Chapter 6

In chapter 6, the main conclusions of this research are summarized.
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